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Chapter 1

Introduction: Why silicon photonics?

In the course of human technological innovation, few materials have been as impactful as

silicon (Si). Si is an abundant resource constituting fullyone quarter of the Earth’s crust

by mass, second only to oxygen. It is the eighth most common element in the universe,

but is often bound to other elements to form dust, glass, and rock [13]. After the invention

of the transistor revolutionized the electronics industry, Si emerged as a suitable substance

for large-scale fabrication of crystalline material. The ability to isolate Si and form it into

high-purity crystalline material was surely one of the great technological feats of the 20th

century, and one of the most game-changing technological adaptations in the history of

humanity. The technology of Si crystal growth, doping, and complimentary metal-oxide-

semiconductor (CMOS) device design and integration was perhaps the defining technology

of the latter half of the 20th century.

The success and ubiquity of Si electronic devices—epitomized by the Si processor, an

example of which is shown in Fig. 1.1(a)—is motivation in andof itself to develop Si

photonic devices; the promise of technologies with integrated optical and electrical com-

ponents working in harmony on a single chip is a powerful callto action. Fortuitously,

many optical properties of Si are highly-conducive to information processing and commu-

nication. One of the most significant physical properties ofSi is its ability to grow a robust

insulating oxide layer. In making a field-effect transistor, this has been a critical advantage

of Si over other semiconductors, and the ability to grow an oxide layer as an optical in-

1



http://www.atp.nist.gov/atp/brochure.htmhttp://www.intel.com/pressroom/kits/quadcore/

(a) (b)

Figure 1.1: Two technologies which have been extraordinarily successfully and are con-

verging to Si photonics. (a) A multi-core Si processor. (b) Optical fibers made of glass.

sulator is critical to the utilization of Si as a platform foroptical devices. Another critical

feature of Si which makes it attractive for optical purposesis the high index of refraction

and high transmissivity at wavelengths near 1550nm, what isknown as theC-band of near-

infrared electromagnetic wavelengths most frequently used in long-distance optical signal

transmission through optical fibers.

The technology of optical fibers (shown in Fig. 1.1(b)), for which the 2009 Nobel

Prize in physics was awarded, relies on the fact that thin threads of glass can guide light-

waves for extraordinary distances with minimal loss or dispersion. The fact that light at

the same wavelength can be transmitted through Si is critical for the utility of Si as an op-

tical processing medium. In fact, an important applicationof Si photonics is to serve as a

technological platform to bridge Si electronics to fiber optics.

The birth of the field of Si photonics occurred in the late 1980s with the demonstration

of Si waveguides [14] and developed rapidly with layered structures of high-index on low-

index materials [15] and more recently with the developmentof silicon-on-insulator (SOI)

wafers. SOI wafers are semiconductor wafer substrates withthree layers: a thin Si layer

atop an insulating SiO2 layer atop a thick Si handle layer wafer. The idea is to fabricate all

working optical or electrical devices on the top thin Si layer. These devices are then insu-

lated—optically, electrically, and thermally—by the oxide. Optical insulation is achieved
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because the index of refraction of SiO2 is 1.46 whereas that of Si is 3.48 near 1550nm.

Electrical insulation is achieved because the electrical conductivity of SiO2 is∼ 1014Ω·cm

while for doped silicon it can be less than1Ω·cm. Thermal insulation is achieved because

the thermal conductivity of SiO2 is ∼ 1.38W/m K and for Si it is∼ 149W/m K at room

temperature. The thick Si below provides structural integrity for the devices. SOI wafers

with many different layer thicknesses may be purchased for many different applications.

We will further discuss the specific parameters chosen for this study in the subsequent

chapters.

In this thesis we consider several problems in the rapidly-developing field of Si pho-

tonics. In the Part I of the thesis we look at the problem of generation of light from Si

(Chapter 2), and we consider possibilities of novel light propagation environments enabled

by combining metallic and dielectric components (Chapter 3). In Part II we transition to

what has been the bulk of my graduate work—the study of Si microdisks. In Chapter 4 we

introduce the history and context of contemporary microcavity research. Chapter 5 gives

the necessary theoretical background for our microdisk work. Chapter 6 describes the ex-

perimental technique of tapered fiber spectroscopy used to characterize Si microcavities.

The fabrication of Si microdisks is discussed in Chapter 7. In Chapter 8 we consider size

constraints which place lower limits on the size of individual resonant elements which may

be utilized in a photonic circuit. In Chapter 9 we discuss techniques for dynamic, broad

tuning of resonant photonic elements. The thesis concludesin Chapter 10 with a discussion

of possible routes forward which could build on the work presented here.
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Part I

Light generation and manipulation in

nanopatterned silicon
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Chapter 2

Light generation from nanopatterned

silicon

2.1 The challenge of extracting light from silicon

In this chapter we introduce the challenge of extracting light from silicon. We briefly

outline several techniques which have been utilized to address this challenge. We then

focus on our work to utilize theG center in silicon for its emissive properties.

The effort to devise structures of Si which efficiently and controllably emit light is

driven by the desire to integrate novel optical circuitry into well-established electronic de-

signs to make possible new information processing and storage architectures. Since the

overwhelming majority of existing electronics is manifestin Si, it seems intuitive that one

elegant approach would be to integrate Si-based photonic devices into the Si-based elec-

tronic devices. Nature presents a quandary: the extremum ofthe conduction band at the

Brillouin zone center is a maximum in Si; six symmetric∆ valleys lie in the X directions

1.1eV above the top of the valence band at room temperature, and thus the Si bandgap is

indirect. Electron-hole recombination therefore requires a phonon. In bulk Si, the cross

section for this three-body process is small and luminescence is inefficient. Recombina-

tion is almost entirely via non-radiative pathways at room temperature. However, at low

temperature non-radiative processes are suppressed alongwith phonon population and a
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large variety of radiative recombination pathways become observable; low-temperature

photoluminescence is one way to gain insight into the physics of electron-hole radiative

recombination in Si. A low-temperature photoluminescencespectrum of bulk Si is shown

in Fig. 2.1.

A central challenge in extracting light from Si is that modifications intended to augment

radiative capability necessarily change the structure andin so doing introduce new non-

radiative mechanisms and additional optical losses. The performance of electronic devices

depends crucially on the quality of the Si lattice, and predictions regarding how devices

will respond to perturbations such as dopants, strain, dislocations, surfaces etc., requires

knowledge not just of a pristine Si lattice, but also of how the material behaves when it

departs in any way from the form we know well—that of an ideal,infinite crystal.

In Appendix A we briefly discuss the luminescence which results from a variety of types

of modifications to pristine Si. In particular, we discuss the luminescence from Erbium-

doped Si, porous Si, quantum confined structures including superlattices, quantum wires

and nanocrystals, the luminescence by extended defects such as{311} defects which are

large enough to introduce a sizeable strain perturbation tothe lattice. In addition to the

discussion of these techniques which generate light from Siby modifying the Si in various

ways, we also discuss stimulated Raman scattering which makes use of the intrinsic non-

linear optical properties of the material. This discussionof other techniques which have

been utilized to generate light from silicon has been relegated to an appendix to allow us to

quickly move to a discussion of our work on nanopatterned silicon.

2.2 Nanopatterned silicon

As discussed in Appendix A, many methods have been utilized to overcome the indirect

bandgap of Si to create a medium with efficient optical emission. The work here on

nanopatterned Si was motivated by the desire to affect the Silattice locally and control-

lably to utilize some combination of quantum confinement, strain, and surface properties.
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Figure 2.1: Si photoluminescence taken from the 1989 reviewof emissive point defects

in Si written by Gordon Davies and cited in Ref. [1]. The spectra are taken at 26K and

recorded with four different slit widths (1000µm, 450µm, 300µm and 100µm) to give

varying amplification and resolution. The labels refer to the combinations of phonons

which are involved in the various luminescence pathways. G is thek = 0 optical phonon

mode. The peak labeled 0 is the ideally-forbidden zero-phonon component.
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Figure 2.2: PL data taken adapted from Ref. [2]. Spectra wereacquired at 10K. In black

(lower spectrum) is the PL from an unpatterned SOI sample. The red (upper spectrum) is

from the nanopatterned SOI sample. The 1.278nmG line is present.

As is often the case in scientific research, what resulted wasentirely different.

Our contributions to nanopatterned Si research followed the work presented in Ref. [2].

In Ref. [2], a membrane of anodized aluminum oxide (AAO) containing a hexagonal array

of throughpores was placed on a silicon-on-insulator (SOI)wafer and subsequently used as

an etch mask for reactive ion etching (RIE). The result was a hexagonal mesh of nanopores

with 50nm diameter and 100nm pitch. While quantum confinement or strain would likely

result in broad optical features in a photoluminescence (PL) spectrum, what was observed

in the PL measured from the nanopatterned Si was a narrow, zero-phonon line called theG

line, as is shown in Fig. 2.2.
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2.3 TheG center

TheG line is know to result from theG center, a type of point defect in the Si lattice. Even

the highest-quality crystalline structures realizable todate contain many lattice vacancies

and substitutional or interstitial impurities. Any such localized departure from the crys-

talline order is referred to as a point defect [16, 17]; pointdefects are usually comprised of

one or a few vacancies or impurities interacting with the lattice. Such defects are always

present after the growth of a crystal, and more are introduced in the steps necessary to pro-

cess semiconductor devices. Solid state scientists beginning in the 1950s and continuing

through the present day have explored the nature of a multitude of species of point defects

in Si [1, 18–23]. They have been most commonly produced via ion, gamma ray, neutron or

electron irradiation. An especially comprehensive reviewof optically-active point defects

in Si is contained in Ref. [1]. Point defects give rise to electron states with energies in the

band gap. The vast majority of point defects are not optically active and simply serve as

non-radiative recombination pathways. Some point defects, however, give rise to pairs of

states in the band gap with a non-vanishing electric dipole matrix element. PL spectra of

samples with these optically-active point defects are characterized by narrow lines, called

zero-phonon lines (ZPLs). An example of such a PL spectrum isshown in Fig. 2.3. A point

defect with two electric-dipole-connected states (E1 andE2) in the band gap gives rise to

a four level system. The conduction band edge is the highest energy level, and transition

from Ec to E2 is in general a fast, phonon-assisted process. The transition fromE2 to E1

is the optical transition. Non-radiative transition fromE1 to Ev is also fast. Therefore,

obtaining population inversion withE2 overE1 seems like a sensible goal [24]. However,

it is often the case that effects such as exciton thermalization before and after trapping,

transitions fromE2 toEc and non-radiative recombination fromEc toEv quench the lumi-

nescence above a defect-dependent temperature which is always quite low and is usually

below liquidN2 temperature. Further consideration of point defects for lasing is given in

Ref. [24].
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Figure 2.3: PL spectrum of Si bombarded with 100keVSi+ to a fluency of1014Si+/cm2

and annealed at 250°C for 30min. The ZPL at 1218nm dominates the spectrum. It is the

well-known W line to be discussed later in the present article. The ZPL at 1149nm is

believed to be theQ line associated with a C-Li complex [3]. There is believed tobe a

forbidden transition at the same center observable below 2K. The Li and C present in the

lattice are residual contaminants introduced during the growth of the crystal. The broader

luminescence from 1149nm beyond 1218nm are from a variety ofphonon replicas of the

Q center and theW center as well as a multitude of other weakly-luminescing centers. The

ZPL at 1560nm is theC line, believed to be associated with a C-O complex [4]. The band

edge luminescence is observable at 1130nm. However, the presence of so much damage in

the lattice and so many optically active defects makes band-edge radiative recombination

unlikely.
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Tetrahedral bonds of
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lattice sites

Figure 2.4: Schematic of theG center. (a) Tetrahedral structure of Si bonds. (b)G center in

the emissive B configuration. Atoms involved in theG center are depicted in full opacity

whereas atoms not participating in the point defect are shown as semitransparent.

The G line is know to originate from theG center [25–27], which is a point defect

comprised of two carbon atoms and one Si interstitial atom [26], as illustrated in Fig. 2.4.

The physics of theG center is complicated by the fact that it is a bistable defectwith

configurations labeled A and B. Only B is optically active, sowe limit our discussion to

the B configuration.

The mechanism of luminescence in Si containingG centers depends on the position of

the Fermi level. The mechanism of luminescence inp-type material is shown schematically

in Figure 2.5. TheG center can trap an electron from the conduction band in an “acceptor

state” or trap a hole from the valence band in a “donor state”.Note here the terms acceptor

and donor are taken from the point of view of the defect. Excitation is the result of a

sequential capture of an electron and a hole by theG center. TheG line at 1278nm is the

result of an electric-dipole-mediated transition betweentwo states of theG center, namely

the B∗ and the B0 states.

In Ref. [2], the 1278nm emission was incorrectly attributedto an unrelated point defect
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Figure 2.5: Schematic of the luminescence mechanism inp-type Si. A donor state of theG

center in the B0 configuration acquires a hole from the valence band to form the B+ state.

The acceptor state then captures an electron from the conduction band to form the B∗ state.

The B∗ state makes an electric dipole transition back to the B0 state.
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known as theA center, and it was unclear whether the carbon from which theG centers

were created came from the native carbon in the silicon or from an external source intro-

duced during the RIE process. Understanding and controlling the mechanisms involved

in the creation ofG centers by nanopatterning is critical to further investigation into prop-

erties and possibilities ofG-center luminescence in this system. In Ref. [2], stimulated

emission and optical gain, characteristics of lasing, fromG centers emitting at a wave-

length of 1.28µm have been observed in periodic nanopatterned crystallinesilicon under

optical excitation at cryogenic temperatures. The emissiveG centers were found as early as

the 1960s in irradiated silicon [28]. Early studies were interested in investigating the effects

of radiation damage via electron, ion or gamma ray bombardment, mostly for the purposes

of assessing, containing, and suppressing the undesirableconsequences in electronic appli-

cations [1, 25, 26, 29]. These bombardment techniques necessarily inflict damage on the

entire lattice and thereby increase both the electronic andoptical losses. Previously, elec-

troluminescence fromG centers was demonstrated in an electron-irradiatedp–n junction

[30]. The advantage ofG-center introduction via nanopatterning for the purpose offabri-

cating light–emitting devices is that the damage to the lattice is contained in thin shells at

the walls of etched pores [2, 31–33] while leaving the majority of the lattice in its pristine

form.

2.4 Increasing the intensity of theG line

Following the work in Ref. [2], our objective was to increasethe production of light in

nanopatterned Si by increasing the number ofG centers formed in the nanopatterning

process. We studiedG center photoluminescence from nanopatterned carbon–richSOI

obtained by solid-phase epitaxy. A 33–fold increase inG line intensity compared to un-

processed SOI was observed. These results indicate that theG centers can be formed from

carbon in the silicon crystal prior to the RIE process and also suggest a way to increase the

emission efficiency of this system.
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2.4.1 Creation ofG centers

Substitutional carbon atoms are necessary forG center formation and occur naturally in

silicon wafers at concentrations between1015 and1017 atoms/cm3 depending on the crystal

growth technique [1]. AG center is created when a mobile interstitial carbon atom (Ci)

binds with a substitutional carbon atom (Cs). The process is understood to proceed as

follows: silicon interstitials (Sii) are created as the result of a damage event. A mobile Sii

can then migrate to a Cs. The Cs then gives its lattice site to the Sii in a process known as

the Watkins exchange mechanism [34]. The resulting mobile Ci can then migrate until it

binds to a Cs forming a CsCi pair, known as theG center. Thus,G–center creation depends

both on the density of Cs present in the lattice [35] and on the density of introduced Siis.

2.4.2 Increasing carbon concentration with solid-phase epitaxy

Carbon doping of silicon using conventional ion implantation is limited by the low solid

solubility of carbon in silicon (on the order of1017 atoms/cm3). Carbon ion implantation

at levels exceeding the solid solubility results in precipitation of SiC. Instead, solid-phase

epitaxial (SPE) regrowth is employed. This method takes advantage of the increased carbon

solubility at the interface between crystalline and amorphous Si [36]. A schematic of the

process is shown in Fig. 2.6. The Si crystal is pre–amorphized by Si+ ion implantation

prior to the C+ ion implantation. The crystal is then annealed to induce SPEre–growth.

Substitutional carbon concentrations of up to7×1020/cm3 were achieved using this method

[37]. At such high concentrations, approximately one in every 1000 atoms in the lattice is

a C atom. In this work,p–type SOI (250nm Si on a 3µm BOX, 20Ω·cm, commercially

available from Soitech) was used. The details of the C–enriched Si fabrication are given in

Table 2.1.

The concentration of the implanted carbon atoms in our work was approximately

1019/cm3, 400 times more than the manufacturer-specified carbon content of2.5×1016/cm3.

Substitutional carbon in silicon is usually detected by itslocal vibrational mode IR absorp-
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Crystalline Si C-rich Amorphous Si C-rich Crystalline Si

(a) (c)(b)

Figure 2.6: Schematic of the implantation and annealing process for solid-phase epitaxy.

A pristine, crystalline Si lattice (a) is amorphized by bombarding with Si ions and is then

implanted with C ions (b). The crystal is subsequently re-grown by annealing using the

undamaged bottom layer as a seed layer (c).

Table 2.1: Parameters for implantations utilized for C–enriched Si fabrication. The RTA

was performed in an N2 ambient in the temperature range between 650–900°C for 10s.The

best results were obtained for RTA performed at 800°C.

Step Species Dose Energy Temp. Mean Depth End of range

Amorphization Si 1015 65keV -120°C 95nm 200nm

Implantation C 1014 18keV 24°C 60nm 120nm
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1 mm 100nm

(a) (b) (c)

Figure 2.7: Schematic of the nanopatterned Si fabrication process. (a) SEM image of a

free-standing AAO membrane [5]. (b) The AAO membrane is placed atop an SOI wafer

and used as an etch mask. (c) An array of nanopores in the SOI wafer results from RIE

through the AAO etch mask. In this image the AAO has been removed.

tion at 607cm−1 [1]. In this study, the maximal absorbance at607cm−1—expected if all

implanted carbon atoms were incorporated into substitutional sites—was less than 0.1%.

This low absorbance was due to the fact that only a thin layer (∼ 100nm) of carbon–rich

silicon was present in the samples, making the detection of this absorbance line below the

sensitivity limit of available FTIR instrumentation. Therefore, we could not meaningfully

and quantitatively evaluate the fraction of C that was actually incorporated as Cs.

2.5 Luminescence increase from nanopatterned C-enriched

Si

The periodically nanopatterned C–enriched Si structure was fabricated using the highly–uniform

self–organized AAO nanopore membrane as an etch mask [2, 5].The free-standing AAO

membrane was lifted from an aqueous solution by a C–enrichedSi wafer and subsequently

etched in an RIE machine. The RIE conditions were as follows:Cl2, 20sccm; BCl3, 5sccm;

50mTorr; 100W; 24°C; 6min. A schematic of the fabrication process and an SEM image

of the patterned C–enriched Si are shown in Fig. 2.7.

Fig. 2.8 shows the photoluminescence spectra at 25K of the nanopatterned C–enriched

Si on SOI and of similarly nanopatterned SOI without carbon enrichment. The 514nm line
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of an argon ion laser was used for excitation. The excitationpower was 200mW and the

beam spot size was 3mm in diameter. The emitted photoluminescence was collected using

a 3”, F/4 concave mirror and focused onto a spectrometer. Theresolution of the spec-

trometer was calibrated using a narrow-line (200kHz) external cavity diode laser and was

determined to be0.13± 0.02nm. A cooled InGaAs photodiode array was used to measure

the intensity of the PL. The phonon–assisted band–edge PL at1130nm is similar for both

samples and serves as a good reference for comparing the two sets of data. The similarity

in the band–edge emission linewidth and peak height is indicative of crystallinity being

recovered after the SPE. In the reference nanopatterned SOIsample theG line intensity

is 1300 counts per second while in the C–enriched sample theG line intensity is 43,000

counts per second, an increase by a factor of 33. While the results in Fig. 2.8 display the

most intenseG line observed,G line intensities exceeding 20,000CPS were consistently

obtained from the C-enriched material. The wide band extending from theG line to longer

wavelengths consists of several phonon replica modes of theG line [25, 38]. These results

confirm that the carbon in the silicon crystal is responsiblefor the creation ofG centers and

also provides a path for increasing the efficiency and gain ofthis material.

The measured linewidths of1.5 ± 0.1nm (C–enriched) and1.1 ± 0.1nm (unenriched)

are considerably broader than the reported linewidth of 0.1–0.2nm at 25K [1, 39]. This

linewidth broadening is likely due to the variety of strain environments [1] experienced by

G centers located in the pore walls. TEM images showing evidence of compressive strain

in the pore walls are presented in Ref. [40]. The linewidth broadening in the C–enriched

nanopatterned SOI versus the reference nanopatterned SOI is likely due to the presence

of a variety of strain environments caused by Cis, Css and other residual damage present

after amorphization, C implantation, and SPE regrowth. In addition to leading to linewidth

broadening, the presence of compressive strain in the pore walls decreases the band gap

locally, which may lead to funneling of excitons from the pristine bulk crystal to the regions

dense withG centers near pore walls [41], facilitating efficient fillingof G centers.

The temperature dependence of theG line emission at temperatures above 40K can be
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Figure 2.8: Photoluminescence spectrum of nanopatterned Si and nanopatterned

C–enriched Si. The inset shows a semi-log plot of the region containing theG line and

phonon replicas. The peak of theG line in C-enriched material was shown to be as much

as 33 times that of unenriched SOI.
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modeled according to [20, 25, 39]

IG(T ) = I0
[

1 + Ce−Ea/kT
]−1

, (2.1)

whereI0 is the intensity at 40K. Equation 9.2 models a two level system where the excited

state of theG center is thermally depopulated into a higher level separated byEa, andC

is the ratio of degeneracy between these two levels. Previously obtained values forEa

andC are55 ± 3meV and2 − 8 × 104, respectively [20],35 ± 5meV (C not given) [39],

68±6mev and8.9×106 [25]. TheG line intensity of the two samples presented in Fig. 2.8

was measured at temperatures between 40K and 80K and fitted according to Eq. 9.2. The

obtained values wereEa = 39meV,C = 8300 for carbon enriched Si andEa = 40.1meV,

C = 3500 for non-enriched Si. The two values ofEa we obtained are very close and in

within the range of previously obtained values. The relatively small values ofC are not yet

understood. However, the large variations of this constantin previous reports imply that it

is very much affected by the measurement setup employed.

2.6 Summary of our work onG centers in nanopatterned

Si

In this work we demonstrated that nanopatterning of carbon–rich silicon created via solid–phase

epitaxial regrowth after amorphization and carbon implantation can lead to a significant in-

crease in the intensity of theG line emission. An increase by a factor of 33 was achieved

in our studies, and samples with intenseG line were consistently manufactured. We hy-

pothesize that the nanopatterned system is intrinsically beneficial for efficient optical ac-

tivity. Utilizing the nanopatterning technique to createG centers allows for a large surface

area with which the energetic ion etchants can interact withthe crystal to create silicon

self–interstitials which lead toG centers while maintaining the crystallinity, band struc-

ture, and carrier lifetime of the crystal away from the etched surfaces of the pores. In this

way, the unetched regions of the crystal act, under pumping,as a carrier reservoir to theG
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centers embedded in the pore walls.

Having studied several fundamental aspects of the light emission and fabrication ofG

centers, a next exciting area of research would be to utilizeG centers for cavity-QED and

quantum optics experiments. CouplingG centers to high-Q, small-mode-volume cavities

offers a route to further enhanceG-center emission from Si. Also, it should be mentioned

that while theG center was studied in detail here, there are many point defects in Si that

could be used for similar future experiments.

While the utilization ofG centers, and more generally point defects, as light emitters in

Si is interesting in an academic sense, the quenching of luminescence with temperature is a

limitation which will be quite difficult to overcome and may prove to be an insurmountable

barrier to utilization of this luminescence in devices. Because Si is passive at telecom

wavelengths near 1550nm and has a high index of refraction inthis range, it is excellent for

fabrication of waveguiding structures. However, III-V materials such as InP are excellent

for emission at these wavelengths, and therefore make for poor waveguides. Perhaps the

best way to work within the confines of nature is to utilize thestrengths of each material.

Such hybrid solutions are currently being well-explored. Still, the fabrication difficulties

which lead to high costs for such structures are motivating many to look elsewhere for

solutions. At present, the strongest contender is SiGe. Ge is much easier to work into a Si

fab line than III-V materials, and SiGe has some promise for light emission in the telecom

band. In the long term, on-chip photonic devices will probably utilize either III-V or SiGe

emitters, but point-defect luminescence remains interesting for other reasons. In Chapter 8

we discuss many aspects of silicon microcavities which are relevant to quantum optics, and

in Chapter 9 we discuss methods for controlling the couplingbetween a quantum emitter

and an optical microcavity. First, in Chapter 3 we discuss a structure which incorporates Si

and a metal to control the propagation of light.

22



Chapter 3

Light propagation in a plasmonic crystal

Our work on nanopatterned Si led us to ask what else we could dowith the AAO as a

fabrication template for optical structures. Several ideas occurred to us. In regards to light

propagation and emission in Si, we wondered if controlling the density of optical states

would enhance emission from point defects sufficiently to allow them to operate at higher

temperatures. We were also interested in combining the plasmonic properties of metals

with dielectrics to create new light propagation environments. Following the work of Dr.

Aijun Yin [42], a former lab member, we proceeded to fabricate metallic nanowire arrays

in AAO, as shown in Fig. 3.1. We also considered combining plasmonic components with

the nanopatterned Si array, as shown in Fig. 3.2. In this structure there are three indices

of refraction, that of Au, air, and Si. The fabrication of these structures led to the task

of modeling the optical properties of light propagation in periodic structures comprised of

metal, Si, and air. Due to the dispersive properties of the metal component, this task is

somewhat non-trivial. The remainder of this chapter describes the calculation and some of

the interesting conclusions drawn from the modeling.

3.1 Metallodielectric metamaterials and photonic crystals

Metamaterial environments have the potential to enhance orsupress the emission of light

as well as to slow light propagation and even achieve a negative index of refraction. Studies
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100nm300nm

Figure 3.1: AAO nanopore array filled with Au. The AAO is anodized to have 10µm deep

pores of∼ 50nm diameter. A metallic contact is made to the back of the array, and the

entire structure is then coated with an insulator, leaving only the top of the array open to

fluidic conduction. The structure is placed in a Au electrodeposition chamber, and the pores

are filled with Au via electrodeposition.

100nm

Figure 3.2: Nanopatterned Si with Au evaporated into the pores. The nanopatterned Si

array is fabricated as described in Chapter 2, but before removing the AAO mask the sample

is mounted in an electron beam evaporation chamber and Au is deposited in the pores.
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of periodic as well as aperiodic dielectric and metallic environments have been undertaken

with the goal of devising systems which offer maximal control of the generation, storage

and propagation of light. In particular, metamaterials composed of coupled metal and di-

electric components with feature sizes comparable to or less than the wavelength of light

display rich optical behavior such as negative index of refraction and slow pulse propaga-

tion. Systems with material periodicity on the scale of the wavelength of light have attracted

much attention lately; the potential to engineer a modified vacuum in which the photonic

density of states is modified to either enhance or suppress spontaneous emission has been

of interest to many researchers [43–46]. Additionally, creation of photonic environments

wherein light traveling in all directions propagates significantly slower than in vacuum or

with a negative index of refraction are important pursuits.Recent progress toward the fabri-

cation of three-component photonic crystals [47] demands theoretical consideration of the

optical properties of such structures [46].

Methods of calculating photonic band structures have been developed over the last

two decades. Among these are finite element methods [48], finite-difference time-domain

(FDTD) [49, 50], scattering matrix [51], transfer matrix[52] and plane wave expansion

methods [53, 54]. FDTD [49, 50], variations of the plane waveexpansion technique [55–

59], and other techniques [60, 61] have proven useful for calculating the photonic band

structures of systems with metallic components arranged ina periodic array. However,

most studies to date treat the metallic components with the free electron model, and damp-

ing is often neglected.

3.2 Three-component metallodielectric photonic crystals

with dispersion and damping

The present work is focused on two-dimensional periodic structures with one dielectric

and one metallic component contained in a background dielectric, as depicted in Fig. 3.3.

In particular, we extend the theoretical framework of the plane wave technique [53–56]
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for the calculation of photonic band structures to three-component photonic crystals con-

taining one metallic component. Dispersion and dissipation in the metallic regions of the

photonic crystals are taken into consideration with a complex, frequency-dependent per-

mittivity which we model as

ǫ(ω) = 1−
ω2
p

ω(ω + iγ)
. (3.1)

We consider two-dimensional arrays of infinite right circular cylinders arranged in a square

lattice (see Fig. 3.3). While our work with the AAO would haveled us to consider a hexag-

onal array, for numerical simplicity and to gain intuition we consider a square array in this

study. The cylinders consist of either a metallic core surrounded by a dielectric shell or

a dielectric core surrounded by a metallic shell. The cylinders are embedded in a homo-

geneous lossless medium which is set to be vacuum in this work. The permittivity of the

dielectric is treated as a constant. The main point of this study is to contrast the dispersion

relation of the metallic core case with the metallic shell case. It is found that the metal-

lic shell structures have far greater potential to reduce the group velocity of propagating

modes, in some cases reducing it to 0.05 that in vacuum, nearly an order of magnitude less

than the metallic core structures can achieve. The metallicshell structures also have far

greater potential to give rise to structural band gaps.

For two-dimensional light propagation one can consider twoorthogonal polarizations:

the electric field perpendicular to the direction of propagation (parallel to the axis of the

cylinders in our case, referred to asE-polarization), or the magnetic field perpendicular

to the direction of propagation (H-polarization). The theoretical framework utilized in

this report is based on a plane wave expansion. This approachconverges nicely forE-

polarization but encounters numerical convergence problems for H-polarization. For this

reason, and because many of the unique physical features arise forE-polarized light in this

geometry, we focus the rest of this study onE-polarized electromagnetic fields.

The structure of this Chapter is as follows. In Section 3.3 wediscuss the theoretical

methodology. In Section 3.4 we analyze the photonic band structures of two-dimensional

three component plasmonic crystals. The study is summarized in Section 3.5. Aspects of
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Figure 3.3: The Wigner-Seitz cell of the two-dimensional three-component crystal. The

lattice constant isa. The radius of the inner core cylinder isR. The thickness of the shell

is d. The three dielectric regions are shown. The first Brillouinzone and points of high

symmetry are shown in the inset.
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the numerical treatment are discussed in Appendix B.

3.3 Theoretical methodology

We consider electromagnetic waves propagating in thex − y plane. We utilize the plane

wave methodology [53, 55] wherein the dominant field component and the permittivity are

expanded in the basis of plane waves. The following derivation results in a linear eigenvalue

problem which takes into consideration the Drude dispersion (including damping) of the

metal. The derivation is similar to that presented in Ref. [55], but is generalized in the

present treatment to treat three-component photonic crystals with one metallic component.

Thez-component of the electric field and the material permittivity are expanded as

Ez(x) =
∑

G

B(k,G) exp(i(k+G) · x). (3.2)

ǫ(x, ω) =
∑

G

ǫ̃(G, ω) exp(iG · x). (3.3)

x is a vector in thex − y plane andG is a vector of the reciprocal lattice. For the case

of the square latticeG = (2π/a)(mx̂ + nŷ) wherem andn are integers,̂x andŷ are unit

vectors anda is the lattice constant, as shown in Fig. 3.3. The summationsrange over allm

andn from negative to positive infinity; numerical investigations necessarily truncate the

summation. The coefficients̃ǫ are given by [54]

ǫ̃(G, ω) =



































ǫbf2 + ǫaf1 + ǫifi,

2f1(ǫa − ǫb)
J1(GR)
GR

+2fi(ǫi − ǫb)
J1[G(R+d)]
G(R+d)

(3.4)

ǫ̃ depends onω through the frequency dependence of eitherǫa or ǫb. In Eqn. 3.4 the top

element of the list is forG = 0 and the bottom element forG 6= 0. For a square lattice,

f1 = πR2/a2, fi = π(R + d)2/a2 − f1, f3 = π(R + d)2/a2, andf2 = 1 − f3 [54]. From

Maxwell’s equations, one can derive the following partial differential equation obeyed by
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the dominant field component.
(

∂2

∂x2
+

∂

∂y2
+ ǫ(x, ω)

ω2

c2

)

Ez = 0. (3.5)

Inserting the expansions of Eq. 3.2 and 3.3 into Eq. 3.5 we obtain

(k +G)2B(k,G) =
ω2

c2
ǫ̃(0, ω)B(k,G) +

ω2

c2

∑

G 6=G′

ǫ̃(G−G
′, ω)B(k,G′). (3.6)

We are now in a position to insert the expansion coefficientsǫ̃ given by Eq. 3.4. We

consider two geometries. The metallic core case is the configuration where the cores of

the cylinders are metallic, i.e., permittivity given by Eq.3.1, and are covered by shells of

constant permittivity. The metallic shell case is the configuration in which the cores of the

cylinders are modeled by a constant permittivity and the shells are metallic. Introducing

ξ = ω/c, we arrive at the following non-linear equation for the metallic core case.

(ξ3C− iγ

c
ξ2C− ξD−E)B(k) = 0, (3.7)

where

(C)GG′ = (ǫbf2 + ǫifi + f1)δGG′ + 2f1(1− ǫb)
J1(|G−G

′|R)
|G−G′|R (3.8)

+ 2fi(ǫi − ǫb)
J1[|G−G

′|(R + d)]

|G−G′|(R + d)
;

(D)GG′ =

[

(k+G)2 + f1
ω2
p

c2

]

δGG′ + 2f1
ω2
p

c2
J1(|G−G

′|R)
|G−G′|R ; (3.9)

(E)GG′ =
iγ

c
(k +G)2δGG′ . (3.10)

For the metallic shell case we obtain the same non-linear equations, but the matrix

elements are given by

(C)GG′ = (ǫaf1 + ǫbf2 + fi)δGG′ + 2f1(ǫa − ǫb)
J1(|G−G

′|R)
|G−G′|R (3.11)

+ 2fi(1− ǫb)
J1[|G−G

′|(R + d)]

|G−G′|(R + d)
;

(D)GG′ =

[

(k+G)2 + fi
ω2
p

c2

]

δGG′ + 2fi
ω2
p

c2
J1(|G−G

′|R)
|G−G′|R ; (3.12)
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The matrixE is the same in both cases.

The non-linear equation is equivalent to the following set of linear equations.
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. (3.13)

The first two equations resulting from the matrix-vector multiplication in Eq. 3.13 define

a = ξB andb = ξ2B. The third equation is equivalent to Eq. 3.7. Eq. 3.13 has been diag-

onalized fork-vectors in the fundamental eighth of the first Brillouin zone. The resulting

band structures are presented and discussed in Section 3.4.

3.4 Results and discussion

Band structures were obtained by diagonalization of Eq. 3.13 for 599k-values from across

the Brillouin zone. Convergence studies showed that results obtained using 441 plane

waves and 1681 waves agreed to four significant figures. Thus,the band structures pre-

sented here were acquired with 441 plane waves. In all spectra presented here we plot

ωa/2πc with the normalization conventionωpa/2πc = 1. In other words, we define the

plasma frequency asωp = 2πc/a to make the problem scale-invariant. With this definition

we can leta take any value as long asR andd are shifted accordingly to achieve the same

filling factors. In our simulations we seta = 1. However, it should be noted that one can

use more physical parameters, such as the bulk plasma frequency of a given metal. If one

then chooses the lattice constanta = 2πc/ωp and the filling factors are kept constant the

results will be the same. In all studies the damping parameter γ = 0.01ωp. The lifetime is

defined as1/τ = −2Im(ω).

Band structures and lifetimes for two-component photonic crystals composed of metal-

lic cylinders in vacuum with filling factors of 0.01 and 0.1 are presented in Fig. 3.4 to

illustrate the trends observed as metallic fraction is increased. The near-degeneracy of the

first and second bands along theM − X direction and between the second and third bands
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Figure 3.4: The three lowest photonic bands of a two-component photonic crystal com-

posed of metallic cylinders of filling factor 0.01 (a-c) and .1 (d-f) arranged in a square

lattice. (a,d) The real part of the band structure. (b,e) Theimaginary part of the band

structure. (c,f) The lifetime of the states.
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along theX−Γ direction in the case of the 0.01 filling fraction is broken asthe filling frac-

tion is increased (compare Fig. 3.4(a) and 3.4(d)). For small filling factors, the imaginary

parts of the eigenvalue band structure at the symmetry points display discontinuous behav-

ior (see Fig. 3.4(c)). This is because the cross-section of the wires is small; only exactly

along the lines of symmetry of the Brillouin zone do multiplereflections occur resulting in

the formation of standing waves, which significantly enhance the lifetime of the states. A

general trend for all structures considered here is the decrease of lifetime with increase of

metallic filling factor. For all values of the filling factor,the band with the shortest lifetime

is the lowest band, but as the filling factor is increased, thelifetimes of higher bands be-

come comparable to that of the lowest band. For the two-component photonic crystal with

lossy metallic cylinders in vacuum, all states—including the vacuum-like states above the

plasma frequency—are damped, meaning that the imaginary part of all eigenvalues is less

than zero, corresponding to decay in time.

In Figs. 3.5-3.7 the real and imaginary parts of the band structures for two-component

crystals, three-component metallic core and three-component metallic shell are juxtaposed

for the cases where the filling factor of the metallic component is 0.1 and 0.6. It should

be noted that in Figs. 3.5-3.7 six bands are plotted; howeverin Fig. 3.5 they-axis extends

to 1.6 whereas it is only necessary to extend it to 1.2 for the three-component cases. For

sufficiently large filling factor, the real part of the band structures of two-component pho-

tonic crystals composed of metallic cylinders are characterized by two bandgaps, as seen

in Fig. 3.5(b). From zero frequency to a cutoff there is a bandgap due to the inability of

theE-polarized electromagnetic waves to propagate in the negatively permissive material.

This bandgap is seen in Figs. 3.5-3.7. The size of this bandgap increases with the filling

factor of the metallic component. The second bandgap occursbetween the first and sec-

ond bands. The bandgap between the first and second bands is clearly seen in Fig. 3.5(b).

This bandgap is structural in that it is due to the productionof standing waves caused by

multiple reflections in the crystal; this bandgap can be observed in photonic crystals com-

posed of dielectric cylinders, and the presence and size of this bandgap also depends on
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Figure 3.5: The six lowestE-polarized photonic bands of a two-component photonic crystal

composed of metallic cylinders arranged in a square lattice. (a) Metallic filling factor is 0.1.

(b) Metallic filling factor is 0.6.

the filling factor. For photonic crystals composed of dielectric cylinders, this bandgap will

have a maximal value at a given filling factor that is generally different from the maximal

filling factor. For the two-component plasmonic crystal thebandgap continues to increase

as the fill factor is increased to its maximum value of 0.78. For fill factors above approxi-

mately 0.6 there is only one band below the plasma frequency,as is shown in Fig. 3.5(b).

Above the plasma frequency, where the permittivity approaches unity, the dispersion re-

lation shows the linear behavior one expects from electromagnetic waves propagating in

vacuum.

In Fig. 3.6(b) one sees the structural bandgap has been filled, although the filling factor

of the metal is still 0.6, as it was in Fig. 3.5(b). This closing of the structural bandgap

between the second and third bands is characteristic of dielectric cylinders with increased

filling factor and contrasts the behavior of purely metalliccylinders. In Fig. 3.7, where

the metallic component is the outer shell of the cylinder, one sees an increase of the struc-

tural band gap, indicating the cylinder array maintains thecharacter of metallic cylinders.

However, in contrast to Fig. 3.5(b) there are four bands below the plasma frequency.

In Figs. 3.5-3.7 one can also see how the different structural configurations affect the

group velocity of the propagating waves. For the lowest bandin each case, the maximum

of the group velocity occurs along theX − Γ direction. For the two-component case with
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Figure 3.6: The six lowestE-polarized photonic bands of a three-component photonic crys-

tal composed of metallic cylinders surrounded by a dielectric shell of permittivityǫ = 12

arranged in a square lattice. The filling factor of the dielectric is 0.1. (a,b) Real part of the

band structure. (c,d) Lifetime of the states. (a,c) Metallic filling factor is 0.1. (b,d) Metallic

filling factor is 0.6. Discontinuities in the imaginary parts of the band structure result from

the fact that eigenvalues are sorted by real part ofω; when one lists the eigenvalues this way

on either side of a band crossing and then plots a truncated number of bands, the imaginary

parts of the eigenvalues can appear discontinuous.
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Figure 3.7: The six lowestE-polarized photonic bands of a three-component photonic

crystal composed of dielectric cylinders of permittivityǫ = 12 surrounded by a metallic

shell arranged in a square lattice. The filling factor of the dielectric is 0.1. (a,b) Real part

of the band structure. (c,d) Lifetime of the states. (a,c) Metallic filling factor is 0.1. (b,d)

Metallic filling factor is 0.6.
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filling factor 0.6 (Fig. 3.5(b)) the maximum group velocity is0.3343c, which is slightly less

than0.4078c, the value for the three-component metallic core case of thesame metallic fill-

ing factor (Fig. 3.6(b)). However, the maximum group velocity of the lowest band for the

three-component shell case (Fig. 3.7(b)) is0.0449c, nearly an order of magnitude smaller.

Such a trend continues up to and above the plasma frequency. The sixth band in both cases

of three-component configurations is near the plasma frequency. In these two cases the

maximum of the group velocity is along theM − X direction. For the three-component

metallic core case the maximum is0.5630c and for the metallic shell case the maximum

is 0.0672c. These considerations indicate that of the three structural configurations con-

sidered in this study, the three-component metallic shell configuration is most effective in

creating a medium where electromagnetic waves below the plasma frequency propagate

with a significantly reduced group velocity. Above the plasma frequency, all three cases

demonstrate free-wave-like propagation as one would expect.

Inspection of the lifetimes of the propagating waves in the metallic core case versus the

metallic shell case reveals the increase of metallic fillingfactor decreases the lifetimes for

both geometries. Moving from Fig. 3.6(c) to 3.6(d) one observes that the lowest propagat-

ing band maintains a similar lifetime near theΓ point of the Brillouin zone and experiences

an increase in lifetime with increased metallic filling factor near theX point due to the

increase in group velocity with the closing of the structural band gap. However, all higher

bands suffer a decrease in lifetime, some by more than an order of magnitude. Moving

from 3.7(c) to 3.7(d) one finds a similar lifetime near theΓ point and a reduced lifetime

near theX point for the metallic shell case. Still, the lifetime of thelowest band across the

Brillouin zone is not affected dramatically by increasing the metallic filling factor from 0.1

to 0.6, but the lifetimes of higher bands are more significantly affected.

For all cases considered here the lowest allowed frequency for a propagating mode in-

creases with increasing filling factor of the metallic component. It is interesting to compare

the values of this cutoff frequency as a function of filling factor for the three cases con-

sidered here. As a basis for comparison, we note thatωp =
√

Ne2/mǫ0 whereN is the
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Figure 3.8: The lowest propagating frequency ofE-polarized modes for two-component,

three-component metallic core and three-component metallic shell photonic crystals plotted

as a function of filling factor of the metallic component of the cylinders. The filling factor

of the dielectric components is 0.1.

electron density,e is the electron charge andm is the electron mass. We can define an effec-

tive plasma frequency for the crystal given byωeff
p =

√

Neffe2/mǫ0 whereNeff = fN .

Heref is the filling factor of the metallic component of the crystal. Thus,(ωeff
p )2 = fω2

p,

or, invoking the normalization we have been using(ωeff
p a/2πc)2 = f . Therefore, if the ef-

fective plasma frequency determined the lowest allowed frequency of a propagating mode,

we should see a linear relationship between the square of thenormalized cutoff frequency

and the filling factor. In Fig. 3.8 we show the lowest allowed propagating frequency plotted

against the filling factor for the two and three-component photonic crystals. In all cases,

the lowest allowed frequency falls below the line(ωeff
p a/2πc)2 = f and in both the cases

of the metallic core and the metallic shell the lowest allowed frequency for a given filling

factor falls below that for the two-component case.

It is interesting to consider which aspects of the data presented in Figs. 3.4-3.8 can be

explained by consideration of light propagating in an effective index environment, which

can be explained by consideration of the resonant properties of individual cylinders and

which must take into account the complete structural configuration including the core/shell
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structure of the cylinders and the geometric arrangement ofthe cylinders into a lattice.

For wavelengths much longer than the lattice constant, the electromagnetic waves experi-

ence an average material medium; inability of light to propagate below the lowest band—a

phenomenon which occurs in the metallic shell and core structures as well as in the two-

component cylinders—can be understood in the effective index picture. In the metallic

core case, the structural band gap closes with increased filling factor. This is a feature of

dielectric photonic crystals. Thus, one may be inclined to assume the features of the struc-

tural band gap are governed by the exterior layer of the cylinders. Another feature, the

significant flattening of the bands with increased filling factor, only occurs in the metallic

shell case. While it seems apparent that the crystalline arrangement gives rise to the struc-

tural band gap, which arises in two-component photonic crystals as well, the slow group

velocity seems to be unique to the shell structures. In orderto gain more insight into the

relation between the slow group velocity and the resonancesof individual cylinders, one

would need to have an understanding of the resonances of the individual metallic shell

cylinders. Individual metallic cylinders coated with dielectric have scattering cross sec-

tions with may features [62]. Because metallic shell cylinders have two exposed surfaces,

surface plasmons may be excited on both surfaces and may hybridize to give rise to even

more complicated scattering cross sections [63]. Understanding how the resonances of the

constituent cylinders contribute to the slow group velocity of the array is a worthwhile

pursuit but is beyond the scope of this work.

3.5 Closing remarks

We have considered light propagation in two-dimensional arrays of metallodielectric cylin-

ders. Unique features of band structures were analyzed. In particular, covering the metallic

cylinders in a dielectric shell was shown to close the structural bandgap as the filling fac-

tor of the metal core was increased. However, the presence ofa dielectric core in a metal

cylinder did not have the same effect on the band structure. Photonic crystals composed of
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metallic shells surrounding dielectric cores were shown tosignificantly flatten the photonic

bands below the plasma frequency indicating the creation ofa medium in which light prop-

agates with an anomalously slow group velocity. Bands with amaximum group velocity of

0.05c were discovered. In the same structure, the maximum group velocity of any band be-

low the plasma frequency was approximately0.06c, with the exception of one band which

had a group velocity of0.3c near theΓ point of the Brillouin zone.

In closing it is important to note that analysis of this system requires consideration of a

large parameter space. This study is by no means meant to be anexhaustive account of the

possibilities of the system, rather as an illustration of the significance of the arrangement

of the components as well as the filling factors of a three component plasmonic crystal.

We now move to Part II of the thesis where we consider several aspects of light storage

in Si microdisks.
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Part II

Subwavelength and dynamic resonant

microcavities

41





Chapter 4

Resonances in optical cavities

Our work on plasmonic crystals, as discussed in Chapter 3, allowed us to explore ways in

which metals can be coupled to dielectrics to modify light propagation. This led to consid-

eration of geometries in which plasmonic elements could be coupled to dielectric structures

to confine light in small volumes [64–66]. This line of thinking led us to explore the small-

est Si microcavities to date. This Part of the thesis explores our work on Si microdisks

which began by trying to make the smallest possible optical resonators for a given wave-

length of operation. We then began exploration of microcavities with dynamically-tunable

resonance spectra.

4.1 Resonances in nature

Resonant phenomena are ubiquitous in nature and occur in systems as diverse as mechan-

ical pendulums and biological systems. Many problems in thephysical sciences can be

reduced to the determination of resonant frequencies and the properties of the resonances

of the system. At these resonant frequencies energy injected into the system will be stored

for a characteristic time that is orders of magnitude largerthan at non-resonant frequencies.

Optical resonances constitute a particularly exciting class of resonant phenomena. Im-

provements during the last half century in the material quality of optical cavities as well as

available light sources has allowed the field of cavity optics to make substantial advances.
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There are many fascinating things to investigate in the context of light stored in a small vol-

ume of space. The interaction of light with atoms and materials leads to many rich natural

phenomena. Important new technologies made possible when light can be stored in a small

volume for a long time are based on these physical principles.

In this part of the thesis we focus on optical resonant cavities of wavelength-scale di-

mensions. In particular, the medium of crystalline Si is thecentral platform for our mi-

crocavity experiments. We fabricate thin, cylindrical microdisk cavities for the modes that

propagate around their perimeter. These so-called whispering-gallery modes are named for

their physical analogy to acoustical propagating waves at the interior perimeter of domed

architectures. Before further discussing whispering-gallery modes in Si microdisks it is

useful to explain the choice of Si as the central platform forour experiments.

4.2 History of optical microcavities

Electromagnetic resonators were first proposed in 1939 in a prophetic paper by Richtmyer

[67]. However, due to the unavailability of suitable materials, Richtmyer’s proposals lay

dormant for a quarter century. Once high-permittivity, low-loss materials advanced to the

point where fabrication was economical, microwave and other electromagnetic cavities

began to be explored.

A major step forward for optical resonators was taken when glass microspheres were

created by melting the end of an optical fiber. Due to the surface tension of the liquid

glass, the glass beads are highly spherical and maintain this shape once cooled. This is

yet another instance of the significant evolution enabled bythe development of optical

fibers (see Chapter 1). These optical cavities support electromagnetic resonances from

the optical to the near-IR regions of the electromagnetic spectrum. These cavities have

been well studied, most notably by Dr. Kerry Vahala’s lab at Caltech. They can have cavity

quality (Q) factors near109 [9], and phenomena from stimulated Raman scattering to single

molecule detection has been observed.
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While these glass spheres are an excellent platform for laboratory experiments, resonant

cavities on a planar substrate are more suitable for integrated device applications. Many

significant studies of planar micro-scale disk-shaped cavities were conducted in a very short

time during the early 1990s at Bell Labs. These microdisks were utilized as laser cavities,

and at that time were the smallest laser cavities in the world. They were manufactured from

compound semiconductor substrates with a quantum well gainmedium grown by MBE

and MOCVD atop InP handle wafers. In a series of papers, researchers associated with

the Bell Labs group demonstrated room temperature laser action and electrically-injected

lasers in wavelength-scale cavities [68–70]. Almost 20 years later it remains difficult to

make significant strides beyond what they were able to accomplish with wavelength-scale

lasers.

All the microdisk work out of Bell Labs was oriented toward laser generation, and this

is not a coincidence. In order to study their cavities, the cavities themselves needed to

generate light. Once the cavities were generating light, the task was to make the light co-

herent. Once the device layer of the substrate was designed to generate light, it was no

longer a suitable passive medium for waveguide routing and on-chip processing of optical

signals. The point is this: modern photonic structures can broadly be lumped into two

categories—those that generate light and those that transport, store, or process optical sig-

nals. The Bell Labs group made great contributions to on-chip light generation technology,

especially from microdisk cavities. Their platform of quantum-confined structures made

from compound semiconductors remains the preferred approach for on-chip light genera-

tion. For the other arm of photonics, that of on-chip transportation and processing, different

media are required.

Many photonic circuits in contemporary applications are made from high–index poly-

mers. However, a seminal technological advance was made in the late 1990s with the

development of SOI wafers, as discussed in Chapter 1. These wafers allow for the creation

of high-index-contrast photonic circuits on a CMOS-compatible platform. Because silicon

is transmissive in the near-IR, high-Q resonant cavities operating at those wavelengths can
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be achieved. SOI wafers have been used to fabricate many resonant elements such as mi-

crorings and microdisks, and the introduction of SOI changed the way scientists conceived

of photonic waveguides. Silicon microdisks have been explored quite extensively, most

notably by Dr. Oskar Painter’s lab at Caltech. In this thesiswe advance the state of the art

both by exploring the fundamental limit of silicon microdisk size and by creating silicon

microdisks which have tunable resonance spectra. Both of these contributions are impor-

tant for photonic circuit applications aiming to fit many devices in a small region of space

and to create photonic circuits with functionality that canvary in time with locally-applied

voltage. Before discussing in more detail the specific technologies we have developed, we

first explore the fundamental physics of microdisk cavities.

4.3 Size domains in optical microcavities

As was discussed in Section 4.2, silicon microdisk and microring resonators are emerging

as critical elements in many integrated photonics applications. The purpose of our research

was to investigate the smallest resonators to determine howsmall a silicon microdisk could

be made and retain well-defined resonances with fairly largeQ. Optical microcavities of

a variety of geometries and sizes have been investigated fora number of purposes from

information processing to chemical sensing. In Fig. 4.1 we show a number of the different

technologies that have been utilized to store light. The images are plotted qualitatively with

anx-axis of characteristic size and ay-axis ofQ factor. On the extreme high-Q end of the

plot are glass microcavities—microspheres and microtoroids—fabricated in a manner that

makes use of the surface tension of melted glass to form remarkably smooth sidewalls.

These cavities are generally 20-100µm in diameter. Quality factors exceeding108 have

been demonstrated in such structures. These quality factors are usually limited by radiation

and material absorption, although such glass structures are susceptible to corrosion from

moisture in the atmosphere and tend to degrade failry quickly after fabrication.

Mid-range (10-20µm diameter) silicon microdisks and ring resonators have been shown
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Figure 4.1: Optical microcavities of different types. Q is plotted versus the characteristic

size of the structures. The y axis is logarithmic while the x is linear. On the low–Q, small

d end of the figure we have (a) and (b), which we fabricated and studied. These are of

diameter just below (a) and just above (b) the resonant wavelength. In (a) theQ is limited

by radiation and is∼ 200. In (b) the radiation limitedQ is ∼ 5000. (c) A zipper photonic

crystal cavity is> 20µm in one dimension, but much smaller in the transverse dimensions.

TheQ limited by the material absorption of SiN is∼ 105 [6]. (d) A ring resonator is shown

with 10µm diameter andQ ∼ 10, 000 limited by surface scattering [7]. (e) A Si microdisk

with 10µm diameter made in our lab. The surface-scattering-limitedQ is ∼ 105 − 106.

(f) A 2-D photonic crystal defect cavity withQ near106 [8]. (g) A silica microsphere

with radiation-limitedQ exceeding108 [9]. (h) A silica toroid with radiation-limited-Q

exceeding108 [9].
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to be capable of havingQ factors exceeding106 [71]. Fabrication of such high-Q mi-

crodisks often makes use of surface tension as well, but in this case in a resist reflow

step. This allows for microdisks withQ factors not limited by surface scattering, but rather

surface chemical effects [71]. Fabrication of mid-range silicon microdisks without resist

reflow often produces disks withQ factors around105 limited by surface scattering [72]

(see Chapter 7).

In our work we sought to explore the bottom left of Fig. 4.1. For practical and scientific

purposes we wanted to know how small we could make silicon microdisks before they no

longer gave rise to resonant states. In particular, we wanted to know if it is possible to make

a microdisk smaller in every spatial dimension than the free-space resonant wavelength of

light being stored within the cavity, a so-called subwavelength cavity.

We began our study by conducting accurate simulations of microdisk modes based on

the numerical techniques described in Appendix C. The field profiles of two microdisk

modes are shown in Fig. 4.2. TE modes are shown (with electricfield predominantly in

the plane of the disk), andHz is plotted. The modes propagate around the perimeter of

the disk; the curvilinear Laplacian creates a centrifugal barrier, and the high index material

holds confines the material within a potential well (see discussion in Chapter 5). The modes

are classified by their radial and azimuthal mode orders. Theradial mode order (one in Fig.

4.2(a) and two in Fig. 4.2(b)) corresponds to the number of maxima of the absolute value

of the dominant field component in the radial direction. The azimuthal mode order (50 in

Fig. 4.2(a) and 46 in Fig. 4.2(b)) corresponds to the number of maxima of the dominant

field component in the angular direction.

In Fig. 4.3 we plot the azimuthal mode indices of five mode families (see section

5.2.3), three TE and two TM, versus microdisk radius. The resonant wavelength for this

calculation was kept as close to 1570nm as possible. In Fig. 4.3 one sees that there are

in fact several resonances for which the diameter of the diskis smaller than the resonant

wavelength. These occur only in first radial order TE modes for which the effective index of

refraction is larger than for the TM modes and for which the component of the wave vector
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Figure 4.2: Field profiles of two microdisk whispering-gallery modes are shown. (a) The

Hz component of the TE1,50 mode. (b) TheHz component of the TE2,46 mode

.
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Figure 4.3: Relationship between disk radius and azimuthalmode order. Data obtained

numerically as described in Appendix C. The radius of the cavity was varied to obtain each

resonance as close to 1570nm as possible. The height of the disk is 240nm. Five mode

families are shown. Of these, only the TE1 mode family is present in disks with diameters

less than the resonant wavlength of 1570nm. The TE1,2-TE1,5 modes are calculated to exist

in subwavelength cavities, and are seen to fall below the black line in the figure separating

cavities that are smaller than the free-space resonant wavelength from those that are larger

(admittedly a somewhat arbitrary differentiation). The mode solver did not converge to the

TE1,1 mode, most likely due to the fact that the resonance is poorly-confined and has aQ

of order 1.
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Figure 4.4: CalculatedQ factors of the TE modes in Fig. 4.3. The subwavelength modes

TE1,4 and TE1,5 are calculated to haveQ factors exceeding 100, indicating potential for

laser and device applications.

in the azimuthal direction is maximized thus minimizing momentum in the radial direction

which leads to tunneling through the effective potential. The next question is whether the

Q factors of these modes are large enough to make the cavities worth investigating. If

one wishes to make a laser,Q factors will need to be at least100 − 1000. For sensing

and cavity QED,Q ∼ 20, 000 is necessary. In Fig. 4.4 we show the calculatedQ factors

of the modes shown in Fig. 4.3. Figure 4.4 reveals that the theoretical radiation-limited

Q factors for the wavelength-scale disks are reasonably high, between 100 and 10,000.

This is encouraging and indicates that the effort to create subwavelength Si microdisks is

potentially worthwhile.

Our investigations into frontiers in Si microdisks is presented in the remainder of the

thesis as follows. In Chapter 5 we present a theoretical discussion of the physics of mi-

crodisks. In Chapter 6 we discuss the method of tapered-fiberspectroscopy for characteriz-

ing the resonance spectra of microdisks. Chapter 7 containsa discussion of the techniques
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used to fabricate Si microdisks. We present our work on microdisks which are smaller

than the free-space resonant wavelength of the light they store in Chapter 8. We move to a

discussion of dynamically-tunable silicon microdisks in Chapter 9. We conclude the thesis

with a discussion of future work which could build on our research in Chapter 10.
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Chapter 5

Microdisk theory

In this section we write Maxwell’s equations for the dielectric disk and reduce them to a

single ordinary differential equation for the radial dependence of the field from which much

insight about the system can be gained. We obtain the complete spatial dependence of the

fields and apply boundary conditions to arrive at a pair of coupled quantization conditions

for the complex-valued wave vectors and effective indices of the eigenmodes. While these

coupled transcendental equations are somewhat cumbersometo deal with directly, the first-

principles analytical treatment of the problem gives us a great deal of physical insight. We

compare the equations governing the electromagnetic system to those governing a quantum

disk [73]. Then, to obtain accurate eigenvalues for the system we conduct numerical sim-

ulations. These analytical and numerical models guide our thinking about the microdisk

system and inform our fabrication for the next section wherewe study Si microdisks which

are smaller than the free space resonant wavelength of lightbeing stored.

5.1 Microdisk geometry

The structure under consideration is shown in Fig. 5.1. A right circular cylinder of radiusa

and heighth has the center of its volume at the origin. The disk is made of amaterial with

frequency-independent relative permittivity,ǫ, and is surrounded by vacuum.
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Figure 5.1: The microdisk structure under consideration. The height of the disk ish, and its

radius isa. The permittivity of the material isǫwhich is taken to be frequency-independent.

The region inside the disk is referred to as region I. Above and below the disk is region II.

Beyond the radius of the disk is region III.
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5.2 First principles analytical model

Our treatment here builds upon the calculations presented in Refs. [74] and [75].

5.2.1 Reduction to a scalar problem

Maxwell’s equations for the source-free system with piecewise-constant permittivity and

vacuum permeability read

∇×E = −µ0
∂H

∂t
; (5.1)

∇×H = ǫǫ0
∂E

∂t
; (5.2)

∇ · E = 0; (5.3)

∇ ·H = 0. (5.4)

Because the magnetic field has a divergence equal to zero (Eq.5.4), we can make use of

the fact that the divergence of a curl is identically zero andintroduce a vector potential [76]

related to the magnetic field by

H = ∇×A. (5.5)

Substituting the relation from Eq. 5.5 into Eq. 5.1 we have

∇× (E+ µ0
∂A

∂t
) = 0. (5.6)

Making use of the fact that the curl of a gradient is identically zero, we can introduce the

scalar potential as

E+ µ0
∂A

∂t
= −∇φ. (5.7)

Taking the time derivative of Eq. 5.7 and using Eq. 5.2, Eq. 5.5, and the definition of the

vector Laplacian (∇2
A = ∇×∇×A−∇(∇ ·A)), we can write

∇(∇ ·A+ ǫǫ0
∂φ

∂t
)−∇2

A+
ǫ

c2
∂2A

∂t2
= 0. (5.8)

Here we have usedc = (ǫ0µ0)
−1/2. We now eliminate the first term in Eq. 5.8 by working

in the Lorenz gauge [76]:

∇ ·A+ ǫǫ0
∂φ

∂t
= 0. (5.9)
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Equation 5.8 is thus reduced to a vector wave equation which reads

∇2
A− ǫ

c2
∂2A

∂dt2
= 0. (5.10)

AssumingA(r, t) = A(r)e−iωt, Eq. 5.10 reduces to the vector Helmholtz equation,

(∇2 + k2)A = 0, (5.11)

wherek2 = ǫω
2

c2
is the spatial frequency of the system. Using Eq. 5.7 and the definition of

the Lorenz gauge from Eq. 5.9, we can write the electric field completely in terms of the

magnetic vector potential,

E =
1

ǫǫ0

∫

∇(∇ ·A)dt− µ0
∂A

∂t
. (5.12)

Maxwell’s equations for the system (Eqs. 5.1-5.4) are invariant under the exchange

E ↔ H, ǫǫ0 ↔ −µ0. In this source-free problem we can then define an electric vector

potential related to the electric field by

E = ∇× F. (5.13)

The magnetic field can then be constructed fromF in a manner analogous to Eq. 5.12. To

form a complete basis for the two independent polarizationsof electromagnetic waves, we

chooseA andF in terms of scalar functions as

A(ρ, φ, z; t) = k0g(ρ, φ, z)exp(−iωt)ẑ, (5.14)

and

F(ρ, φ, z, t) = ik0cµ0f(ρ, φ, z)exp(−iωt)ẑ. (5.15)

In general, the vector Laplacian can be written in componentform as

∇2
A =











∂2Aρ

∂ρ2
+ 1

ρ
∂2Aρ

∂φ2 + ∂2Aρ

∂z2
+ 1

ρ
∂Aρ

∂ρ
− 2

ρ2
∂Aφ

∂φ
− Aρ

ρ2

∂2Aφ

∂ρ2
+ 1

ρ

∂2Aφ

∂φ2 +
∂2Aφ

∂z2
+ 1

ρ

∂Aφ

∂ρ
− 2

ρ2
∂Aρ

∂φ
− Aφ

ρ2

∂2Az

∂ρ2
+ 1

ρ
∂2Az

∂ρ2
+ ∂2Az

∂z2
+ ∂Az

ρ
∂Az

∂ρ
.











(5.16)
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Choosing vector potentials each with only aẑ component each greatly simplifies this ex-

pression so that only thêz component remains. The full electric and magnetic fields are

obtained from the combination ofA andF:

E =
1

ǫǫ0

∫

∇(∇ ·A)dt− µ0
∂A

∂t
+∇× F, (5.17)

and similarly forH. Explicitly, the components of the electric and magnetic fields in terms

of the scalar generating functionsf andg are given by

Eρ(ρ, φ, z) = iωµ0

(

k0
ρk2

∂2g(ρ, φ, z)

∂ρ∂z
+

1

ρ

∂f(ρ, φ, z)

∂φ

)

; (5.18)

Eφ(ρ, φ, z) = iωµ0

(

k0
ρk2

∂2g(ρ, φ, z)

∂φ∂z
− ∂f(ρ, φ, z)

∂ρ

)

; (5.19)

Ez(ρ, φ, z) = iωµ0k0

(

g(ρ, φ, z) +
1

k2
∂2g(ρ, φ, z)

∂z2

)

; (5.20)

Hρ(ρ, φ, z) =
∂2f(ρ, φ, z)

∂ρ∂z
+
k0
ρ

∂g(ρ, φ, z)

∂φ
; (5.21)

Hφ(ρ, φ, z) =
1

ρ

∂2f(ρ, φ, z)

∂φ∂z
− k0

∂g(ρ, φ, z)

∂ρ
; (5.22)

Hz(ρ, φ, z) = k2f(ρ, φ, z) +
∂2f(ρ, φ, z)

∂z2
. (5.23)

Substituting Eq. 5.14 into Eq. 5.11 we find that the scalar generating functions obey a

scalar Helmholtz equation.

(∇2 + k2)g(ρ, φ, z) = 0. (5.24)

In cylindrical coordinates this reads

∂2g

∂ρ2
+

1

ρ

∂g

∂ρ
+

1

ρ2
∂2g

∂φ2
+
∂2g

∂z2
+ k2g = 0. (5.25)

This partial differential equation is separable, so we insert the ansatz

g(ρ, φ, z) = R(ρ)Φ(φ)Z(z). (5.26)

If we assumeΦ(φ) = eimφ andd2Z(z)
dz2

= −β2Z(z), Eq. 5.25 can be reduced to the ordinary

differential equation
(

∂2R

∂ρ2
+

1

ρ

∂R

∂ρ

)

+

(

T 2 − m2

ρ2

)

R = 0, (5.27)
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where

T 2 = k2 − β2 ≡ k20n̄
2. (5.28)

Equation 5.27 is Bessel’s equation. The fully-vectorial Maxwell’s equations have now

been reduced to a single, scalar ordinary differential equation. The spatial dependence of

the scalar generating functions in the three regions of space, as defined in Fig. 5.1, is given

by

g(ρ, φ, z) =



















CIJm(TIρ)cos(βIz)e
imφ, region I

CIIJm(TIIρ)e
βII(|z|−h/2)eimφ, region II

CIIIH
(1)
m (TIIIρ)cos(βIIIz)e

imφ, region III

(5.29)

whereJm is a Bessel function of orderm, andH(1)
m is a Hankel function of the first kind of

orderm. We can then obtain the full electric and magnetic fields withEqs. 5.18-5.23. The

scalar generating functionf(ρ, φ, z) is defined similarly with different coefficients which

must be determined from boundary conditions.

5.2.2 Brief discussion of polarization

As mentioned above, the scalar generating functionf will have the same form asg given

by Eq. 5.29 with different constants to be determined by boundary conditions. However,

in the disks considered here it is sensible to consider TE andTM polarizations separately.

We define TE modes as those modes for which the scalar generating functiong = 0 and

TM modes as those for whichf = 0. For TE modesEz = 0 and for TM modesHz = 0.

In reality, bothg andf are always non-vanishing, but naturally modes with polarizations

approximately obeying these conditions occur with the amplitude off being much larger

thang for TE modes and vice versa for TM modes. Such an approximation for the two

polarizations turns out to be quite accurate when one compares to numerical calculations

with all six field components. For the remainder of this work we simplify consideration to

the two polarizations independently, and Eqs. 5.18-5.23 are reduced accordingly.
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5.2.3 Boundary and quantization conditions

We proceed now to apply boundary conditions to the functionsin Eqs. 5.18-5.23 withg

andf given by Eq. 5.29 to obtain quantization conditions on the variousTs andβs, and

therefore onk0.

Inside the disk we havek2I = ǫk20. We define the effective index of refraction (n̄)

through the relationship

TI = n̄k0. (5.30)

At the top and bottom of the disk we demand thatHρ andEρ be continuous across the

interface. These constraints lead to the transcendental equation

√
n2 − n̄2tan

(

hk0
√
n2 − n̄2

2

)

= ξ
√
n̄2 − 1, (5.31)

whereξ = 1 for TE modes andǫ for TM modes. This is the first of our quantization

conditions, and one sees that it depends on bothn̄ andk0. If the wavelength of operation is

already known, Eq. 5.31 can be solved to obtainn̄. As such,̄n is obtained purely from the

z-dependence of the problem, and is identical to the effective index in the slab waveguide

problem. It is referred to as the effective index of refraction because after application of

boundary conditions at the top and bottom of the high index material, the solutions inside

the high index region behave as if they were propagating in a region of space with index of

refractionn̄. Because our intention is for all of our devices to operate ina narrow range of

wavelengths within the telecom band, it is worthwhile to spend some time assuming values

of λ (and thereforek0) and discussing the behavior ofn̄ obtained through solution of Eq.

5.31 in isolation.

5.2.4 The effective index of refraction

In a microdisk, the effective index of refraction multiplies the wave vector to give the

propagation constant in the radial direction (Eq. 5.30). Itis a highly-physical number in

that it determines the confinement of an optical mode. The effective index of refraction is

different for TE and TM modes due to the presence of the factorξ on the right-hand side of
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Figure 5.2: The relationship between disk height and effective index of refraction. The

index of refraction is set at 3.48 and the wavelength is 1550nm. The effective index is

similar for the two polarizations in thick disks, but as the disk gets thinner the TM effective

index drops off much faster than the TE.

Eq. 5.31. As we shall see in the remainder of this thesis, thisdifference inn̄ between TE

and TM modes has important implications for minimum cavity size (Chapter 8) as well as

mode shift with heating (Chapter 9).

There are three important parameters in Eq. 5.31. These parameters are the height of the

disk,h, the physical index of refraction of the material,n, and the wavelength of operation,

λ = 2π
k0

. If we assume we are operating in the wavelength range between 1520− 1620nm,

as will be discussed in Chapter 6, and that our material has a physical index of refraction

within a small range aroundn = 3.48, as will be discussed in Chapter 9, then the factor

which has the largest impact on the effective index of refraction is the height of the disk. In

Fig. 5.2 we have plotted the effective index of refraction,n̄, against the height of the disk,

h, over a range of microdisk thicknesses from 200 to 450nm. Thewavelength is fixed at

λ = 1550nm and the physical index has the valuen = 3.48. One can see that the effective

index of refraction for TE modes is always larger than that for TM modes and that the
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discrepancy between the two polarizations increases as thethickness of the disk is reduced.

Equation 5.31 was derived from the boundary condition at theupper surface of the disk,

so it must be true that the physical origin of the larger effective index of TE modes results

from the way the modes of the two polarizations behave at the top and bottom boundaries

of the disk. As was discussed in section 5.2.2, TM modes have astrongEz component.

TheEz component of the field vanishes for TE modes. For the TM modes the boundary

conditions demand thatEII
z = ǫEI

z, and sinceǫ ∼ 12 this forces the TM modes to have a

great deal of intensity just above and below the disk, as willbe shown in Fig. 5.8. Since

we are dealing with non-magnetic media, all five of the TE modefield components pass

continuously through the upper and lower disk boundaries. Therefore, the TE modes are

much more confined within the disk than the TM modes, as can be seen in Figs. 5.5-5.9.

It is also useful to study Eq. 5.31 as a function of the wavelength and physical index of

refraction. In Fig. 5.3 we fixh at 250nm andn at 3.48. We then plot̄n versus wavelength

and find that the effective index of refraction decreases more for TM modes than for TE

modes as the wavelength is increased above 1550nm, and the change is highly linear. Next

we plotn̄ versus the physical index of refraction,n, with λ = 1550nm andh = 250nm. In

this case,̄n of the TM modes grows faster than that of the TE modes, but the difference is

not as great as it was in the previous plot. These trends have important consequences for

tuning of modes, as will be discussed in more detail in Chapter 9. Briefly, if one wishes to

tune the mode spectrum by changing the index of refraction (i.e., through the thermooptic

effect) one will simultaneously change the physical index of refraction, and therefore the

resonant wavelength, and therefore the effective index of refraction. Ultimately, the result

will be that TE modes shift more than TM modes under the same change of physical index

of refraction due to the fact that the discrepancy between the effective index of refraction

shift in Fig. 5.3 is larger than in Fig. 5.4. As was mentioned above, the boundary condi-

tions considered here are intimately connected to mode confinement. While we can make

arguments here based on Eq. 5.31 as to why TE modes will shift more than TM modes, we

leave a more complete and physically intuitive discussion of this phenomenon to Chapter 9.
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Figure 5.3: Here we consider a disk of height 250nm with indexfixed at 3.48. The wave-

length is the variable. We see that the effective index of theTM modes decays faster with

increasing wavelength than the TE modes. The differencen̄(λ)− n̄(λ = 1550nm) is plot-

ted rather than simplȳn(λ) because the fractional change inn̄ with wavelength is much

smaller than the difference betweenn̄ for the two polarizations, so a plot of̄nTE(λ) and

n̄TM(λ) simply looks like two straight lines, and the physical comparison is lost.
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Figure 5.4: In this plot the wavelength is 1550nm and the height is 250nm. Physical index

is the variable. Here we see that the effective index of the TMmodes grows faster with

increasing index than the TE modes.

Note that the entire discussion held here depends only on polarization and not on azimuthal

or radial mode order. We now proceed to discuss the other quantization condition derived

from the radial boundary conditions.

5.2.5 The radial boundary

At ρ = a we demand continuity ofHz andEφ. These constraints lead to the second

transcendental quantization condition:

Jm(TIa)
d
dρ
Jm(TIρ)|ρ=a

= ζ
Hm(TIIa)

d
dρ
Hm(TIIρ)|ρ=a

, (5.32)

where

ζ =







TII

TI

, for TE modes

TI

TII

, for TM modes
(5.33)

TI andTII depend on bothk0 andn̄, so Eqs. 5.31 and 5.32 must be solved self-consistently

for k0 andn̄. As will be discussed in sec. 5.2.7, all microdisk modes are actually quasinor-

mal modes. The frequencies are complex and the modes have a finite lifetime. Complex
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frequencies lead to complex wave vectors, so Eqs. 5.31 and 5.33 must be solved in the com-

plex plane. Converging to the desired roots of these transcendental equations is difficult,

and it is far easier in practice to simply use a numerical scheme to calculate the complex

eigenvalues and field profiles. The details of our numerical methods are given in Appendix

C.

The critical information which can be gained from analysis of these quantization con-

ditions is the way the modes of the microdisk mode spectrum are classified. First, as

discussed in section 5.2.2 one must specify the polarization of a given mode. Then, one

must specify three quantum numbers corresponding to the degree of excitation in the axial,

azimuthal, and radial directions. For thin disks withh < λ/2, only the fundamental quan-

tum number in the axial direction need be considered, and thescalar generating function

always takes the form of a cosine with one field maximum in the axial direction within the

disk. The azimuthal mode order,m, governs the angular dependence of the field; the scalar

generating function has theφ dependenceeimφ. The radial order specifies the number of

maxima of the absolute value of the scalar generating function in the radial direction within

the disk. For a given polarization andm, there will be multiple roots to Eq. 5.32. These

correspond to the various radial orders for which differentvalues ofT solve Eq. 5.32. An

example of the complete specification of a mode would be TE2,42. This is a TE-polarized

mode of the second radial order withm = 42. Modes of a given polarization and radial

order with various azimuthal orders are referred to as a modefamily. In the next section we

illustrate the fields of various modes to develop the readersintuition and grasp of nomen-

clature.

5.2.6 Field components

Numerical solution of the field components (as discussed in Appendix C) agrees well with

the analytical functional forms given by Eq. 5.18-5.23. Thefield profiles are presented in

Figs. 5.5-5.9.
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Figure 5.5: Field profiles of the TE1,51 mode in theρ− z plane. Angular dependence of the

form exp(imφ) is assumed, and the absolute values of the field components are shown.

65



TE
2,46

H
ρ

H
z

H
φ

|H|2

E
ρ

E
z

E
φ

|E|2

Figure 5.6: Field profiles of the TE2,46 mode in theρ− z plane. Angular dependence of the

form exp(imφ) is assumed, and the absolute values of the field components are shown.
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Figure 5.7: Field profiles of the TE3,41 mode in theρ− z plane. Angular dependence of the

form exp(imφ) is assumed, and the absolute values of the field components are shown.
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Figure 5.8: Field profiles of the TM1,33 mode in theρ − z plane. Angular dependence of

the formexp(imφ) is assumed, and the absolute values of the field components are shown.
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Figure 5.9: Field profiles of the TM2,29 mode in theρ − z plane. Angular dependence of

the formexp(imφ) is assumed, and the absolute values of the field components are shown.
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5.2.7 Consideration of the effective potential

We now proceed to analyze the microdisk problem from the point of view of the effective

potential. This analysis builds on that in Ref. [77]. We willthen compare the electro-

magnetic microdisk problem to that of a quantum disk potential. To my knowledge, this

comparison has not been made in the literature, but it represents an interesting contrast

between the physics of classical electrodynamic and quantum mechanical systems.

For the electromagnetic disk we can rewrite Eq. 5.27 in a manner analogous to a one-

dimensional Schrödinger equation.

−
(

d2

dρ2
R(ρ) +

1

ρ

d

dρ
R(ρ)

)

+ Veff(ρ)R(ρ) = k20R(ρ). (5.34)

The effective potential is defined as

Veff(ρ) ≡ β2 + k20 − k2 +
m2

ρ2
= k20(1− n̄(ρ)2) +

m2

ρ2
. (5.35)

A critical difference between Eq. 5.34 and a quantum mechanical Schrödinger equation

is that the eigenvalue,k20, appears both on the right side of the equation as well as in the

effective potential term. To justify calling this quantityan effective potential we must show

that it produces a well which separates the propagating solutions from bound or quasibound

solutions [77]. To do this we make a coordinate transformation by introducing

ξ = ln(k0ρ). (5.36)

Usingξ in Eq. 5.34 we obtain the simple harmonic oscillator equation,

d2R(ξ)

dξ2
+ q(ξ)2R(ξ) = 0; (5.37)

hereq(ξ) is given by

q(ξ) =
√

n̄2e2ξ −m2 = ρ
√

k20 − Veff(ρ). (5.38)

We see that classically allowed, propagating solutions will occur whenk20 > Veff . Quasi-

bound states occur whenk20 < Veff . This shows that the effective potential produces a well

which separates propagating solutions from bound states.
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Another interesting question we can answer with this analysis is whether the bound

states are truly bound or if they are able to tunnel through the barrier to couple to propagat-

ing solutions. We are interested in the resonant states for which k20 < Veff . The minimum

wave vector is found from

k2min = k2min(1− n̄2) +
m2

a2
−→ kmin =

m

na
, (5.39)

and can only be zero ifm is zero. We can see from Eq. 5.38 that it is impossible to

haveq2 < 0 for this case. Therefore, all long-lived resonant states must havem > 0 and

thereforekmin > 0. But since lim
ρ→∞

Veff(ρ) = 0, this tells us that all allowed values ofk20

exceed the value of the effective potential at infinity and, therefore, tunneling through the

effective potential barrier is always possible. This tunneling barrier is illustrated in Fig.

5.10. The conclusion from this analysis is that there are no truly bound states in the system,

and all resonant states are quasibound with complex eigenfrequencies and finite lifetimes.

We now proceed to compare this to the quantum mechanical casewhere truly bound states

may exist.

5.3 The quantum disk

We now contrast the case of the electromagnetic disk with thecase of a quantum disk [73].

For the quantum disk the potential is given by

V (r) =

{ −V0, 0 ≤ ρ ≤ a and |z| ≤ h
2

0, ρ > a or |z| > h
2
.

(5.40)

Schrödinger’s equation reads

−~
2

2me
∇2ψ(r) + V (r)ψ(r) = Eψ(r), (5.41)

whereme is the mass of the quantum particle. The main difference between Eq. 5.41 and

Eq. 5.34 is thatk20 is present on both sides of Eq. 5.34, butE only enters the right hand

side of Eq. 5.41. We separate variables and assumeΦ(φ) = eimφ, andd2Z
dz2

= −β2Z. This
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leads to Bessel’s equation for the radial field.

−
(

d2

dρ2
R(ρ) +

1

ρ

d

dρ
R(ρ)

)

+
2me

~
Veff(ρ)R(ρ) =

2me

~
ER(ρ). (5.42)

We make the substitution of variablesρ −→ tr wheret =
√

~2

2me
. We also definẽβ = tβ.

As we did in the electromagnetic case, we now make the coordinate transformationξ =

ln(
√
Er) to further analyze the behavior of the effective potential.This leads to the simple

harmonic oscillator equation,

d2R(ξ)

dξ2
+

[

(E − V + β̃2)e2ξ

E
+m2

]

R(ξ) = 0. (5.43)

We can then identify

q2 =
2me

~2
(E − Veff)ρ, (5.44)

where the effective potential in the quantum case is given by

Veff(r) = V (r) +
~
2

2me
(β2 +

m2

ρ2
). (5.45)

From Eq. 5.44 one can see that resonant solutions exist whenE < Veff . In terms of the

original variables,

q2 =
2me

~2
[E − V (r)]− (β2 +

m2

ρ2
), (5.46)

and resonant states will occur when

E <
~
2

2me

(

β2 +
m2

ρ2

)

+ V (r). (5.47)

At the lowest point the effective potential has the valueVeff(a
<) = −V0 + ~

2

2me

(

β2 + m2

ρ2

)

,

and the height isVeff(a>) = ~2

2me

(

β2 + m2

ρ2

)

. The value of the effective potential at infinity

is lim
ρ→∞

Veff(ρ) =
~
2m2

2mea2
. States which have energies smaller than this threshold andlarger

than the minimum of the effective potential are truly bound states. This condition reads

−V0 +
~
2

2me

(

β2 +
m2

ρ2

)

< E <
~
2m2

2mea2
. (5.48)

The energy range thus available to bound states is∆E = V0 − ~
2β2

2me
. This available energy

range for bound states is a critical difference of the quantum mechanical problem versus
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the electromagnetic problem. Truly bound states with infinite lifetimes can exist in the

quantum disk, whereas only quasibound states can exist in the electromagnetic disk. In

Section 5.4 we will discuss the lifetime of electromagneticmicrodisk states. First, we

close the discussion of the quantum disk.

We can complete the analysis of the quantum disk by writing the solutions in the three

regions of space and applying boundary conditions. Boundary conditions at the top and

bottom of the disk lead to the quantization condition

tan

(

βIh

2
+ ν

)

= −i

√

2meV0

~
+ β2

I

βI
. (5.49)

Boundary conditions atρ = a lead to the quantization condition

d
dρ
Jm(

√

2me

~2
(E − ṼI)ρ)

∣

∣

ρ=a

Jm(
√

2me

~2
(E − ṼI)a)

=

d
dρ
h
(1)
m (

√

2me

~2
(E − ṼIII)ρ)

∣

∣

ρ=a

h
(1)
m (

√

2me

~2
(E − ṼIII)a)

(5.50)

The problem is essentially solved. We find the roots of Eq. 5.49 to obtainβI. BothβII and

βIII are known in terms ofβI as areṼII and ṼIII. We can then use the value ofṼI in Eq.

5.50. Those values ofE for which Eq. 5.50 holds are the eigenenergies of the potential.

The important point here is that Eq. 5.49 and Eq. 5.50 are decoupled. This is in

contrast the electromagnetic disk case where Eqs. 5.32 and 5.33 are coupled, making a

more difficult self-consistent solution necessary.

It would be intersting to analyze the spectrum of Eqs. 5.49 and 5.50 and compare

it to Eqs. 5.32 and 5.33, but such a discussion would lead us too far from the relevant

discussion at hand. We now proceed to discuss the lifetime ofelectromagnetic microdisk

states as quantified by the quality factor,Q.
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5.4 CavityQ, photon lifetime, photon path length and res-

onance spectral shape

As discussed in section 5.2.7, all resonant modes of an optical microdisk have complex

eigenfrequencies and finite lifetimes. We can therefore write the time dependence as

E(t) ∝ eiωt = eiωrte−ωit ≡ eiω0te−ω0t/2Q ≡ eiω0te−t/τ . (5.51)

The lifetime of a photon in the cavity related to the cavity quality factor,Q, and the imagi-

nary part of the complex frequency by

τ =
2Q

ω0
=

1

ωi
. (5.52)

From the definition ofQ (Eq. 5.51) we can extract the relationship betweenQ andω.

Q =
ωr

2ωi
. (5.53)

The photon path length is simply the speed of light in the medium multiplied by the photon

lifetime.

ζ =
cτ

n
=

2Qc

nω0

. (5.54)

Equation 5.54 reveals that increasing the cavityQ is analogous to increasing the path length

through which the electromagnetic field interacts with the medium. This has important

consequences for interactions between quantum emitters and cavity modes [78] as well as

for nonlinear optical phenomena [79].

In general, theQ factor of a cavity will have several contributions:

Q−1
Tot =

∑

k

Q−1
k , (5.55)

whereQk may be the contribution to photon decay from intrinsic radiation loss, as dis-

cussed in section 5.2.7, or from surface scattering, material apsorption, parasitic coupling

to a waveguide, etc.
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As will be discussed in Chapter 6, we will measure the resonances of silicon microdisks

by studying the transmission through a waveguide coupled tothe microdisk cavity. Reso-

nances will be identified as dips in the transmission spectrum corresponding to wavelengths

at which tunneling from the waveguide into the microdisk is most probable. We therefore

seek an expression relating features of the transmission dips to the cavityQ. The effect

of the finite lifetime on the resonance lineshape can be determined by taking the fourier

transform of Eq. 5.51.

Ẽ(ω) =
E0

π

∫ ∞

0

eiω0t−
ω0t

2Q e−iωtdt. (5.56)

The integral in Eq. 5.56 gives a Lorentzian lineshape:

Re[Ẽ(ω)] =
E0

π

ω0

2Q

(ω − ω0)2 + ( ω0

2Q
)2
. (5.57)

Where we have substituted the half width at half maximum,γ = ω0

2Q
. Defining the quantity

∆ω = 2γ as the full width at half maximum, and using Eq. 5.53 with the defition ofγ we

obtain

Q =
ω0

∆ω
. (5.58)

This result informs us that theQ factor of a resonance can be obtained by dividing the center

frequency of a resonance by the full width at half maximum. Our measurements will more

readily give us data in terms of wavelength. We know thatω0 = 2πc
λ0

, so∆ω = −2πc
λ2

0

∆λ.

Therefore,

Q =
λ0
∆λ

. (5.59)

When taking data with tapered fiber spectroscopy, as discussed in Chapter 6, we will iden-

tify cavity resonant modes by Lorentzian dips in the fiber transmission spectra. A quick

estimate for theQ of a resonance can be obtained using Eq. 5.59. A more precise value

for the measuredQ factor of a resonance can be obtained by fitting data to Eq. 5.57 using

nonlinear regression. The method for measuring resonancesin microdisks and obtaining

the cavityQ from the data is discussed further in Chapter 6.
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Chapter 6

Tapered fiber spectroscopy

To experimentally characterize a microdisk one would like to obtain resonant wavelengths

and theQ factors of the corresponding resonances. It would also be ideal to obtain field pro-

files. Because we are interested in materials with purely real indices of refraction (namely

Si, n=3.48), we are limited to materials that do not generate light. Therefore, our experi-

mental technique must also inject light into the cavity. An experimental technique which

is highly accomodating of these requirements is tapered fiber spectroscopy (TFS) [80–82].

TFS has gained popularity in recent years most notably due tothe work of Vahala and

Painter at Caltech, but the technique traces its roots back to the 1950s [83]. Several papers

in the early 1990s developed the technique and addressed basic questions about the shape

and optical properties of the tapered fiber waveguides [84–86]. The fundamental limits of

tapered fibers have been explored in recent years by Sumetskyand others [87–90]. Also,

tapered fibers have begun to be used in more fundamental atomic and optical physics exper-

iments [91–94]. While TFS does not provide us with field profiles, it does provide a means

to couple light into the cavity and to identify wavelengths of all cavity modes and the cor-

respondingQ factors. Once the mode spectrum has been obtained with this technique, the

quantum numbers of each identified mode are found by comparison with theoretical calcu-

lations. From these, the field profiles can be obtained and thesystem is considered solved.

It should be noted that a similar, alternative method is to utilize on-chip waveguides. The

strength of TFS over on-chip waveguides is that the tapered fiber waveguide can be moved
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Figure 6.1: Schematic of the tapered-fiber pulling and spectroscopy apparatus. An optical

microscope (not shown) is located above the sample. In pulling mode, the fiber is mounted

suspended between the two opposingx−y−z stages. The stages are used to move the fiber

into the flame. They are then pulled apart as the fiber is heated. Once the fiber is pulled,

the H2 torch is removed from the vicinity, and the stages are used tomove the fiber into

the near field of the microcavity under the microscope. The tunable laser is then injected

into the fiber. The transmission as a function of wavelength can be monitored on the optical

spectrum analyzer (OSA), or the net power through the fiber can be monitored on the power

meter.
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(a) (b) (c)

Figure 6.2: Taking data with a tapered fiber. (a) Schematic ofa tapered fiber near a Si mi-

crodisk. (b)Image taken from above through the 100x objective of the optical microscope.

The diameter of the disk is10µm, and the fiber is∼ 2µm. (c)Image of a subwavelength Si

microdisk with1.35µm diameter.

to vary the coupling to the optical modes. Also, a single cavity can be probed with sev-

eral tapered fibers or different sections of a single fiber to vary the coupling to modes of

different polarizations.

At the outset of our research on Si microdisks no one in our labhad previously explored

this system. To determine the best experimental technique for the job, we consulted the

literature. The groups setting the bar for microdisk research were using TFS. In particular,

the labs of Vahala and Painter are leaders in the field of microcavity research, and they

use tapered fiber spectroscopy exclusively for their experiments. Several of Dr. Painter’s

graduate students have described their experimental method and apparatus in detail [72, 95–

98], and based on their accounts we were able to bring that technology to our lab.

The essence of the experimental technique is that an opticalfiber waveguide is adia-

batically drawn to a thin (∼ 2µm) waist with an evanescent tail extending beyond the thin

fiber into the surrounding space. This tapered optical fiber then functions as a portable

waveguide, and transmission spectra through the fiber reveal features of the near field en-

vironment of the fiber. When the evanescent field of the tapered fiber is placed in the near

field of a microdisk, the optical fiber mode couples to the resonant cavity modes of the

disk. The transmission through the fiber is monitored as a function of wavelength as a tun-
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able laser injected into the fiber is swept across a portion ofthe electromagnetic spectrum,

in our case the 1520-1620nm region of the telecom band. Lorentzian dips observed in the

transmission spectra correspond to cavity resonances. A resonant wavelength is ascertained

from the center wavelength of a dip, and theQ factor of that resonance is obtained as the

center wavelength divided by the full width at half maximum (as discussed in Section 5.4),

and is found by numerically fitting the data points to a Lorentzian function. A schematic

of the experimental setup is shown in Fig. 6.1.

6.1 The craft of pulling tapered fibers

Like many experimental techniques, TFS is as much an art as a science. One begins with

a length of standard SM-128 optical fiber. The protective polymer coating is stripped away

to expose∼ 2cm of the 125µm glass fiber. This section is cleaned with methanol and is

mounted, suspended on two opposing mechanical stages. A hydrogen torch equipped with

a hush tip is utilized to create a hot, clean, gentle flame capable of bringing the optical fiber

to its melting point. Because the tapered fiber is ultimatelyan optical device, it is very

sensitive to contamination. It is for this reason that we usethe clean-burning hydrogen

torch with only water as a byproduct rather than another typeof hot flame such as butane

that may coat the taper with undesired combustion products.The objective is to create a 1-

2µm filament—a very fragile thread of glass—so action of the hush tip to slow the flow of

hydrogen before combustion is critical. Also, no oxygen is injected into the gas line, and the

oxygen necessary for combustion is obtained from the ambient environment immediately

surrounding the hush tip. This adaptation to a standard hydrogen torch design commonly

utilized for welding further decreases the force of the flameto enable fabrication of fragile

tapers. The fiber is placed directly in the outer shell of the flame. Because the combustion

reaction draws oxygen from the environment, this outer shell is the hottest region of the

flame [97]. The mechanical stages holding the fiber are pulledapart at a constant velocity,

and the optical power transmitted through the fiber is monitored on an optical power meter.
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Our experiments have found that moving the stages directly apart at 250µm/s (-500µm/s

relative velocity) gives optimal results. Monitoring the power is critical as it reveals the

progress of the taper as it is drawn. As is described in Ref. [97], the transmitted power in

the fiber oscillates as a function of time, presumably as the the core is thinned and coupling

to lossy, cladding modes becomes possible. Ultimately the fiber becomes thin enough that

there is no cladding, and only the fundamental guided mode ispresent. At this point the the

transmitted power becomes constant as a function of time, and the fiber pulling is complete.

In our experiments a timer is set for 45s. It is unlikely that afiber will reach a thin enough

waist before this. After this, pulling is terminated based on the information received from

the power meter. When the transmitted power settles to a constant, the flame is extinguished

and the stages are halted. In an industrial or more specialized setting it could be possible

to achieve much more reproduceable results, but in our case the size of the flame and the

length of fiber placed within the flame experience minor variations from run to run. For

these reasons it can be quite difficult to obtain identical fibers from one run to the next. An

ideal tapered fiber should have a transmission spectrum almost identical to the spectrum

of the fiber before pulling except with a net loss in the overall transmission. It is often

the case that fiber pulling is executed and the transmission through the fiber is plagued by

spurious oscillations. When this occurs the fiber is abandoned and the process is repeated.

For these reasons pulling a tapered fiber can be a tedious undertaking, but it is worth the

effort because once equipped with a good fiber the acquisition of data from a number of

samples can be achieved rapidly. A schematic of tapered-fiber coupling to a microdisk and

microscope images of tapered fibers near large and small microdisks are shown in Fig. 6.2.

In the tapered-fiber-pulling apparatuses in most labs, oncethe tapered fiber has been

pulled, it is removed from the mounts and repositioned on a different stage. Our lab does

not employ this approach. The stages used to pull the fiber each have fullx− y− z motion

control with 100nm resolution. Once the fiber taper has been pulled it is then moved to the

focal point of the microscope where the sample is positionedwithout being removed from

the mounts in which it was pulled. Our technique of using the samex − y − z stages to
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do the pulling and positioning has strengths and weaknesses. The strengths are that once

the fiber is pulled, it requires minimal handling. Handling of a thin fiber taper can lead

to damage or breaking of the fiber. Also, with the fiber suspended between two stages,

the angle of the fiber relative to the sample can be controlled, and the tension in the fiber

can be easily adjusted. The weakness of our approach is that more stages are required for

the pulling. We employ this technique not because we are convinced of its superiority, but

because our lab already had two opposingx−y−z stages under a microscope for coupling

light from lensed fibers into on-chip waveguides. In an effort to utilize as much of the

existing equipment as possible without dissociating the existing functionality, we learned

to pull and position tapered fibers with the two opposingx− y − z stages.

In our experimental apparatus, the microscope is fixed. The sample and fiber must be

moved to its focal point. The sample is mounted on a manualx − y − z motion stage

with ∼ 1cm range of motion. The fiber is suspended between two computer-controlled

x−y−z stages with 100nm resolution, 10cm range of motion in the plane of the table, and

3cm range of motion perpendicular to the table. These two stages can be moved in unison

or separately. The microscope objective and sample stage are contained within a plexiglass

box; when the fiber is positioned near the focal point of the objective, the front of the box

can be put in place, and the box can be sealed. A tapered fiber exposed to ambient room

conditions will degrade over the course of several days. Thetransmission loss will increase

and the fiber will become fragile. When sealed in the plexiglass box with a dessicant and

purged with nitrogen, the fiber decays much more slowly, sometimes lasting several weeks

to a month.

Once the sample and fiber are both positioned within the field of view of the microscope

objective (100X, N.A.=0.8, W.D.=3.5cm), one is prepared totake data.
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6.2 Taking data with tapered fibers

The information contained in a tapered fiber transmission spectrum depends on the cou-

pling between the fiber waveguide and the adjacent optical microcavity [80–82]. In gen-

eral, the coupling to a given cavity mode,κm,n, depends on the overlap of the fiber mode

with the mode of the cavity in both configuration and momentumspace:

κm,n ∝
∫

ψf(r,k)ψc(r,k)d
3rd3k. (6.1)

Equation 6.1 has important consequences for TFS and for characterizing microcavities.

First, it tells us that the information contained in a spectrum will depend on the position of

the fiber relative to the cavity. While intuitive, this is critical to keep in mind when acquiring

data. To obtain as much information as possible about a givencavity, it is necessary to take

several spectra with the fiber at different positions. Whilesome report the maximum in

the coupling between fiber and cavity as a function of position occurring several hundred

nanometers away from the cavity perimeter, my experience has been that the coupling

(measured as the depth of a dip in the transmission spectrum)continues to improve as the

fiber approaches the cavity until the fiber touches the cavity. In general, one wishes to

avoid touching the cavity with the fiber as doing so perturbs the modes and can physically

damage the cavity. Additionally, the closer one brings the fiber to the cavity the better the

coupling will be, but the more perturbed the intrinsic modesof the cavity will be by the

presence of the fiber. This can result in shifting of the resonant wavelengths of the modes

and loading of the cavityQ factors. Therefore, to obtain values as close as possible to

the intrinsic values of the resonant wavelengths and cavityQs it is often fruitful to begin

with the fiber close to the cavity and take a spectrum with strong coupling. The fiber can

then be moved away in small steps (in our setup the smallest possible step is 100nm), and

additional spectra can be taken at each step. This is a methodof obtaining convergence

toward the intrinsic values.

The second important consequence of Eq. 6.1 is that in addition to spatial overlap of the

fiber field with the cavity field, momentum space overlap is also critical. The propagation
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constant of the tapered fiber depends on the thickness of the fiber, and the propagation

constant of the modes of the disk depend significantly on the mode order. Also, the effective

index for the two polarizations is quite different. This dramatically affects the propagation

constants of the two polarizations and therefore coupling to the fiber.

An intuitive way of understanding this overlap integral is that the wave fronts in the

fiber must be equally-spaced with the wave fronts of propagation around the perimeter of

the disk. In the disk this is determined by the azimuthal modeorder. With the 100nm

wavelength range of our tunable laser, the TE1 mode family will havem ∼ 50, TE2 will

havem ∼ 45, and TE3 will havem ∼ 40 in a 10µm-diameter disk. The TM1—due to

the smaller effective index of refraction—will havem ∼ 32, and TM2 modes will have

m ∼ 28. Therefore, the coupling of the fiber to various modes will not be constant. Since

the propagation constant of the fiber depends significantly on the fiber diameter, each new

fiber will have different coupling to different modes, and since the fiber tapers adiabatically

along its length, different sections of the same fiber can have different coupling efficiencies

to different modes. All of these factors must be considered when interpreting TFS data.

An example tapered-fiber spectrum from a10µm-diameter Si microdisk is shown in

Fig. 6.3. In this spectrum we see a rich array of resonances with varying quality factors

and differing depths of coupling to the tapered fiber probe. Upon first inspection of such a

spectrum with so many overlapping modes it can be quite difficult to determine the polar-

ization and quantum numbers of each mode. In our experience the best way to determine

which modes belong to which mode families is to produce a plotof the spectrum and then

import that plot into a drawing program. If thex axis of the plot is scaled so that the 100 nm

range of the tunable laser equals 100 of the chosen units in the drawing program, one can

draw lines connecting resonances with similar coupling andbegin to identify families of

modes with well-defined FSRs. This analysis was conducted onthe spectrum in Fig. 6.3,

and the identified mode families are color-coded in Figs. 6.4and 6.5. The FSRs of the two

polarizations are quite different, and within a polarization the FSR of a given mode family

is different from the other mode families of that polarization. Additionally, higher-radial-
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Figure 6.3: Tapered-fiber spectrum of a10µm diameter disk. Many modes with varyingQ

factors and different depths of coupling to the fiber are present.
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Figure 6.4: Identifying mode families in the tapered-fiber spectrum. The most prominent

mode family, TE3, is highlighted, and the wavelength spacing is labeled. In addition to

the wavelength spacing, the similarity in depth of couplinghelps us identify the group of

resonances as a mode family.
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Figure 6.5: Identifying mode families in the tapered-fiber spectrum. By analyzing FSRs

and depth of coupling we can make educated guesses to identify six mode families. They

are color-coded.

85



order modes have better coupling to tapered fibers and therefore appear as deeper dips in

the transmission spectrum. All of these trends taken together enable us to make educated

guesses which allow us to get from Fig. 6.3 to Fig. 6.5. For a more clear presentation of

the isolated mode families, in Fig. 6.6 we have highlighted each mode family on a separate

plot. By comparing Figs. 6.3-6.6 one can see how all of the modes add together to form

the complicated spectrum of a10µm Si microdisk.

While this discussion helps us understand how to interpret afull 100 nm tunable laser

scan, it is also often useful to inspect single resonances with higher resolution. In Fig. 6.7

we show a high-resolution scan of a single microdisk resonance. This resonance has an

extremely high quality factor, and is actually split into what is referred to as a doublet. This

doublet character has its origin in the scattering of the mode from sidewall imperfections,

and has long been argued to be the result of degeneracy breaking between clockwise and

counterclockwise propagating modes [99]. However, a recent paper argues that this is the

incorrect interpretation of the physics [100]. In Fig. 6.7 we show a 1 nm TFS scan with an

SEM image of a disk similar to that from which the spectrum wasobtained. In the bottom

panel we show a narrower region of the spectrumand the curve which results from fitting

the spectrum to the sum of two Lorentzians. The extracted quality factors are over 500,000

and 700,000. To obtain quality factors this high, resist reflow was utilized. This and other

fabrication techniques will be discussed next in Chapter 7.After Chapter 7 we will proceed

to discuss how we have used TFS to measure the smallest silicon microdisks to date as well

as silicon microdisks with broadly-tunable resonance spectra.
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Figure 6.6: The same tapered-fiber spectrum as in Figs. 6.3-6.5. Here we highlight each

mode family separately.
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Figure 6.7: A high-resolution tapered-fiber spectrum of a high-Q mode in a Si microdisk.

(a) A 1nm wavelength window shows the resonance of interest.An SEM image depicts the

Si microdisk. (b) The data from (a) fit to a Lorentzian. The extractedQ factors are 590,000

and 700,000 for the two modes of the doublet.
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Chapter 7

Fabrication of silicon microdisks

The technique of fabricating high-Q Si microdisks was developed quite extensively in Os-

kar Painter’s lab at Caltech. Just as in the case of TFS, the accounts of his graduate students

[72, 95–98] were sufficient to enable our lab to successfullycomplete the process.

A schematic of the process of fabricating Si microdisks is shown in Fig. 7.1. The

process begins with an SOI wafer with a 250nm device layer atop a 3µm buried oxide

layer. In step two of the microdisk fabrication process an electron beam resist is spin

coated on top of the wafer. The choice of electron beam resistdepends on the pattern

being produced and whether the electron beam resist will be used as an etch mask or as

a mask for metal deposition and lift off. In our case we alwaysused the electron beam

resist as an etch mask. In our work we have used two electron beam resists. For single

isolated microdisks PMMA (MicroChem) in the positive tone is a good choice. In electron

beam lithography positive tone means that the regions wherethe electron gun exposes the

resist will be removed in the chemical developer. UtilizingPMMA in the positive tone

to fabricate microdisks necessitates exposing a large region surrounding the disk and not

exposing the small circle in the middle that will serve as theetch mask. PMMA can also

be used as a negative electron beam resist when exposed at extremely high dosages [101].

In negative electron beam lithography the region where the electron gun exposes the resist

remains after chemical development. For certain patterns it is more convenient to utilize

a negative electron beam resist. As an alternative to PMMA for negative electron beam
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Figure 7.1: Schematic of the Si microdisk fabrication process. (1) We begin with pristine

SOI. (2) Electron-beam resist is spin coated on the chip and the pattern is written with

electron-beam lithography. (3) The written pattern is developed, leaving the disk etch mask.

(4) The pattern is transferred to the Si device layer using RIE. (5) The devices are isolated

on a plateau for tapered-fiber access. (6) Undercut with HF isperformed to optically isolate

the disk.
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lithography, the resist XR-1541 (Dow Corning), which is a spin-on glass, works quite well

at much lower dosages. In our work we have utilized PMMA as a negative and a positive

resist as well as XR-1541 as a negative resist depending uponwhat is most suitable for the

device being fabricated.

In step three of the microdisk fabrication process the electron beam resist is developed

leaving only the patterned area to be used as an etch mask. In step four the pattern is trans-

ferred to the Si device layer using reactive ion etching (RIE). This RIE etch step can be

performed with a number of gases and etching conditions. In our work we used a com-

bination of C4F8 and SF6 gases in what has become quite a standard inductively-coupled

plasma RIE process (130sccm SF6, 80sccm C4F8, 1200W RF power, 20mTorr).

After having transferred the pattern to the Si device layer we then perform a photolitho-

graphic step followed by a deep RIE to isolate the microdisk devices on a plateau. The

purpose of this step is to lift the microdisks above the rest of the Si wafer so that when

the tapered fiber is brought close to the substrate for measurement of the spectrum of a

microdisk, imperfect alignment of the tapered fiber relative to the plane of the wafer will

not result in crashing the fiber into the edge of the Si chip. This deep RIE step will etch

∼ 40µm first into the SiO2 layer and then into the Si handle wafer. To etch this deep one

needs a thick photo resist layer, and for this purpose we use two layers of S1822 resist.

This results in∼ 4.5µm of photoresist. We then use one RIE recipe to etch through the

oxide layer and then a Bosch process to etch deep into the Si handle wafer. An SEM image

of several microdisks isolated on a plateau is shown in Fig. 7.2.

After the two lithography and etching steps the samples are thoroughly cleaned by

sonicating in acetone, rinsing with isopropyl alcohol, rinsing with deionized water and,

finally, 15 minutes in a piranha etch solution (1:3 H2SO4:H2O2). After the cleaning, the

samples are placed in a buffered hydrofluoric acid solution to undercut the microdisks.

This step has two purposes. First, it further lifts the disksabove the plane of the wafer to

facilitate access with a tapered fiber. Second, it produces astructure of high-index Si where

the optical mode volume is surrounded on all sides by air withindex of refraction equal
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2µm

Figure 7.2: Several wavelength-scale Si microdisks isolated on a ridge. The disks have

slightly different diameters, so the undercut results in pedestals of differing widths.

to unity. This leads to greater optical confinement within the microdisk, and is especially

critical in ultrasmall microdisks such as those discussed in Chapter 8.

In Fig. 7.3 we show SEM images of several Si microdisks. In Fig. 7.3(a) we show a

typical Si microdisk of10µm diameter after complete fabrication and undercut has been

performed. In Fig. 7.3(b) we show a much smaller microdisk. In this case the diameter

of the microdisk is∼ 2µm, which is comparable to the wavelength of resonances we are

considering.

In the fabrication process the most common flaw which occurs is that the sidewalls of

the Si microdisks are not perfectly smooth. This is because the electron beam patterning of

the electron beam resist does not lead to a perfectly smooth mask for RIE. The roughness

in the etch mask will then be transferred to the Si device layer. The resulting roughness in

the sidewalls of the Si microdisks degrades theQ factors of the cavities. If one wishes to

have the smoothest sidewalls possible a resist reflow step can be employed prior to etching

the silicon device layer (between steps 3 and 4 in Fig. 7.1). To achieve a resist reflow

one heats the resist near its melting point after developing. This causes the resist mask

to become nearly liquid and begin to flow. At this point surface tension determines the
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Figure 7.3: Close-up SEM images of three completed microdisks. (a) A large microdisk

of 10µm diameter. Because the radius of this cavity is more than3µm (the thickness of

the buried oxide layer) the HF undercut can remove the entireburied oxide layer—with the

exception of the pedestal—without lifting off the microdisk (b) A wavelength-scale cavity.

(c) A cavity in which resist reflow was utilized to smooth the sidewalls. The departure from

sidewall verticality is apparent.

shape of the perimeter and as such the etch mask can become much more smooth than

it would be simply after chemical development. When this resist reflow is employed the

sidewall of the microdisk loses its verticality. An exampleof this is shown in Fig. 7.3(c).

If one seeks microdisks with extremely highQ factors, it may be necessary to utilize discs

with larger diameters (such as that in Fig. 7.3(a)) and to employ a resist reflow step to

achieve maximally smooth sidewalls. This limits the Rayleigh scattering which can degrade

cavityQ factors [72, 95]. However, if one seeks to make disks as smallas possible while

maintainingQ factors as large as possible it is more advantageous to maintain sidewall

verticality as the angled sidewalls can contribute to radiation loss.

Having described the process by which Si microdisks are fabricated, we are now in a po-

sition to discuss several of the frontiers we have explored in our research on Si microdisks.

Next, in Chapter 8, we discuss our explorations of the smallest Si of microcavities studied

to date and present our evidence for why these are the smallest Si microcavities with use-

ful optical properties. Then, in Chapter 9, we discuss a device we have created to enable

dynamic tuning of the spectra of Si microdisks.
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Chapter 8

Subwavelength silicon microdisks

8.1 The context for wavelength-scale photonic components

Planar lightwave circuits face the challenge of entering a market dominated by electronics

whose progress has been driven by Moore’s law and the abilityto fabricate consistently

smaller transistors. For photonic circuits, a physical size constraint emerges; the charac-

teristic limiting size is the wavelength of light traversing the circuit. To overcome this

physical limitation a great deal of research has recently been conducted to explore the po-

tential of structures at and below this size limit to store and generate light. Beginning

with the original demonstration of wavelength-scale microdisk lasers [68–70], more recent

demonstrations have shown that structures smaller than thewavelength of light in all three

spatial dimensions can give rise to laser action at cryogenic temperatures [64, 65, 102].

Previous experimental studies of passive resonant cavities have explored ring resonators

with diameters of approximately twice the free-space wavelength [103], but thorough com-

parison between theory and experiment has not yet been conducted for cavities smaller

than the wavelength. Here we present a study of such subwavelength cavities using ta-

pered optical fibers as the experimental probe. While photonic crystal cavities with mode

volumes smaller than the wavelength have been probed with tapered fiber spectroscopy

[6, 104], these structures are by definition many wavelengths in size in at least one spatial

dimension. Several tapered fiber studies of microdisks havebeen performed on passive
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silicon microcavities [72] as well as on active compound semiconductor cavities [96]. The

subwavelength silicon microdisks studied in the present work are smaller than the free-

space wavelength of light being stored in the cavity in all spatial dimensions and are much

smaller in the axial dimension. To our knowledge, these resonators are, to date, the small-

est resonant structures to be probed with tapered fiber spectroscopy or directly coupled to

a waveguide. However, the spatial localization necessarily comes with a broadening in

momentum space and reduced photon lifetime.

In this work we studied silicon microdisks of diameters ranging from smaller to larger

than the wavelength corresponding to resonances of azimuthal mode number (m) from 2

to 7 with resonant wavelengths from 1.52µm to 1.62µm. We have quantified the rela-

tionship between the radiation-limitedQ factor andm using tapered fiber spectroscopy

(as discussed in section 6) and compared our results to finite-difference frequency-domain

(FDFD) simulations discussed in Appendix C. Them = 5 mode was the mode of highest

m in a subwavelength disk and was measured to have radiation-limitedQ = 1250, indica-

tive of strong potential for room-temperature laser operation if fabricated from or coupled

to a gain medium. In Section 8.6 we will present evidence thatthis m = 5 mode in a

quantum well microdisk has indeed given rise to laser action.

8.2 Review of microdisk theoretical considerations

In Chapter 5 of this thesis we went into some detail regardingthe theoretical framework

in which we understand the modes of optical microdisks. For accessibility, we summarize

several of the key elements of that discussion here.

Resonances in microdisks can be classified according to three mode numbers corre-

sponding to quantization in the vertical, radial and azimuthal directions [74]. To completely

specify the mode one must also specify the polarization as TE-like (Hz is the dominant field

component) or TM-like (Ez is the dominant field component). The highest-Q resonances

occur when the wave vector is predominantly in the azimuthaldirection [105]. Therefore,
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we consider only modes of fundamental order in the vertical and radial direction and clas-

sify modes bym. Additionally, since we are interested in cavities with thesmallest possible

ratio ofd/λwhered is the diameter of the disk andλ is the free-space resonant wavelength,

we see in Fig. 4.3 that this is achieved for first-radial-order TE modes. TM modes and TE

modes of higher radial order to not exist in subwavelenth cavities.

The partial differential equation describing the system isseparable and simplifies to a

scalar Helmholtz equation if one assumesexp(imφ) angular dependence. It is accurate

to make the approximation that modes have purely TE or TM character. The equation

governing thez-dependence is identical to that of a slab waveguide [106]. If one chooses

β2 as the separation constant for the equation governingz-dependence (so the functional

dependence onz inside the disk iscos(βz) for even modes), thenβ = k0(n
2 − n̄2)1/2,

wherek0 is the free space spatial frequency,n is the index of refraction of the disk (taken

to be 3.48 throughout this Chapter), andn̄ is the effective index of refraction which enters

the radial equation. Satisfying the boundary conditions atthe top or bottom of the disk

leads to the transcendental equation

√
n2 − n̄2tan(

k0h

2

√
n2 − n̄2) = ξ

√
n̄2 − 1, (8.1)

whereh is the thickness of the silicon disk andξ = n2 for TM modes and unity for

TE modes. For a silicon disk of thicknessh = 250nm operating atλ = 1550nm,

n̄ = 2.015(2.914) for TM (TE) modes. The objective of this study was to explore the

regime where the size of the disk is smaller than the free space wavelength. To this end,

the substantially larger effective index for TE modes is an indispensable attribute and, as

mentioned above, allows only TE modes to exist in subwavelength silicon microdisks. For

sufficiently thin disks (h ≤ 300nm) atλ ≈ 1550nm, TE modes have significantly larger

radiation-limited quality factors, have largerm for a given disk radius, and for these reasons

all modes populating thin subwavelength disks are TE-polarized.

Having obtained the effective index of refraction through consideration of thez equa-
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tion alone, the radial equation reads

−1

ρ

d

dρ
ρ
d

dρ
R(ρ) + Veff(ρ)R(ρ) = k20R(ρ), (8.2)

where

Veff(ρ) = k20[1− n̄2(ρ)] +
m2

ρ2
. (8.3)

The solution to Eq. 8.2 inside the disk is a Bessel function,Jm(Tρ) whereT = n̄k0,

k2 = T 2 + β2, andk = nk0. The effective index of refraction, which enters Eq. 8.2

through Eq. 8.3, is a function ofρ in that it changes abruptly from its value inside the disk

(determined by solution of Eq. 8.1) to unity beyond the disk.It is this abrupt change which

produces a potential well in which the electromagnetic fieldpredominantly resides.

In Eq. 8.2 we have written Bessel’s equation in a non-standard form to make an analogy

to a one-dimensional Schrödinger equation, as discussed in more detail in Section 5.3. In

this analogy,k20 plays the role of the energy eigenvalue of the quantum eigenstate. One of

the limits of this analogy is thatk0 also enters into the effective potential. Special consider-

ation of the curvilinear kinetic energy term must be given ifone is to justify the definition of

the effective potential as in Eq. 8.3. Discussion of this point is held in Ref. [77] and section

5.2.7. Further consideration of the effective potential picture as applied to subwavelength

microdisks is given in section 8.5.

In order to make quantitative predictions about the microdisk modal characteristics, we

have used both analytical and numerical methods. Specifically, we investigated the analyti-

cal dispersion relations for microdisk whispering gallerymodes by solving the appropriate

boundary value problem [74, 77, 105–108], as discussed in Chapter 5, and we calculated the

quasinormal modes of microdisk resonators using an FDFD mode solver, as described in

Appendix C. Adapting the approach described in Refs. [109] and [110], these FDFD calcu-

lations leveraged the azimuthal symmetry of the modes (i.e., theexp(imφ) dependence) to

semi-analytically reduce the 3D resonator geometry to a transverse 2D eigenvalue problem.

This full-vectorial method allowed for calculations of allelectromagnetic field components

as well as the effective mode volume [96], Purcell enhancement [78] and bending-limited
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finesse [105]. Although this technique allows for adaptive meshing, a simple Cartesian

mesh proved suitable for our calculations. A 10nm grid was utilized for all simulations.

Convergence was observed as a function of simulation area. An index of refraction of 3.48

was used to model the silicon disks. See Appendix C for more details.

8.3 Fabrication of subwavelength silicon microdisks

Fabrication of silicon microdisks is discussed in detail inChapter 7 of this thesis. In that

chapter several possible fabrication approaches are described. Here we explain the choices

made for the purpose of creating subwavelength disks with maximal radiation-limitedQ

factors.

As discussed in Chapter 7, several techniques for fabricating microdisks result in an-

gled sidewalls [66, 95, 104]. In some cases the angled sidewalls arise from fabrication

steps which produce smoother sidewalls. Smooth sidewalls are of critical importance for

microdisks which are not operating in the radiation-limited-Q regime, as Rayleigh scatter-

ing from sidewall imperfections is usually the dominant loss mechanism in such disks [95].

However, our theoretical and experimental experience informs us that in the subwavelength

regime sidewall verticality is a greater concern than minorsidewall roughness. Silicon mi-

crodisks were fabricated on SOI (250nm silicon layer, 3µm buried oxide, Soitech). To

make disks with sidewalls which are vertical and yet as smooth as possible we perform

negative electron beam lithography with PMMA [101] at a dosage of2 × 104µC/cm2. At

dosages of this magnitude, the polymer units of PMMA crosslink to form a material which

is resistant to etchants. In our experiments, this technique has given smoother sidewalls

than simply performing positive lithography without resist reflow. The electron exposure

is followed by development in acetone and ICP RIE with SF6 and C4F8. Photolithogra-

phy and deep ICP RIE are then performed to etch through the 3µm SiO2 insulator layer

and through∼ 30µm of the underlying silicon substrate. This isolates the disks on a strip

which is lifted above the rest of the substrate and thus makesit easier access the disks with
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the tapered fiber. An undercut is performed with buffered hydrofluoric acid. SEM images

of fabricated disks are shown in Figs. 8.1-8.3.

8.4 Experimental details and results of subwavelength sil-

icon microdisks

To experimentally characterize the disks we utilize the technique of tapered fiber spec-

troscopy [6, 72, 95, 96, 104] as discussed in Chapter 6. A tunable laser sweeps the wave-

length range from1.52µm to 1.62µm . The transmission through a tapered fiber coupled

to a disk is monitored with an optical spectrum analyzer. Thetransmission dips are fit to

a Lorentzian function, as described in Section 5.4, and theQ factor is extracted from the

width and center wavelength.

In Fig. 8.1 we compare a large Si microdisk, with a diameter several times the free space

resonant wavelength, to a subwavelength disk. In Fig. 8.1(a) we show an SEM image of

the large Si microdisk with10µm diameter. Figure 8.1(d) shows the subwavelength disk

with 1.35µm diameter. Figures 8.1(b) and (e) contrast the full 100nm tapered fiber scan of

the two disks. Figure 8.1(b) shows a scan of the entire tunable laser range for the10µm

disk. Radiation-limitedQ factors of the modes in this disk can exceed109, but measured

Q factors are∼ 105 and are limited by scattering from sidewall imperfections.The free

spectral range for TE modes is∼ 27nm. Several families of modes of both polarizations

are present, and in addition to the highest-Q, fundamental-radial-order modes, lower-Q,

higher-radial-order modes are present. Figure 8.1(c) shows a high-resolution scan of a 2nm

wavelength window of a tapered fiber spectrum from the10µm-diameter silicon disk. The

doublet character of the high-Q mode is apparent, as discussed in Refs. [72, 95, 96, 100]

and in Chapter 6. It is interesting to see that what appeared to be a single resonance in

the low-resolution scan of Fig. 8.1(b) actually consists ofthree separate peaks. This is an

example of the rich mode spectra which occur in larger microdisks. In Fig. 8.1(e) a tapered

fiber spectrum covering the full 100nm range of the tunable laser is shown for the1.35µm
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disk. The free spectral range is∼ 200nm, and only one resonance is present. If one wishes

to use whispering-gallery-mode microcavities for devicessuch as filters and switches, the

large free spectral range of wavelength-scale microdisks is an attractive feature. Another

attribute is that higher-radial-order modes do not exist inthis wavelength range for a disk

of this size. The other features of the spectrum in Fig. 8.1(e) are due to coupling to the

substrate. Because these small disks are only a few hundred nanometers from the substrate,

coupling of the fiber to the substrate is more prominent than in larger disks. Figure 8.1(f)

shows a Lorentzian fit to the spectrum of Fig. 8.1(e), and the extractedQ factor is 257.

As is shown in Fig. 8.1, a size reduction in a microdisk of an order of magnitude has a

dramatic effect on theQ factor. The goal of this work was to explore the physical cause of

this performance degradation and the analyze the lower limit of disks that could be made

beforeQ factor dropped off completely. For the TE1 family of modes, the critical regime

whereQ factor becomes completely radiation limited is for disks with diameters very close

to the free-space resonant wavelength which in our study is always within the tunable laser

range of 1520-1620nm.

Figure 8.2 shows SEM images of microdisks with diameters varying from1.89µm—with

radiation-limitedQ on the order of104—down to a subwavelength disk of approximately

1µm diameter with radiation-limitedQ = 257. Next to each disk is a tapered fiber spectrum

of the characteristic resonance of the disk. The SEM images depict the decrease in size of

less than a factor of two while broadening of the resonances demonstrates the exponential

decrease inQ factor of nearly two orders of magnitude.

SEM images of two completed disks, those from Fig. 8.2(a) and8.2(d), are shown

in Fig. 8.3 along with the calculated near- and far-field profiles of their resonant modes.

Contrasting Fig. 8.3(b) and Fig. 8.3(f) one sees the near-field amplitude extending further

radially and axially in the subwavelength disk. Contrasting Fig. 8.3(c) and Fig. 8.3(g) one

observes the increased far-field radiation emanating from the subwavelength cavity. The

in-plane field profiles are shown in Fig. 8.3(d) and (h).

In Fig. 8.4 we present a comparison of the experimentally-obtainedQ factors with the
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Figure 8.1: Comparison of microdisks in two size domains. (a) A 10µm Si microdisk. (b)

A tapered-fiber spectrum from a10µm disk with a complicated mode spectrum consist-

ing of several modes withQ factors exceeding 100,000 and many exceeding 10,000. (c)

A high-resolution scan of what appears to be a single mode in (b) reveals three distinct

contributions, further emphasizing the richness of the mode spectrum of this large disk. (d)

SEM image of a disk with diameter smaller than the resonant wavelength. (e) A full 100nm

tapered-fiber spectrum with a single resonance. The FSR of TE1 modes in this disk at these

azimuthal mode orders is∼ 200nm. Contrasting (e) with (b), one observes the simplicity

of the mode spectrum in the small disk relative to the large disk. (f) A fit of the data in (e)

gives a value of 257 for the measuredQ factor of them = 4 mode.
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Figure 8.2: Silicon microdisks of decreasing diameters andtapered fiber spectra. (a-d) SEM

images of disks of diameter1.89µm, 1.75µm, 1.48µm, and1.35µm respectively. Resonant

transmission dips in tapered fiber spectra acquired from thedisks are shown. They-axes

of the plots on the right are transmission in arbitrary unitsand thex-axis is wavelength

detuning.
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Figure 8.3: Fabricated structures and calculated field profiles of microdisks form=7 and

m=4 modes. (a) Disk of1.89µm diameter. (b)Re(Hz) field profile ofm=7 mode in the

y−z plane calculated with the FDFD method.Q = 18, 200. (c) Far field(log10(|Re(Hz)|))

for the same disk. (d)Re(Hz) in thex−y plane calculated analytically. (e) Disk of1.35µm

diameter. (f-h) Calculations for the1.35µm disk corresponding to those in (b)-(d).
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Figure 8.4: MicrodiskQ versusm. Experimental data, theoretical values obtained with

FDFD and a fit to an exponential function are shown. The linearrelationship between the

disk radius,r0, andm is shown in the inset.
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theoretical radiation-limitedQ factors obtained with FDFD calculations. The experimental

points are acquired using tapered fiber spectroscopy, as described in Chapter 6, and the

theoretical points are determined by using the values of disk diameter as measured with

SEM in the FDFD mode solver. The thickness of each disk was 250nm. The data for

each azimuthal mode order is from a disk of a different radiusso the resonant wavelengths

are nearly equal. The agreement between experiment and theory indicates that our silicon

microdisks have radiation-limitedQ factors that are not significantly degraded by minor

sidewall perturbations. It should be noted that the measured resonance atm = 7 was a

doublet mode. The splitting was only observed for them = 7 mode where the Lorentzian

is narrow enough to differentiate the two peaks. We find that them = 5 mode is the

subwavelength mode of highestm with measuredQ = 1250. The diameter of the disk

was1.49µm and resonant wavelength was1.543µm giving a ratio ofd/λ = 0.967. The

m = 4 mode was observed in a cavity of diameter1.35µm at wavelength ofλ = 1.591µm

givingd/λ = 0.849. Due to the limited wavelength window accessible by our tunable laser,

and the broad nature of the low-Q m = 3 mode, it was not observed in our studies. The

theoretical value ofd/λ = 0.683 for them = 3 mode. Belowm = 3 the resonances have

Q < 10. To create microdisks with well defined resonances form < 3 andd/λ < 0.7,

metallodielectric architectures, which trade ohmic loss for suppressed radiation, may offer

advantages [64–66].

For more direct comparison between experiment and theory, we also present the data

in Table 8.1. The radii of the disks, as measured with SEM, themeasured resonant wave-

lengths, and the measured quality factors obtained by fitting the transmission spectra to

a Lorentzian function are listed alongside the theoreticalvalues obtained from the FDFD

simulations. In addition, the calculated effective mode volumes are given in Table 8.1. The

effective mode volume is calculated from the formula

νeff =

∫

ǫ(r)|E(r)|2
max [ǫ(r)|E(r)|2] . (8.4)

To calculate the volume integral in the numerator of Eq. 8.4,exp(imφ) angular dependence

is assumed, as it was to arrive at Eq. 8.2. This is an importantdistinction when contrasted
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Table 8.1: Theoretical and measured microdisk modal parameters

m rmeas rsim λmeas λsim Qmeas Qsim νeff

7 0.945µm 0.946µm 1.530µm 1.555µm 17,000 18,200 3.07

6 0.877µm 0.876µm 1.589µm 1.621µm 4160 3834 2.61

5 0.743µm 0.746µm 1.543µm 1.581µm 1253 1010 2.21

4 0.675µm 0.676µm 1.591µm 1.617µm 235 198 1.80

3 * 0.536µm * 1.569µm * 47.6 1.52

2 * 0.416µm * 1.558µm * 8.72 1.18

with the work of Ref. [96] wherein standing waves withsin(mφ) angular dependence

are assumed. The mode volume calculated assuming standing waves is half that of the

circulating waves. To calculate the values of the effectivemode volume presented in Table

8.1, the integral in Eq. 8.4 was performed over the entire simulation space which extended

2µm above and below the disk and6µm in the radial direction.

In using evanescent coupling in transmission measurementsto determine the radiation-

limited Q of a resonator it is important to consider other loss mechanisms contributing

to the measuredQ. The relation between the various contributions to cavity loss for this

measurement can be expressed as (see section 5.4)

Q−1
meas = Q−1

rad +Q−1
c +Q−1

p , (8.5)

where the three contributions to the measuredQ factor are radiation (Qrad), coupling to the

tapered fiber waveguide (Qc), and parasitic losses (Qp) such as sidewall scattering. In the

structures considered here,Qrad < 20, 000, andQp in larger disks fabricated with similar

methods has been measured to be greater than 100,000. For this reason it is justified to ne-

glect the contribution fromQp in Eq. 8.5.Qc is a function of the gap between the resonator

and the waveguide, and this fact can be exploited to determine the relative contributions to

Eq. 8.5 fromQrad andQc. In the experiments performed in this study, the tapered fiber po-

sition relative to the disk was controlled with 100nm resolution. As can be seen in Fig. 8.3,
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the near field of the modes decays over1− 2µm . To accurately determineQrad, transmis-

sion spectra were taken with the fiber very near the disk to determine resonance positions.

The fiber was then incrementally moved away from the disk, andadditional spectra were

acquired as the gap between the fiber and disk was increased. As in Ref. [72], increasing

the gap resulted in a decrease in the depth of the transmission dip and increase in the mea-

suredQ. Convergence behavior was observed until the depth of the dip was at the level of

the measurement noise; the reported values forQmeas in Fig. 8.4 and Table 8.1 are those

from the maximal fiber-disk gap which resulted in a value consistent with the convergence

trend and with a deep enough dip to be fit to a Lorentzian. We didnot directly measure the

fiber-resonator gap, because in measurements of such small disks so close to the substrate

it is advantageous to hold the fiber above the plane of the disk, and the devices were only

viewed directly from above.

It is important to note that contributions to error in the tapered fiber measurements are

numerous. They include coupling between the fiber and disk, noise due to vibrations of

the fiber, substrate and disk coupling and perturbation due to the pedestal. Additionally,

uncertainty in the measurement of disk diameters with SEM affects comparison between

experiment and theory. Because the contributions to error are so varied and each is so

difficult to quantify, we do not venture to guess at the uncertainty in the data in Table

8.1. We note that measured resonant wavelengths are within 1-3% of predicted values,

measuredQ factors are near 10-20% of predicted values, and this is truewith or without

consideration of the substrate and pedestal in the model. For the lower azimuthal mode

numbers, the measured values are consistently higher than the theoretical values, indicating

a tendency of the FDFD mode solver to underestimate the radiation-limitedQ.

The effect of the substrate is more pronounced if one considers non-undercut resonators

in this low-m regime. The theoretical values of them = 4 device listed in Table 8.1 if the

entire half space below the disk is filled with dielectric characterized byn = 1.46 are

Qsim = 104 andλsim = 1.630µm. For them = 7 disk with no undercutQsim = 5265 and

λsim = 1.555µm.
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Figure 8.5: The effective potential and tunneling parameters. The tunneling distance,dT,

is proportional tom, so the tunneling probability,T , decays asexp(−κ′m). TheQ is

inversely proportional to the tunneling probability and behaves asexp(κ′m).

8.5 Analysis from a tunneling perspective

Analysis of our data reveals thatm has a linear relationship withr0 over the rangem = 2−7

at a (nearly) constant wavelength.Q has an exponential dependence onm of the form

Q(m) = Aexp(χm), whereA = 0.374 andχ = 1.54 are parameters which have been

determined with non-linear regression. As seen in Fig. 8.4,this expression fits our data

quite well over the range ofm values considered here. The linear dependence ofm on r0

can be understood because the mode propagates around the circumference of the disk. The

effective mode volume also has a linear dependence onm. Thus, the Purcell enhancement

decays exponentially with decreasedm, as does the finesse [105].

The exponential dependence ofQ onm can be understood in the framework of the ef-
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fective potential [77, 108] (see Section 5.2.7), which is given by Eq. 8.3 and is plotted in

Fig. 8.5. This quantity enters the scalar radial equation for the dominant field component

if TE or TM polarization is assumed. As discussed in Section 8.2, Veff changes discon-

tinuously at the edge of the disk, creating a potential well in which the electromagnetic

field predominantly resides. There are two features of a potential which affect the tunnel-

ing probability: the barrier height and barrier width. For agiven wavelength, the height

of the tunneling barrier scales asm2/r20. In a general one-dimensional tunneling scenario,

the tunneling probability will have a power law dependence on barrier height. Therefore,

the quadratic dependence of the barrier height onm cannot explain the exponential depen-

dence ofQ onm. However, the tunneling probability through a one-dimensional barrier is

exponentially dependent on the barrier width. As shown in Fig. 8.5, the radial distance at

which the confined mode can emerge to free space isr = m/k, and is determined by the

conditionVeff = k20. Thus, the tunneling barrier thickness is given bydT = m/k0 − r0.

Using the linear relationship betweenm andr0 (r0 = sm + b) the tunneling thickness is

dT = (1/k − s)m− b. Thus,

1

Q(m)
∝ T (m) ∝ exp(−κdT(m)) ∝ exp(−κ′m), (8.6)

whereT is the tunneling probability andκ andκ′ are unknown constants which could be

determined from a rigorous treatment. Thus, the exponential dependence ofQ onm (and

r0) is consistent with the linear dependence of tunneling barrier width onm.

8.6 Subwavelength lasers

With a radiation-limitedQ factor of1250, them = 5 whispering-gallery mode is a strong

candidate for a subwavelength laser. In recent years, subwavelength lasers have attracted a

great deal of interest as they are promising components for applications in integrated pho-

tonic circuits, local chemical or biological sensing, and imaging. Efforts have been carried

on several fronts to reduce laser sizes. Photonic crystal cavities provide subwavelength

modal volumes, but their physical size must be several timeslarger than the wavelength
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in at least one spatial dimension [111]. Metallic structures present another approach of

confining light on subwavelength scales by utilizing surface plasmon resonances [64–66].

In previous research, metallic waveguides have been employed to realize subwavelength

teraherz quantum cascade lasers [112], near-infrared metal coated nanocavity lasers [64],

nanosphere plasmonic lasers [113] and nanopatch lasers [114] at cryogenic temperatures.

By proper incorporation of low-loss dielectric into metallic structures, subwavelength met-

allodielectric cavity lasers were also demonstrated at room temperature under pulsed op-

tical pumping [115]. Semiconductor disk cavities represent another candidate for sub-

wavelength lasers by taking advantage of the highQ factors of whispering-gallery modes.

Microdisk lasers were first realized in the early 1990s in cavities with diameters larger

than the emission wavelength [68–70], and recently disk lasers with diameters equal to and

less than the lasing wavelength were demonstrated [102, 116, 117]. For small size sub-

wavelength disk lasers the underlying pedestals have restricted heat conduction due to the

limited dimensions and/or low thermal conductivities, which renders the laser operation in

continuous-wave (CW) mode challenging. As such, previous small size disk lasers were

reported to operate in pulsed mode only [102, 116, 117].

In our work we were able to build upon the knowledge gained from the passive Si mi-

crodisk studies to achieve CW operation of subwavelength disk lasers at telecomm wave-

lengths. A1.49µm diameter, 209nm thick InGaAs/AlInAs disk is shown to lase in single-

mode at a wavelength of1.53µm under CW optical pumping at 45K. Indeed, it is them = 5

mode of the microdisk that gives rise to laser action, as discussed in Section 8.4.

The microdisks used in our experiments were fabricated on lattice-matched InGaAs/AlInAs

heterostructures grown on an InP substrate using solid-source molecular beam epitaxy

(MBE) [118]. The designed layer structure is shown in Fig. 8.6. The quantum well

structure is is composed of six 9nm-thick InGaAs quantum wells separated by 3nm AlI-

nAs barriers with two 60 nm-thick InGaAs cladding layers. The total thickness of the

InGaAs/AlInAs layers is 209nm. Electron beam lithography was used to define∼ 3µm-

diameter PMMA circles on top of the sample. The PMMA then acted as an etching mask
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60nm InGaAs

60nm InGaAs

InP substrate

6x9nm InGaAs

5x3nm AlInAs

10nm AlInAs

10nm AlInAs

Figure 8.6: The layered structure of the quantum well gain medium. Six InGaAs quantum

wells are separated by AlInAs barrier layers. The quantum wells are contained within

InGaAs cladding layers on an InP substrate.

for wet etching. The sample was etched in an acid solution composed of HNO3/HBr/H2O

(1:1:20). After wet-etching for∼ 40 seconds, which gives an etching depth of∼ 1.5µm,

disk cavities with diameters between1.4− 1.8µm were formed. In order to avoid coupling

of the optical mode into the InP substrate, selective wet-etching in a solution of HCl/H2O

(1:2) was conducted at room temperature for∼ 1.5 hours to remove the InP around and

below the InGaAs/AlInAs disks. A scanning electron microscope (SEM) image, shown in

Fig. 8.7(a) shows a side-view of a representative disk. The disk diameter is1.49µm. Its

sidewall is vertical and the surfaces are smooth; as discussed in Section 8.3, these features

are advantageous for improving the cavityQ factor and minimizing scattering losses. The

underlying InP pedestal forms a mountain-like shape with a rough surface. Such a shape

is different from multi-faceted shapes reported for quantum cascade disk lasers using the

same material system [119, 120] due to different etching conditions and sample geometries.

The size of the pedestal is chosen as a compromise between effective heat conduction and

prevention of optical mode coupling into the substrate. Thehigh thermal conductivity of
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Figure 8.7: Quantum well subwavelength laser. (a) SEM imageof the fabricated microdisk

on the InP substrate. (b)µ-PL spectra at various pump powers.

the InP pedestal (∼ 69W/(m·K) [121]) is more than twice the thermal conductivity of the

AlGaAs pedestal in the GaAs-based disk lasers reported in Refs. [116] and [102], and thus

enables more efficient heat dissipation.

The microdisks were measured in a micro-photoluminescence(µ-PL) apparatus. The

samples were mounted in a low-temperature cryostat cooled with liquid helium. A diode-

pumped Nd:Yttrium-Aluminum-Garnet (YAG) laser with relatively long emission wave-

length of 1064nm was chosen as the pump laser for minimizing heat generation. The pump

light was focused by a 50× microscope objective with a 0.42 numerical aperture and a

working distance of 1.7cm to a spot size of∼ 5µm on top of a single disk. The scattered

light emission from the disk was collected by the same objective and then directed to a

Horiba TRIAX spectrometer with a Peltier-cooled InGaAs photodiode array for recording

the spectrum. The measurements were performed under CW optical pumping.

Figure 8.7(b) shows the emission spectra of the1.49µm diameter, 209nm thick disk

under different pump intensities at a heat-sink temperature of 45K. At low pump intensities,

spontaneous emission from electron-hole radiative recombination in both the quantum well

region and the InGaAs cladding layers are measured in the wavelength range from 1350 to

1550nm. When the pump intensity increases beyond 276W/mm2, a narrow peak appears at
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Figure 8.8: Evidence for lasing in the subwavelenth microdisk. (a) Linewidth narrowing

as a function of pump power. (b) Integrated intensity of the PL versus pump power on a

log-log plot shows threshold behavior.

1530nm.

By fitting the emission peaks given in Fig. 8.7(b) to a Lorentzian function, the

linewidths—defined as the full width at half maximum (FWHM) (see discussion in section

5.4)—are obtained and plotted in Fig. 8.8(a) as a function ofpump intensity. The linewidth

decreases from 3.8 to 1.2nm as the pump intensity increases from 276 to 477.2W/mm2.

Figure 8.8(b) shows the spectrally integrated emission intensity at different pump intensi-

ties on a logarithmic scale. The curvature slope changes from 0.97 to 2.58 at pump intensity

of ∼ 276 W/mm2, which indicates threshold behavior. The observed linewidth narrowing

and threshold behavior suggest that the emission corresponds to laser action. These char-

acteristics of laser emission were observed at temperatures up to∼ 55K.

8.7 Conclusions

In conclusion, we have investigated the resonant modes of silicon microdisks that are

smaller in every dimension than the free-space wavelength of light being stored in the

cavities. We have presented a systematic characterizationof them = 2 − 7 modes and
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have quantified the linear relationship betweenm andr0 as well as the exponential depen-

dence ofQ onm. Our experimental data is in agreement with theoretical values for the

radiation-limitedQ. We have demonstrated them = 5 mode is the highest-Q mode in a

subwavelength disk and was measured in our structures to have aQ = 1250 at a wavelength

of 1.543µm in a microdisk of diameter1.490µm. Microdisks were then fabricated from an

InGaAs/AlInAs quantum well structure, and them = 5 mode investigated in the passive Si

subwavelength cavities was shown to lase in the gain medium under optical excitation up

to 55K in CW operation.

After our exploration of the smallest length scale of whispering-gallery mode cavities,

we turned our attention to slightly larger microdisks and developed a method to dynami-

cally tune the resonance spectra over a broad range of wavlengths. Our efforts on this front

are described in Chapter 9.

115



116



Chapter 9

Dynamic broad tuning of

whispering-gallery modes in silicon

microdisks

After spending some time learning the physics of microdisksand having explored differ-

ent size regimes in isolated microdisks, we became interested in the more sophistocated

photonic structures consisting of several coupled microdisks. For example, systems of a

few coupled microdisks are often referred to as photonic molecules [122–129] due to the

analogy with electronic states of coupled atoms. In Fig. 9.1we shown an SEM image of

a photonic molecule consisting of three coupled Si microdisks in a triangular arrangement.

Optical states in similar photonic molecules have been shown to give rise to bonding and

antibonding states due to degeneracy splitting [128, 129],just as in atomic systems. Also,

such photonic molecules have been theoretically shown to produce optical states withQ

factors higher than those of the isolated constituent microdisks and with larger FSR [128].

Another system of coupled microdisks with interesting physics not seen in isolated mi-

crodisk systems is shown in Fig. 9.2. In this system several disks of a similar size are

evanescently coupled to a waveguide. Such systems have beendubbed Side Coupled In-

tegrated Spaced Sequence of Resonators (SCISSOR) [130] by Robert Boyd’s [79] group.

While the acronym is awkward, the physics of the system is fascinating. Interesting prop-
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Figure 9.1: Three coupled Si microdisks each of5µm diameter in a triangular photonic

molecule configuration.

Figure 9.2: Three Si microdisks of10µm diameter to coupled to each other via a waveguide.
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agation effects occur such as the existence of solitons wherein the inherent dispersion in

the waveguide is compensated by nonlinear phase shifts introduced by the sequence of

resonators.

We are interested in studying such systems of coupled resonators, but one major prob-

lem arises in the context of optical resonators that does notarise for systems of coupled

atoms. This difference is due to the fact that atoms are trulyidentical particles whereas mi-

crocavity resonators can be made to be nearly identical particles, but inevitably have minute

structural differences due to fabrication imperfections.Figure 9.3 shows tapered-fiber spec-

tra from two Si microdisks of10µm diameter prepared in the same manner∼ 100µm apart

on a chip. One can see that while the spectra are qualitatively similar, the two spectra are

shifted a small amount relative to one another. While for some purposes this may be in-

significant, if one wishes to achieve strong coupling between two adjacent disks, the fact

that the narrow resonances of one disk do not overlap with theresonances of the adjacent

disk will eliminate coupling between the two cavities. Our work on tunable resonators be-

gan by seeking a method to tune the modes of one cavity into resonance with the modes

of an adjacent cavity after fabrication in order to produce photonic molecular structures.

The device we invented now promises to have much broader applicability in a variety of

photonics applications.

Before describing our method and structure for tuning the resonances of Si microdisks

we begin with a discussion of the larger context of tunable optical resonant cavities.

9.1 Context for tunable resonators and existing technolo-

gies

Microdisk and microring resonators can operate as functional components in myriad optical

devices. Applications include particle sensors, cavity QED, and photonic circuit elements

including switches, modulators, filters, and lasers. The ability to tune the mode spectra of

these central optical components enables a multitude of dynamic devices. The character-
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Figure 9.3: Two tapered-fiber spectra from10µm disks, offset on they-axis for clarity.

These two10µm disks were fabricated at the same time on the same chip and are separated

by a few hundred microns. The slight discrepancies between the two spectra result from

minor fabrication differences between the two disks. This slight mode mismatch is difficult

to overcome and becomes more of an issue as the size of the disks is reduced. Such a mode

mismatch makes it difficult for the structures in Fig. 9.1 and9.2 to achieve strong coupling.

We seek a method to tune the mismatched spectra into resonance with one another after

fabrication.
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istics of circular cavity resonators that make them attractive for photonic applications are

their small size, large free spectral range (FSR), high cavity quality factor (Q), and ease

of fabrication. For large-scale integration, CMOS-compatible, planar silicon structures are

advantageous. Any effort to enable tuning in optical microcavities for photonic device

applications should retain these attributes.

A number of technologies have been demonstrated to tune optical microcavities. Each

of these technologies has strengths and limitations and mayfind applicability in certain

contexts. Carrier injection via a p-i-n junction in a silicon microring [131–133], microdisk

[134] and photonic crystal cavity [135] has been achieved with fairly high Q (∼20,000

[131]), is compatible with the silicon material platform [131–134], allows for fast modu-

lation (18 Gb/s [132]), and can be energy efficient [134]. Laser heating [129, 135] allows

for highQ and fairly broad tuning. N2 adsorption has been utilized for highQ and high

resolution tuning [136]. Tuning liquid crystal droplet resonators in a polymer matrix via an

external electric field allows for broad tuning (20nm) and fairly high Q (∼ 12, 000) [137].

Electromechanically-tuned photonic crystal nanobeams have recently been demonstrated

with measuredQ factors of 13,000, tuning range of 10nm, and low power consumption

[138]. Mechanical insertion of a dielectric into the near field of a microring has been shown

to achieve broad tuning [139]. Ultrahigh-Q toroid cavities have been tuned thermooptically

with joule heating, but with tuning range of less than 1nm [140]. Many integrated photonic

devices have utilized thermal tuning in resonators or waveguides separated from resistive

heaters by cladding layers (see Ref. [141] and references therein), but such a design re-

quires heating of the resistive element, the cladding layer, and the optical layer. There

remains a demand for an energy-efficient planar silicon device with simple fabrication and

no moving parts which can be easily coupled to a waveguide, has broad tuning range, high

Q, stable operation, and large packing density allowing for many adjacent devices to be

tuned independently on a single chip.

In this work we present a new tunable microdisk design which achieves the aforemen-

tioned objectives. The device consists of a silicon microdisk with nanoscale (∼200nm)
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contacts on either side, as shown in Fig. 9.4(a). The large thermooptic coefficient of silicon

(1.86 × 10−4K−1), due to the temperature dependence of the silicon bandgap [142, 143],

is leveraged to enable modal tuning via joule heating. The principle behind the design is

to improve energy efficiency by passing current directly through the optically-active re-

gion rather than utilizing an external resistive heater. The device has broad tuning range

(>14nm demonstrated) with mW tuning power, a simple, CMOS-compatible fabrication,

and a well-defined mode spectrum withQ factors exceeding 20,000. The objective of the

design is to achieve a versatile structure with low-power broad tuning and simple fabrica-

tion. More elaborate fabrication techniques [134, 139] mayallow thermal, electrical, or

mechanical tuning without placing contacts in the optical mode volume, but such a multi-

mask fabrication is time consuming, expensive and, as we show here, not necessary for

many applications. If an application only requires a mode shift by a single full-width-at-

half-maximum (FWHM), operation of this device can be achieved at powers of approxi-

mately 10µW with less than 3V. For broader tuning on the order of a FSR, one only needs

∼1mW of power. In contrast to other tuning designs where a microheater is separated from

the resonant element by a cladding layer, our design can leave the resonator exposed to

the environment enabling it to be used as a sensor. Limitations of the design include that

the point contacts scatter light from the optical mode reducing the photon lifetime, and

applications that require fast switching will be constrained by the time required to heat and

cool the disk. While thermal tuning is not generally competitive in ultrafast applications

such as high-speed modulation [131–134], many devices suchas sensors for particles with

discrete absorption lines and tunable on-chip lasers may benefit from this structure. The

device also enables coupling of narrow-line emitters with cavity modes in cavities with

small mode volumes, highQs, and large FSRs. Further, the fabrication of this device is

an important result in that it introduces an entirely new technique to tune individual micro-

cavities, it marks a new standard in energy efficiency of thermally-tuned microcavities, and

it opens many possibilities for coupling electronic and optical degrees of freedom. Addi-

tionally, many photonic devices with coupled resonant elements suffer from sensitivity to
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Figure 9.4: Microdisk structure with electrical contacts.(a) SEM image of the structure

under consideration. (b) Electro-thermal simulation data. The surface temperature of the

structure is shown.

fabrication imperfections. The tunable microdisks presented here offer a purely electrical,

low-power means to tune coupled cavities into resonance with one another [129].

9.2 Modeling and fabrication of wired microdisks

Calculations of whispering-gallery mode resonant wavelengths [144, 145] as a function of

index of refraction inform us that∼1nm of wavelength tuning can be achieved with a shift

of 0.002 in the index of refraction. Shifting the resonancesby 10nm requires changing the

index of refraction from 3.48 to approximately 3.50. Silicon’s relatively large thermooptic

effect allows 10nm shifts to occur with a change of temperature of just over 100K. To

anticipate the power required to achieve the desired tuning, the electro-thermal behavior

of the device was modeled using Comsol Multiphysics. Figure9.4(b) shows data from a

simulation of a silicon microdisk based on an SOI structure.The modeled disk has 10µm

diameter contacted on either side by 200nm wide, 1µm long contacts. The contacts taper

out to aluminum pads, one of which is held at a positive bias of25V in the simulation

and the other at ground. The aluminum pads and the silicon disk are isolated from the

silicon wafer below by 3µm thick SiO2 structures. All surfaces are allowed to radiate into

air except the tops of the aluminum pads and the bottom of the underlying silicon wafer
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which are modeled as heat sinks held at 300K. This model suggests that 1.8mW of power

dissipated in the device will raise the temperature by 100K.The simulations reveal that

with this design the temperature of the disk can be raised very uniformly over the volume

of the disk.

Devices are fabricated from SOI substrates (250nm device layer, 3µm buried oxide,

Soitec). The first fabrication step is to implant the device layer with Boron to achieve

the desired resistivity. The Comsol simulations inform us that the power dissipated in the

device needed for broad tuning is∼2mW. To achieve this power at 25V, the resistance of the

device must be less than 625kΩ. Because we are aiming forQ factors of 10,000-20,000, and

because the dominant contribution to photon decay will be scattering by the contacts, we

can afford some photon lifetime degradation by free-carrier absorption and plasma losses

due to doping. We achieve the desired trade-off between low resistivity and highQ by

doping to a concentration of1018 B+/cm3 which gives a resistivity of 0.04Ω·cm. At this

carrier concentration we estimate the quality factor limited by free-carrier absorption and

plasma losses to be on the order of105. In practice, microdisks without contacts fabricated

from substrates with such doping concentrations have modeswith Q factors from 15,000-

50,000, and final wired microdisk devices have resistance ofapproximately 250kΩ, thus

satisfying our criteria that the resistance be less than 625kΩ andQ greater than 20,000 but

indicating that less doping could lead to cavities with higherQ factors and still low enough

resistances. Boron was implanted to a fluency of2.5 × 1013B+/cm2. Substrates were

annealed in a N2-purged furnace at 1000°C for 20min. The native oxide was removed, and

samples were coated with XR-1541 electron beam resist (Dow Corning). Etch masks for

disks of 10µm diameter with 200nm wide Si electrodes leading to Si pads for wire bonding

were patterned. Etching was performed with ICP RIE using SF6 and C4F8. An additional

photolithography and deep etching step was performed to isolate the devices on a plateau

for tapered-fiber access, as described in Chapter 7. The samples were cleaned with piranha

etch and undercut with buffered hydrofluoric acid. The silicon samples were mounted on

quartz chips patterned with gold regions for electrical contact. Wire bonds were made
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100µm

Figure 9.5: SEM image of the full layout of a tunable microdisk sample. All disks are

seen to be isolated on a plateau. The wire bonds are made directly to the Si pads which

taper to the nanowire contacts which enter the side walls of the Si microdisks. The nanowire

contacts as well as the wire bonds sweep away from the region of the disk where the tapered

fiber accesses the disk. Three unwired disks are observable at the center of the structure.

These disks are included in the fabrication process for the purpose of comparing wired to

unwired disks.

from the gold regions directly onto the silicon contact pads. An SEM image of the final

completed structure is shown in Fig. 9.5.

As can be seen in Fig. 9.5, the final tunable microdisk sample design consists of two

opposing tunable wired microdisks with three non-wired mirodisks also isolated on the

plateau for comparison during tapered-fiber spectroscopy.The samples were laid out in

this manner to facilitate rapid experimental characterization. It was important to have both

wired and non-wired microdisks on the same chip to compare spectra. The wired mi-

crodisks were oriented in this opposing manner because, as can be seen in Fig. 9.5, the

aluminum wires are wire bonded to the substrate and arc up offthe plane of the chip. If

care is not taken, it is quite possible to crash the tapered fiber into these wires during ex-

perimental characterization. Therefore we oriented the wire bonding pads back away from
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the disks so that the tapered fiber to access the disk without interfering with the aluminum

wires, and we place all five disks (two wired and three non-wired) such that once the fiber

is placed near the first wired microdisk it can easily be movedto study the other four disks

without having to be lifted above the wire bonds of the other wired microdisk. While it is

certainly possible to cram more microdisks onto a chip we found that it was better to fab-

ricate a few high-quality devices and study them thoroughlyrather than to fabricate many

devices and become confused by which data corresponded to which device. In a general

fabrication run two to eight samples similar to that shown inFig. 9.5 would be fabricated

simultaneously. This resulted in 10 to 40 disks requiring experimental characterization.

Obtaining thorough tapered-fiber spectra from this many disks is a very time-consuming

task. In our experience it was always the case that after studying just a few of these devices

we would learn something that would educate us on a better device design to be fabricated

next. For this reason it was better to fabricate in small batches more often to save material,

time, and to more rapidly evolve our device design.

Several aspects of the device geometry can be modified depending on functionality

needs and fabrication capacity. Our choice to undercut the disks to isolate the structures on

pedestals was made for two reasons. First, it reduces the thermal contact to the substrate and

therefore improves the energy efficiency. Second, the raised disk enables easier access for

tapered fiber characterization. If one wishes to use on-chipwaveguides, an undercut may

still be performed, but care has to be taken to only undercut asmall region around the disk

so as to not lift off the entire waveguide. For non-undercut devices, the main drawback will

be increased energy consumption, but the cooling time will be reduced. Our choice to have

200nm contacts was a compromise between high-Q, structural integrity, and low operating

voltage. If one wishes to further improve theQ this can be achieved with a combination

of increasing the resistivity of the substrate (by reducingion implantation dosage) and

reducing the width of the contacts. Both modifications will increase the overall resistance

of the device and therefore lead to a higher operating voltage. If one can afford these costs,

theQ factors can be improved substantially above those presented here. Additionally, the
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choice to fabricate tunable microdisks with wires directlyin the microdisk sidewalls was

motivated by the ease of fabrication. If one wishes only to utilize first-radial-order modes,

a superior design would be either to pattern a metal ring at the center of the disk to be used

as a heater or to pattern silicon wires which make contact to the inner wall of a microring

resonator so that current is passed only through the ring where the optical mode resides.

This is likely to be a highly energy efficient design and can beoptimized to minimize

interaction of the wire contacts with the optical mode. Witha suitable design, either of

these approaches could lead to broad tuning without contacting the region of the optical

mode. The drawback is that in either of these cases contacts have to be made near the

center of the structure, and these must be accessed by metal vias that rise up and over the

region of the optical mode. This is likely to be at least a three-mask process which is best

performed with deep-UV lithography.

9.3 Broad tuning and general characteristics of wired mi-

crodisk modes

The optical properties of the microdisks were characterized using tapered-fiber spec-

troscopy, as discussed in Chapter 6 and in Refs. [72, 95, 136,144]. With this technique,

the evanescent field of the fiber optical mode couples to the microdisk, and resonances are

identified as dips in the fiber transmission spectra.Q factors are obtained by fitting the

experimental data to a Lorentzian.

Figure 9.6 shows tapered-fiber spectra obtained from a 10µm tunable silicon microdisk.

The first spectrum had zero applied voltage. The following scans had 10V, 15V, 20V, and

25V respectively. The resonances are seen to shift by 10nm-14nm. Several prominent

features have been labeled and their characteristics analyzed in more detail. The TM2,25

mode initially at 1541.77nm shifts to 1552.35nm with 1.6mW of joule heating, a shift of

10.58nm. TheQ factor of this mode is measured to be 11,424 in the first spectrum and

12,118 in the final spectrum. These measuredQ factors depend significantly on loading
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Figure 9.6: Tapered fiber spectra of a tunable microdisk. Spectra are shown at tuning

powers from 0W to 1.6mW. Several prominent peaks are labeledand their behavior char-

acterized.
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from the fiber [72, 144], and the discrepancy between these two numbers is likely due

to minor shifts in the fiber position between the two measurements. The actual unloaded

Q is surely higher than in these measurements. In contrast to this TM mode, the TE3,40

mode initially at 1542.82nm shifts 13.51nm to 1556.33nm andhas aQ factor of∼ 15, 000

throughout the measurements. The mode observed to have the largest shift and highestQ

was the TE2,42 mode initially at 1592.38nm and moving to 1606.45nm, a shiftof 14.07nm.

TheQ of this mode was around 20,000 in all measurements, and was measured to have

the highestQ in the first spectrum at 23,097. In the final spectrum the measuredQ was

20,088. The presence of a multitude of modes withQ factors exceeding 10,000 and some

exceeding 20,000 is a strength of this structure and shows that the perturbation due to the

electrodes does not degrade the cavity below a functional level.

It is important to understand the various contributions to the measuredQ factors. The

measuredQ will have several contributions, as described by Eq. 9.1.

Q−1
M = Q−1

D +Q−1
C +Q−1

P . (9.1)

HereQM is the measuredQ factor obtained by fitting a Lorentzian function to the tapered

fiber data.QD is the contribution to theQ factor resulting from mechanisms associated with

the extra electrons in the material due to doping of the substrate. QC is the contribution

due to scattering by the contacts.QP contains all other parasitic contributions such as

scattering due to sidewall roughness not associated with the contacts as well as loading due

to the tapered fiber waveguide. The contribution toQ due to radiation loss is negligible in a

disk of this size. We have obtained estimates for each of these experimentally by studying

different systems with isolated variables. To estimateQP we have studied microdisks made

with the same fabrication techniques but on substrates without doping and with no contacts

in the sidewalls for tuning. In our experiments the measuredQ factors of these structures

were 40,000-230,000 depending on the specific sample and mode. While it is quite possible

to obtain substantially higherQ factors in silicon microdisks [95], doing so necessitates a

different choice of electron beam resist and an additional resist reflow step. This reflow is

incompatible with our fabrication of nanowire contacts. ToestimateQC we again utilized
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the undoped SOI, but fabricated wired microdisks on the substrates. In these structuresQ

factors ranging from 15,000-47,000 were measured. AssumingQP = 230, 000 andQD =

∞, this givesQC = 59, 000 for the mode of highest-Q measured in a wired microdisk

without doping. To estimateQD we have measured theQ factors of disks created from the

doped SOI substrates but without contacts for tuning. In these structures the measuredQ

factors were in the range of 17,000-50,000, but few exceeded30,000. We can use these

data to make educated guesses about the different contributions to theQ factors in the

spectra shown in Fig. 9.6. For example, assumingQP = 200, 000 andQD = 45, 000,

using the value ofQC = 22, 000 in Eq. 9.1 givesQM = 13, 800, roughly in agreement

with the measuredQ factor of the TE3,40 mode shown in Fig. 9.6. Using the same values

for QP andQD, a value ofQC = 47, 000 givesQM = 20, 600, which agrees well with the

lowest measured value of theQ factor of the TE2,42 mode. It is important to note that while

these numbers give estimates for the various contributionsto the measuredQ factors in

these experiments, there is a great deal of room for improvement in future devices both in

optimization of the dopant dosage, the contact geometry, and the fabrication, as discussed

in Section 9.2.

We further analyze the data in Fig. 9.6 to gain insight into the relationship between

mode shift and polarization. Figure 9.7(a) is experimentaldata of wavelength shift versus

power for fifteen modes including modes of both polarizations and various radial orders.

Figure 9.7(b) is a theoretical plot of wavelength shift versus power and index of refraction

calculated numerically [144]. The temperature of the disk was determined as a function of

power dissipated to joule heating using the Comsol simulation shown in Fig. 9.4(b). This

temperature was then related to the index of refraction through the thermooptic coefficient.

The Comsol simulations give values for the power which are nearly a factor of two greater

than the measured values. This is likely due to minor discrepancies in the geometry and

material parameters used in the simulations. In both the theoretical and experimental cases,

the modes are seen to separate into two distinct groups depending on the polarization with

TE modes shifting∼25% more than TM modes. This dependence on polarization was not
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Figure 9.7: Difference in mode shifts between TE and TM polarized modes. (a) Exper-

imental data of resonant wavelength shifts for fifteen modesof various radial orders as a

function of power. TE and TM modes are seen to separate into distinct groups indepen-

dent of radial mode order. (b) Theoretical prediction of mode shifts for six TE and six TM

modes of various radial mode orders plotted as a function of power. The corresponding

index of refraction labels thex-axis on the top.

observed to depend on radial mode order and can be understoodby consideration of the

fraction of electrical energy stored in the cavity. This quantity is given by

ξ =

∫

disk
ǫ(r)|E(r)|2dr

∫

all space
ǫ(r)|E(r)|2dr . (9.2)

We have calculated the quantityξ given by Eq. 9.2 and the wavelength shift asn goes from

3.48 to 3.51 for six TE and six TM modes of various radial orders with wavelengths near

1550nm. For the TE modes the average value ofξ was 0.9796 with a standard deviation

of 8.121 × 10−4, and the average value of wavelength shift was 13.22nm with astandard

deviation of 0.2798nm. For the TM modes the average value ofξ was 0.7836 with a

standard deviation of1.204×10−2, and the average value of wavelength shift was 10.56nm

with a standard deviation of 0.1701nm. The ratio of the average value ofξ to average value

of wavelength shift is7.409 × 10−2nm−1 for TE modes and7.420 × 10−2nm−1 for TM

modes. The similarity in these two values indicates that thepredominant factor in dictating

wavelength shift is the fraction of electrical energy stored within the cavity.

The difference in electric field confinement between modes ofthe two polarizations
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Figure 9.8:|E|2 calculated for the (a) TE2,42 mode and (b) TM2,25 mode. Field profiles are

plotted in theρ− z plane and are assumed to haveexp(imφ) azimuthal dependence.

can be seen in Fig. 9.8 where we have plotted the magnitude of the electric field squared

for characteristic second-radial order modes. Figure 9.8(a) shows the well-confined TE2,42

mode, and Fig. 9.8(b) shows the TM2,25 mode with prominent near field lobes forced

outside the disk by the boundary conditions. The increased localization of TE modes within

the disk relative to TM modes can be thought of as leading to aneffective thermooptic

coefficient which is the product ofξ with the bulk thermooptic coefficient of Si. For TE

modes this is1.82 × 10−4K−1 and for TM modes this is1.46 × 10−4K−1. This difference

in mode shift between the two polarizations has important consequences for applications

which seek to utilize two nearby modes. By making use of this feature one can tune the

spacing between two modes as well as the absolute position ofeach mode. It is also possible

to tune two modes into or out of degeneracy.

We proceed now to discuss data from another tunable wired microdisk. The full tapered

fiber spectrum of this sample is shown in Fig. 9.9. This spectrum has much in common

with the spectrum shown in Fig. 9.6. There are several modes with Q factors near20, 000.

For example, consider the mode near1578nm. We have investigated theQ factor of this

mode systematically by taking successive tapered-fiber spectra as the fiber was moved away
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Figure 9.9: Tapered fiber spectrum from a wired microdisk. Several features of this spec-

trum will be analyzed in the following plots.
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from the disk. This data is shown in Fig. 9.10. The highest measuredQ of this resonance

exceed18, 000. As discussed above, there are several factors that impact thisQ factor, the

most important of which being the material absorption due todoping and the scattering due

to the contacts. We show Fig. 9.10 in addition to the TFS data in Fig. 9.6 to emphasize

that our results are repeatable, and that all of our successful samples fabricated with this

technique give rise to structures with reasonably highQ factors.

While highQ is often a priority, depending on the application depth of coupling can

also be as significant a consideration. The resonance near 1597nm provides some of the

best depth of coupling to the tapered-fiber waveguide. We investigated this resonance to

determine it’sQ factor as well as its potential for switching operation. In Fig. 9.11 we

show the fit of a high-resolution tapered-fiber spectrum of this resonance to a Lorentzian

function. The extractedQ factor is∼ 15, 000. For any application that seeks to use a

resonator in essentially two states—on or off—critical considerations are the voltage and

power required to shift the resonance by a linewidth. A resonance with aQ factor of15, 000

is a good candidate for telecommunications applications due to the compromise between

required mode shift—which one would like to minimize—and usable bandwidth—which

one would like to maximize [103]. It is often advantageous tobe able to achieve operation

of a device under 5V, so we wanted to see if we could shift a resonance withQ = 15, 000

(FWHM∼ 0.1nm) with less than 5V. Of course, the resonance shift dependson the power

dissipated to joule heating, not on the voltage alone. Still, with the doping and conduc-

tivity chosen by the above considerations we wanted to know the potential for switching

operation. As is shown in Fig. 9.12, 5V is more than enough to shift this resonance a full

linewidth. The power dissipated to shift the resonance by the 0.7nm shown in Fig. 9.12 was

∼ 100µW. Depending on the on/off transmission ratio required for acertain application,

it may only be necessary to shift the mode by0.1 − 0.2nm which can be achieved with

∼ 20µW of power dissipated to joule heating. This is extremely energy efficient compared

to the carrier injection or extraction techniques utilizedin modulators [131–134] or com-

pared to thermal tuning structures with metallic heaters separated from the optical layer by
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18,141

16,960

16,217

14,796

1578.45nm

Figure 9.10: Lorentzian fit to a high-resolution scan of the resonance near 1578nm. The

contribution to loading of theQ from the fiber is assessed by taking successive measure-

ments while moving the fiber away from the disk. The resultingmeasuredQ exceeds

18,000 and is affected by contributions to loss from material absorption due to doping as

well as scattering from the nanowire contacts.
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Figure 9.11: A Lorentzian fit to the resonance near 1597nm. This is the resonance with the

best coupling to the tapered fiber. The measuredQ factor exceeds 15,000.
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Figure 9.12: Switching data from the same resonance as shownin Fig. 9.11. With the

application of 5V (100µW) the well-coupled resonance can be shifted by far more thana

full width at half maximum. While the thermal switching may not be fast, it can be highly

energy efficient.
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a cladding layer [141]. However, thermal tuning will alwaysbe slower than free-carrier

techniques. For ultrafast switching, free-carrier techniques will likely be worth the energy

cost. In that context one usually cites the energy required per bit. Although we would like

to measure this quantity in our structure, the infrastructure was not available at the time of

this work. Still, we can estimate this quantity. If we assume20µW is required to switch

from a 0 to a 1 state, and assume the switching time is1µs, as claimed by some to be

the limit of speed on thermal tuning [12], then 20pJ are required to shift from 0 to 1. As

argued in Ref. [134], to find the true power consumption of thedevice one must multiply

this number by1/4 to account for the equal probability that the next bit is as likely to be

a 0 as a 1. Thus, if we assume20µW is required to shift a linewidth and we assume a1µs

switching time the power required should be 5pJ/bit, far greater than the 85fJ/bit reported

with a reverse-biased verticalp−n junction operating at 10Gb/s in a Si microdisk reported

in Ref. [134]. If, on the other hand, we assume a switching time of 1ns, as some have

argued is possible in similar thermally-tuned structures (see Appendix D), the energy use

drops to 5fJ/bit, well below the reported record of 85fJ/bit, and below the 10fJ/bit goal of

the industry. We are eager to pursue this work further to find out exactly what the switching

speed limits are and how low we can drive the energy usage [10].

To close this section we demonstrate that the very same wiredmicrodisk which can

be used for low-energy, single-linewidth tuning can also beused for broad tuning with no

modification except the voltage applied. Figure 9.13 shows tapered-fiber data of broad

tuning observed in the same sample studied in Figs. 9.9-9.12. In Fig. 9.13 we show

tuning in steps of 5V from 0V to 30V. Broad tuning of up to 18nm is observed at an applied

voltage of 30V (3.2mW). In this sample such broad tuning was demonstrated with complete

reversibility and no degradation in theQ factors of the modes.
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Figure 9.13: Tapered-fiber spectra of broad tuning in the same sample studied in Figs. 9.9-

9.12. Here we show spectra taken at applied voltages from 0V-30V in 5V steps. The powers

are 0W, 120µW, 550µW, 120µW, 1.1mW, 1.7mW, 2.4mW, and 3.2mW respectively. This

disk is slightly less energy efficient than the sample studied in Fig. 9.6, most likely due to

a slightly broader pedestal.
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9.4 Damage to microdisk mode spectrum due to sidewall

contacts

We conclude this chapter with a discussion of the biggest weakness of this structure which

will serve as a segue into the our discussion on ways to improve the device and prospects

for future work.

In Fig. 6.5 we showed a tapered fiber spectrum from a silicon microdisk with10µm

diameter. This was an unperturbed unwired silicon microdisk, and in Fig. 6.6 we were

able to identify four TE mode families and two TM mode families. This is what one would

expect from a pristine silicon microdisk of this diameter. In Figs. 9.15-9.15 we present a

similar analysis of a tapered fiber spectrum from a wired Si microdisk of the same diameter.

By analyzing the spectrum in Fig. 9.15 with the same technique utilized to identify the

mode families in Fig. 6.6, we were only able to identify two TEand two TM mode families.

In particular, the TE1 and TE2 mode families were not clearly observable. Inspection of

Figs. 5.5-5.9 reveals that the TE1 modes have the strongest field intensity just outside the

perimeter of the disk. It is therefore logical that this modefamily will be most highly

impacted by the presence of a nanoscale contacts in the microdisk sidewall. The same

argument can be made for TE2 modes.

It is important to point out that the analysis of the data in Fig. 9.15 does not allow us

to clearly identify the TE1 or TE2 mode families based upon well-defined FSRs that are

in agreement with theoretical calculations. Still, this does not mean TE1 or TE2 modes

are not present in the wired microdisks, but rather indicates that the presence of the nano

wire contacts perturbs these modes in such a way that their wavelengths are shifted and do

not occur exactly as would be predicted in an unperturbed Si microdisk. In Fig. 9.15(e)

we have highlighted in blue six modes with small coupling as would be expected between

TE1 and TE2 modes and a tapered optical fiber, as discussed in Chapter 6. Although these

modes are not spaced by a well defined FSR, they are likely still due to modes with field

profiles highly resembling those of a TE1 or TE2 mode, as shown in Fig. 5.5 and 5.6.
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Figure 9.14: Color-coded mode family identification of the same tapered-fiber spectrum

as shown in Fig. 9.9. The TE1 and TE2 mode families are not identified with the same

techniques as described in Section 6.2.
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Figure 9.15: The same spectrum as shown in Figs. 9.9 and 9.14,but with individual modes

families highlighted. The techniques described in Section6.2 to identify mode families

lead us to identify the TE3 (a), TE4 (b), TM1 (c), and TM2 (d) mode families, but the TE1

and TE2 mode families elude our identification. In (e) we have highlighted in blue six

small peaks which are likely the scattered remnants of TE1 and TE2 modes which have

suffered due to the perturbation of the nanowire contacts. In red we have highlighted the

peak characterized in Fig. 9.10

.
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In addition to these six small peaks shown in blue in Fig. 9.15(e), we have also high-

lighted one peak in red. This feature shown in red is the resonance investigated in Fig. 9.10.

This is clearly a well-defined resonance, however it does notseem to fit into any mode fam-

ily. Based on the magnitude of this mode’s shift with temperature, we can identify it as a

TE mode. Based on the depth of coupling, this mode would appear to be a TE2 mode. Since

we cannot identify a well-defined FSR relating this mode to a family, we hypothesize that

the presence of the nanowire contacts perturbs some modes ina mode family more than

others depending on the spatial overlap of the different modes with the scattering contacts.

The different modes in a mode family will have differing overlap with the contacts due to

the variance in angular dependence of the field profile.

It is important to summarize the weaknesses of this device. The presence of the

nanowire contacts has deleterious effects on the first and second radial order TE modes.

This is a fairly significant problem because in general the lower radial order TE modes are

those most suitable for coupling to a waveguide. Although webelieve some TE2 modes are

relatively unaffected by the contacts the general structure of the mode family is damaged.

For some purposes such as on-chip information processing components, this renders the

device unsuitable. However, for applications such as sensing the most important consider-

ation is that you have a single high-Q resonance whose shifts can be monitored to signal

detection events. For this purpose the device is already highly-functional in its current

form. An additional weakness of this wired microdisk designis that the contacts degrade

theQ factors. For ultrahigh-Q applications this will be a limitation, but as discussed above

I believe theseQ factors can be improved by at least a factor of four with better fabrication

techniques and reduced doping, so unless one needsQ factors exceeding105 (in which case

Si microdisks are not suitable anyway), I don’t see this as aninsurmountable problem.

Having spelled out the major weaknesses with this device, let me reiterate what I see

as the greatest strength of this device. In this tunable microdisk design we are utilizing

thermal tuning which allows for extremely broad, stable tuning of microdisk resonances.

What is really new in our device is that we are heating the discs with current passed directly
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through the optical cavity. This allows for extremely-broad, highly-energy-efficient tuning.

Our device design is also extremely easy to fabricate. In theclosing chapter of this thesis

we will discuss a device design that is somewhat more difficult to fabricate, leverages the

strength of joule heating with current right through the optical cavity, and overcomes the

problem of damaging the TE1 and TE2 mode families.

9.5 Summary of wired microdisk work

In conclusion, we have presented a study of a tunable siliconmicrodisk structure. The

tuning range was demonstrated to be as much as 14nm for TE modes and 10nm for TM

modes. AQ factor exceeding 23,000 was observed for a mode that was tuned 14.07nm by

the application of 1.6mW of power. The structures are made from standard SOI wafers in

a single lithographic step. These tunable resonators have many potential applications in a

wide range of on-chip photonic devices and have the potential to enable new systems with

coupled electronic and photonic degrees of freedom. Further, the fact that these tunable

silicon resonators do not depend on the presence of a cladding layer for operation enables

them to be used in a range of sensing applications.
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Chapter 10

Future Directions

10.1 Tunable Interactions

In Chapter 9 we discussed our device design which enabled broad, energy-efficient tun-

ing of the resonant modes of Si microdisks. In this chapter wewill discuss new physical

systems and technologies enabled by the tunable microcavities. All of the ideas presented

in this chapter are things I would like to study more if I had infinite time and resources.

Hopefully I will be blessed in my next position to be able to continue work on related

systems.

Perhaps the most exciting aspect of the system we have developed is that it enables

tunable interactions between adjacent microcavities, microcavities and quantum emitters,

or microcavities and waveguides or photonic circuits. It isreally this aspect of tunable

interactions that we would like to explore in future research with the system. Tunable in-

teractions are important phenomenon in physics and have recently garnered much attention

in the field of cold atomic physics. Tuning the interactions between colliding atoms inside

the atomic gases by sweeping across a Feshbach resonance hasbeen a very powerful tool

for exploring Bose-Einstein condensation and the BEC-BCS crossover.

In Fig. 9.1 we showed a photonic molecule comprised of three silicon microdisks and

mentioned the challenge of actually getting coupling between the microdisks due to minute

resonance shifts which result from subtle fabrication imperfections. Our tunable microdisk
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10µm

2µm

Figure 10.1: Dimer photonic molecule with one wired microdisk capable of being tuned

into resonance with the adjacent disk. Here, one of the diskshas been made smaller than the

other so the pedestal is smaller and more flexible for possible optomechanical experiments.

structure offers a method to overcome these resonance mismatches post-fabrication. We

would like to explore a number of systems enabled by the controllable tuning of adjacent

resonators and therefore the controllable interaction between the resonators. In Fig. 10.1

we show an SEM image of one such system. The structure in Fig. 10.1 can be conceived of

as a simple diatomic photonic molecule, and the optical properties of this alone are worthy

of investigation [129]. However, in Fig. 10.1 we are proposing utilizing this system for an

even more sophisticated physical interaction, namely the optomechanical coupling of two

adjacent Si microdisks [146–149]. As is shown in the bottom panel of the figure, one of

the two microdisks has been made smaller than the other so that when the HF undercut is

performed the pedestal supporting the smaller disk has a narrow waist of∼ 100nm. Such
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a narrow glass pedestal will be flexible under small forces. The idea with this device is

that one can tune the modes of the larger disk into and out of resonance with modes of

the smaller disk, and on resonance an optical force will be present that will either attract or

repulse the two cavities. This system offers a unique setting to explore fundamental aspects

of optomechanical coupling [146] in a structure with tunable interactions.

Another way that we could utilize this dynamic cavity designto explore systems with

tunable interactions is to utilize the cavities as resonators to study cavity QED. As was

discussed in Chapter 2.2, there are many point defects in silicon that emit into narrow,

zero-phonon lines. The quantum optics and cavity QED of these emitters is a subject that

would be quite fascinating to study. One of the most important parameters in quantum

optics is the Purcell enhancement which quantifies the enhancement of the spontaneous

emission rate in a cavity versus the rate in free space. The Purcell enhancement is given by

FP =
3Q(λ/n)3

4π2νeff
, (10.1)

whereQ is the cavity quality factor,λ is the resonant wavelength,n is the index of refrac-

tion of the cavity, andνeff is the effective mode volume given by Eq. 8.4. To maximize the

Purcell enhancement, and therefore maximize the effect a cavity mode has on an emitting

species, one must maximize the ratio ofQ/νeff . As was discussed in Chapter 8, theQ factor

of a cavity decays exponentially with the diameter of the cavity while νeff decays linearly

with the diameter of the cavity. However, this exponential rise inQ as the size of the cavity

increases stops—in the case of silicon microdisks—in disksof diameter near2.5 − 3µm,

above which Rayleigh scattering is the factor limitingQ. Therefore, to maximize the Pur-

cell enhancement one should use a cavity with approximatelythis diameter to maximizeQ

and minimizeνeff . The challenge for coupling narrow-line emitters to such small cavities

is that the small cavities have a very large FSR of> 100nm. Therefore, it is difficult to

fabricate a cavity with a resonance at precisely the wavelength where the quantum emitter

will emit. One technique to overcome this limitation is to tune the resonance of the cavity

to the emission wavelength, as shown in Fig. 10.2. Several techniques have been developed

to achieve this, and we believe our tunable microdisk designis amongst the most suitable.
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Emitter spectrum

Figure 10.2: In cavity-QED it is critical that the emission wavelength be on resonance

with a cavity mode. In small cavities (with desirable small mode volumes) the large FSR

and sensitivity to fabrication imperfections makes it quite difficult to achieve coupling of

narrow-line emitters to high-Q modes. Our device may offer a solution to this problem by

enabling the cavity mode to be tuned to the emission wavelength.
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Figure 10.3: An alternative thermal tuning design. A metal ring is deposited at the center

of the Si microdisk. Contacts made to this ring are isolated from the Si disk by a cladding

layer. This structure requires several additional mask alignment steps (best performed with

deep-UV lithography) and does not allow the disk to be used asa sensor, but the heating

element is kept away from the whispering-gallery mode volume. Several features of this

design were independently proposed in Ref. [10].

10.2 New tunable cavity designs

As was discussed in Section 9.4, the presence of the nanoscale contacts in the sidewall of

the Si microdisks causes some damage to the optical modes. While this damage may be

tolerable for many applications, it is worth discussing twopotential device designs which

could overcome this negative aspect of the design.

The first alternative thermal microdisk tuning design was actually conceived before the

wired microdisk design presented in Chapter 9, but the fabrication is difficult enough that

we sought a simpler design. Figure 10.3 shows a schematic of the device under consid-

eration. In this device fabrication begins with patterningthe microdisk. In the next step

a cladding layer is deposited, presumably with PECVD. Another mask is aligned to the

microdisk pattern, and RIE is performed to etch a thin ring through the cladding layer at

the center of the microdisks. metal is then deposited in the etched trench. Another mask is

that aligned to the pattern to deposit contacts on opposing sides of the metallic ring so that

thermal tuning can be achieved with joule heating in the metal ring. This pattern would ne-

cessitate aligning at least three masks with micron-scale (or smaller) features. This is quite
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difficult to achieve with electron beam lithography, and would best be performed with deep

UV photolithography. However, this technology was not available to us at the CNS clean

room. One advantage of this design is that the reduced resistance of the metallic heater

would allow operation at much smaller voltages. It is likely, however, that more power

would be required to achieve the same heating because it would be necessary to first heat

the metal ring and then the microdisk through thermal conduction. Because metals are such

excellent thermal conductors, much of the heat generated inthe metal ring would efficiently

be removed through the metal contacts. This would limit the efficiency of the device. Also,

the device design requires a cladding layer, and this eliminates the possibility of using the

device as a sensor. The greatest strength of this device is that the heating mechanism is

located completely out of the way of the optical mode. First-radial-order TE modes would

not be affected by this device.

Another potential thermally-tuned microcavity design is shown in Fig. 10.4. This de-

vice design is something of a hybrid between the device that we have studied in Chapter 9

and the device mentioned above where contact is made to the center of the disk. In this de-

vice we would construct a ring resonator and make contact to the center of it, still utilizing

current passed directly through the optical medium to heat the disk. The fabrication of this

device begins with the patterning of the micro-ring. A cladding layer is then deposited. An-

other mask is aligned to etch the holes and deposit the metal vias. A third mask is aligned

for the deposition of the contacts. As in the above example, this fabrication is much more

involved than our one mask process presented in Chapter 9. Fabrication of such a device

is achievable in a standard CMOS foundry or any facility withdeep UV lithography with

∼ 150nm feature capability and the ability to fabricate devices with sometimes 20 or more

mask alignments. However, such involved fabrication was beyond our capability during

this study. This device has several attributes which I believe make it the strongest can-

didate for future broad-tuning on-chip optical resonators. First, the ring resonator design

eliminates all higher-order radial modes. This is advantageous for devices that seek single-

mode operation with minimum noise and crosstalk. Also the presence of the contacts on
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Figure 10.4: Another alternative thermal tuning design. Here, metallic vias are placed at

the center of a microring. Current is passed through the ring. This design will be especially

energy efficient due to the small thermal mass and the fact that the current is passing only

directly through the optical mode volume. This structure will also require several mask

alignments and is best fabricated with deep-UV photolithography. This device will likely

be covered in a cladding layer, and so will also not be able to be used as a sensor. This

design has been largely championed by Dr. Michael Watts [11,12].

the inner wall of the micro-ring minimizes perturbation andscattering due to the contacts.

By tapering the ring around its perimeter so that the ring is broader where the contacts en-

ter and narrower away from the contacts one can select only first-radial-order modes which

will occupy only the narrower portion of the ring and not be affected by the tapering near

the contacts. A similar device design has been utilized by Watts et al. [11, 12] as the plat-

form for a verticalp− n junction microring modulator. This thermal tuning design will be

quite efficient due to the very small volume of silicon that must be heated and the fact that

all current will be passed directly through the optical modevolume rather than through the

center of the microdisk as is the case in the device presentedin Chapter 9. One drawback

of this design is that the cladding layer, as above, eliminates the potential for the use of this

device as a sensor.

It seems quite likely that thermal tuning of Si resonators will be of critical importance

in many future optical information processing architectures. Although thermal tuning is

not a fast switching mechanism, even devices that seek to usecarrier injection or extraction

as a means of rapidly modulating resonances must be tuned to the operating wavelength
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of the photonic circuit [12]. For this purpose thermal tuning is the most energy-efficient

and suitable candidate. Even without rapid modulation there are a number of exciting

photonic circuit architectures that can be achieved with the capability of tuning resonators

with microsecond switching times characteristic of thermal tuning. Several of these devices

are presented in the next section.

10.3 Ultimate goals

There are several enormous goals of Si photonics. The first relates to large scale integration

of optical components into CMOS devices [150, 151]. This is largely motivated by the need

to overcome the bandwidth bottleneck of copper interconnects in high data rate and long

distance data transmission. Progress is being made here by anumber of groups, and most

notably Intel who demonstrated the first 50Gb/s optical interconnect. They use a hybrid

laser approach to generate the light. Another major push on this front is to use optical

networks to connect multi-core processors to DRAM modules [152]. This is an active

pursuit and will probably see success in the next five years. Thermally-tuned resonators

will almost certainly be critical components in these architectures.

In addition to looking at dynamic photonic circuits as a means to enhance existing

CMOS devices, there are many other fundamental optical experiments and novel devices

which can be conceived. Slow light structures are being actively investigated [153, 154],

and nonlinear propagation in resonator-modified waveguides has received a recent attention

[130, 155, 156]. Many interesting and diverse devices such as delay lines [157] and rotation

sensors [158] are possible with a similar photonic platform.

In the long term, perhaps the most exciting application of Siphotonics and tunable

resonators will be for optical computing. Tunable cavitieswill likely play a central role

in chip-based optical computing, and mechanical degrees offreedom will likely enable

even more sophisticated architectures for optical systemsthat process data and learn from

stimulus [147]. To me, the most exciting prospect for Si photonics and for photonics in
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general is the potential to create optical neural networks.An honorable ultimate goal of

this line of research is to create structures which can learnfrom input stimulus to generate

different output stimulus, make decisions, and perhaps even think. A sensible first step

along this line of investigation is to design an optical neural network based on a building

block with the “integrate-and-fire” functionality of an actual neuron. A chip-based version

of such a building block based on Si waveguides and resonators should let no light down

a waveguide until the intensity of incident light crosses a certain threshold, at which time

an optical signal should be transmitted down the length of the waveguide. Following this

integrate-and-fire element, the waveguide can route the signal to various locations with

different weights. The determination of these weights as a function of time is integral to

the ability of the circuit to learn. An example of one simple optical neuron design with

integrate-and-fire functionality and variable output to two different channels is shown in

Fig.10.5. In this device the first resonator performs the integrate-and-fire function while

the second controls the subsequent routing. The second resonator controls the weight func-

tion between this element of the circuit and the two “downstream” elements to which this

element is connected. All light through the circuit is at a given wavelength, and the first

resonator is initially tuned to this wavelength. Optical input from any number of sources

(similar circuit elements “upstream”) are stored in the first resonator. Once the intensity

of light in the first resonator becomes sufficiently large, the nonlinear effect of two-photon

absorption will heat the disk and cause its resonant frequency to shift reative to the incident

light. While the first resonator is in this hot state, all incident light will pass the first res-

onator and arrive at the second resonator. The second resonator is tuned to split this signal

down two paths with anywhere from 0-100% traversing either path.

While this crude optical model of a neuron may be naive, it illustrates the potential for

an optical neural network comprised of integrate-and-fire components with variable cou-

pling weights. Such a system could prove to be a powerful physical system to experiment

with learning algorithms and to incorporate the speed and bandwidth of light into an neural

network architecture.
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(a) (b)

(c) (d)

Figure 10.5: An optical device with integrate-and-fire behavior and variable output routing.

The design utilizes two tunable resonators. (a) The device with no optical input. The first

resonator is tuned to a given wavelength. For this design, all light in the circuit is at this

wavelength. The tuning of the second resonator will be discussed shortly. (b) The optical

input (possibly arriving from many independent channels) begins to build up in the first

resonator. (c) The integrated optical field has built up to the point where it has heated the

first resonator and detuned its resonant frequency. The incident optical signal now passes

the first resonator. (d) The optical signal which passed the first resonator arrives at the

second resonator and is split into two paths. The second resonator is tuned to determine the

fraction of the light that travels down each path.
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Appendix A

Erbium doping, porous silicon, silicon

nanocrystals, and Raman generation

A number of techniques have been utilized in recent years to try to overcome the problem

of poor silicon emission due to the indirect band gap [32, 33].

A.1 Er doping

Erbium (Er) doping of Si has been intensively studied for over twenty years, and early

demonstrations of electroluminescence were very hopeful [159]. Er has an intra-4f shell

transition with emission at 1.54µm. This wavelength happens to fall at a minimum of silica

absorption, a feature that has led to its wide use for telecommunications applications in

silica optical fiber amplifiers. The nature of the optical transition of interest is defined by

the electronic structure of Er3+, and is perturbed little by the presence of the Si lattice.

This differs from the nature of point defects (such as theG center to be discussed shortly)

in that it is not meaningful to speak of the electronic structure of a point defect in the

absence of the lattice; a point defect only exists within theatomic and electronic framework

of the surrounding lattice. Still, Er-doped Si does not quite fall into the category of a

system wherein Si is simply an inert host medium for the optical species. In Er-doped

Si, Er (which, due to its rare-earth nature, ionizes toEr3+) maintains key properties of its
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electronic structure, but is also intimately connected to the electronic band structure of the

surrounding Si.

Despite the many appeals of Er doping of Si, Er luminescence is quenched with temper-

ature. An Auger process with either an electron or a hole are responsible for the quenching

between 15K and 120K. Above 120K an energy back transfer process makes luminescence

improbable. The fact that both mechanisms are so fundamental to the physical processes

inherent in the system makes them very hard to control or improve upon. Another obstacle

is the quenching of emission due to the tendency of Er atoms tocluster together. This limits

the concentration of Er incorporation in Si [160].

One method that has proven useful for extracting light from Er in a Si-based platform

is to couple the Er ions to Si nanocrystals or nanoclusters [161–163]. Optical gain[162]

and electroluminescence[163] have recently been demonstrated in such devices. The cross

section for excitation of Er ions by direct photon absorption is very small (10−15cm2),

but the absorption cross section of Si nanocrystals is much larger [164], and it has been

shown inSiO2 films containing Si nanocrystals andEr3+ that the excitation of the Er is

greatly enhanced by the presence of the nanocrystals[161].It is believed the nanocrystals

absorb the energy from the incident pump source and transferit to the Er ions. In addition,

deexcitation processes which occur in bulk Si are not a problem here, as the Er3+ ions are

not embedded in a Si lattice. This, however, is not a completesolution to the problem

because the presence of Si nanocrystals in the medium leads to increased absorption [165]

and to date has not allowed for a Si-nanocrystal/Er-doped Sisystem with laser action.

One more scenario in recent work wherein Er has played the role of the emitter is in

the demonstration of an Er-doped microdisk laser on a Si chip[166]. In this work high-Q

silica microdisk cavities were fabricated on a Si chip and were doped with Er3+. Threshold

behavior was clearly demonstrated. While this work is not inthe field of active Si photon-

ics per se, it still represents a potential path forward for integrated optoelectronic circuit

components.
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A.2 Porous silicon

Anodization of Si in a hydrogen fluoride solution results in porous silicon (PS) which was

found to give visible light emission at room temperature[167]. PS is a material wherein

bulk Si has been etched into a mesh of nanoscale components. Asponge-like material re-

sults from the anodization ofp-type Si, and a columnar structure with doping-dependent

feature sizes results from the anodization ofn-type Si. The emission from PS can be tuned

by varying the etch recipe and is most commonly in the visible. Emission from PS is

generally quite broad with a full width at half maximum of approximately 130nm. The

above-gap emission from PS suggests confinement of the electron and hole wave func-

tions in the material is sufficient to increase the band gap. Further, the spatial confinement

leads to broadening of electron amplitudes in momentum space, effectively allowing for

phononless radiative transitions from the conduction to the valence band. This quantum

confinement of electron and hole wavefunctions as well as of phonons is the mechanism

which leads to increased radiative efficiency in Si nanocrystals and nanowires which will

be discussed shortly. The narrow zero-phonon lines of pointdefects result essentially from

transitions represented by a single matrix element of a pairof well defined states, but the

broad luminescence from quantum-confined Si results from non-vanishing transition am-

plitudes between states distributed in the Brillouin zone.

Interpretation of PL spectra of PS has long been a subject of some contention. By anal-

ogy to other porous materials known to luminesce at above-bandgap wavelengths, it seems

possible that the luminescence from PS could be due to an introduction of optically-active

surface states. Attempts to model the luminescence as resulting from an array of nanowires

of varying diameters has met with much success, but skepticsargue that any theory with as

many parameters could fit such a curve. A recent letter[168] has proposed a parameter-free

model in which consideration of the electron-hole interaction leads to prediction of exitonic

gaps and optical absorption functions which are in good agreement with experimental data.

This many-body treatment accurately predicts the optical properties of Si nanowires and
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porous Si and therefore may finally settle the nature of the luminescence from PS.

Although the discovery of efficient luminescence from PS wasexciting, luminescence

from PS is not without pitfalls. In particular distributinga limited amount of luminescence

from PS over a broad band is not as desirable as narrow-band luminescence such as that

resulting from transitions at point defects. Perhaps even more disconcerting is the manner

in which the ability of a particular sample of PS to luminescehas a tendency to change in

time.

Although improvements to PS technology have been made whichdeal with some of the

main drawbacks, PS as a platform for Si light emitting technologies has yet to be proven

to be particularly valuable. Due to the harsh nature of the anodization process PS is in

general a material with high electronic and optical losses.Thus, as we found in the case of

creation of point defects via irradiation damage, we find again that what we do to induce

light emission in Si often damages the integrity of the material to the point where high

performance operation of devices such as lasers has remained an elusive goal.

A.3 Quantum confined structures

Quantum confined structures such as superlattices [169], nanowires [168, 170], and nanocrys-

tals [171–175] are structures with carrier confinement in one, two, and three spacial di-

mensions respectively wherein spacial confinement is the dominant mechanism for lumi-

nescence. Of these three geometries, nanocrystals have metwith the most success as a

Si-based light-emission platform. Si nanocrystals (Si-ncs) are commonly produced by ther-

mal precipitation of Si atoms implanted in anSiO2 matrix [173, 176], although chemical

vapor deposition methods are also utilized [177]. A comprehensive account of the optical

properties of Si-ncs is given in ref. [172]

Having evolved from the concepts explored in the context of PS, Si-ncs have proven

to be a source of light emission [173, 178] across most of the visible spectrum [179],

and the wavelength of emission can be tuned by controlling the size of the formed Si-ncs
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[171]. In Si-based quantum confined structures confinement of carriers below the Si free-

exciton Bohr radius of 5nm is required to achieve carrier confinement effects. Enhanced

luminescence from Si-ncs smaller than 5nm is due to an increased overlap of electron and

hole wave functions and a reduction in the rate of non-radiative events. Also, confinement

of phonons [180] in configuration space leads to uncertaintyin momentum space. This

phononk uncertainty leads to relaxation of the phononk-selection rules [181] which govern

radiative transition from the six symmetric∆ conduction band valleys to theΓ point of

the valence band. This selection rule breaking also contributes to enhanced efficiency of

luminescence in nanocrystals.

Exciting progress has been made in understanding the physics of Si-nc light emission

and in the development of technologies based on Si-ncs. But more creative thinking is

need for an electrically-pumped Si-nc-based laser to be realized. It may be discovered that

hybrid approaches with III-V or II-VI nanocrystals in Si cavities hold more promise for

devices [182].

{311} defects

Extended defects produce strain fields which can trap excitons and therefore lead to higher-

temperature luminescence. Extended defects with interesting optical properties are known,

but few devices leverage these defects because, in general,Si with extended defects is a

very high-loss material. Still, it is worth discussing briefly a particular extended defect

known as the{311} defect. {311} defects have been studied in much detail [22, 183–

186]. They are rod-shaped accumulations ofSiis in {311} planes of the Si lattice. These

defects are optically active with narrow sub-bandgap emission at 903meV at cryogenic

temperatures. While emission from{311} defects is narrow at low temperatures, it is still

broader than the ZPLs of point defects. What makes{311} defects worth mentioning

is that their luminescence persists to higher temperatures; in particular, the luminescence

from {311} defects was shown to decrease by only a factor of 30 from 4.2 to240K. The

persistence of the luminescence to higher temperature is due to exciton confinement in the
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strain field induced by the presence of the cluster of interstitials [22].

Most experimental studies of the optical properties of{311} defects have produced

them by high doses of ions (1012− 1015 Si+cm−2) at MeV energies followed by annealing

in the temperature range 680°C to 800°C. Such a treatment is very damaging to the lattice,

and it is unlikely that a high performance device could be achieved with this fabrication.

However, if a more controlled introduction of{311} defects could be conceived,{311}

defects may be a valuable source of luminescence from Si.

A.4 Raman conversion and other non-linear methods

Non-linear optical properties of pristine bulk Si allowed for the creation by Jalali and

coworkers of a Raman conversion laser [187], the first demonstration of coherent light

generation in Si. This was followed by work done at Intel which led to a continuous-wave

laser [188]. These achievements generated great excitement in the field, and progress with

Raman Si lasers continues. Recently a low-threshold continuous-wave Raman Si laser was

demonstrated [189]. However, this remains something of an incomplete solution to the

problem of light generation in silicon because such a Raman laser still requires an optical

pump.
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Appendix B

Numerical aspects of the plasmonic

crystal calculation

All common methods for calculating band structures become more cumbersome when dis-

persion is introduced. The non-linearity in the eigenproblem resulting from the introduction

of the eigenvalue,ω, into the derivation necessitates diagonalization of a3N × 3N matrix

within the formalism utilized in this study. This decreasesthe computational efficiency of

the plane wave method for calculating band structures of dispersive systems.

For all cases ofE-polarization considered in this study, satisfactory convergence was

achieved. Up to 1681 plane waves were used, and the difference in the real parts of the

eigenvalues calculated using 441 and 1681 plane waves was approximately 0.005% for the

lowest bands and 0.05% for bands nearωp. Convergence of the imaginary parts was equally

satisfactory.

Although the tripling of the matrix slows the calculations,several aspects of the problem

can speed the calculation. The calculation time is linear ink; because the diagonalization

for a givenk is independent of diagonalization for all otherk′, the calculation is easily

parallelizable. Also, for the case of circular cylinders with infinite extent in one spatial

dimension arranged in a square lattice, theN × N sub-matrices comprising the larger

3N × 3N matrix are highly symmetric. This can be seen from an analysis of the reciprocal

lattice vectors which serve as indices to the matrix elementsG = mb1 + nb2 wherebi is
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a primitive vector of the reciprocal lattice. Ifm andn each takeÑ different values, then

N = Ñ2. TheN × N sub-matrices (Eqns. 3.8-3.12) are indexed byG andG′. For the

square lattice, the reciprocal lattice is simply a Cartesian mesh. TheN × N sub-matrices

are each themselves comprised ofÑ × Ñ sub-matrices, each of which is a Toeplitz matrix.

These sub-sub-matrices are themselves arranged in a Toeplitz matrix to fill the sub-matrix.

Thus, calculation of each sub-matrix only requires calculation of the first row of the matrix

and utilization of the Toeplitz symmetry. Since the matrix elements require calculation of

Bessel functions, it is a great advantage to calculate onlyN matrix elements rather thanN2.

Incorporating this symmetry into the calculation speeds itup significantly so that virtually

all of the time required to carry out the calculation is during diagonalization. Calculating

the matrix elements and filling the matrices is nearly instantaneous.

In Figs. B.1, B.2 and B.3 we plot several eigenvalue spectra at theX point of the

Brillouin zone in the complex plane. Figure B.1 shows all3N eigenvalues of Eq. 3.9 for

the case of a metallic core of filling factor 0.1 covered by a dielectric shell of filling factor

0.1 andǫi = 12. The firstN of these states have negative real part and negative imaginary

part approaching zero as the real part becomes more negative. The secondN have very

small real part and negative imaginary part. The thirdN have the same imaginary parts as

the firstN but positive real parts. It is the thirdN which have been plotted as the physical

spectrum throughout this paper. The spectrum appears to have symmetry with respect to

change of sign of the real part of the eigenvalues. In fact, inthe absence of a dielectric

shell or core the secondN eigenvalues are noise at the level of10−15 and if treated as zero

the spectrum does have symmetry with respect to change of sign of the real part. When

a dielectric component is accounted for in the eigenproblemthe secondN eigenvalues

develop a band structure at the10−9 level, and this very low frequency band structure is

convergent with increasing basis size.

Figure B.2 shows a spectrum for the same configuration as Fig.B.1, but with a dielectric

core ofǫ1 = 12− 0.1i. Here we see a breaking of symmetry between positive and negative

values of real part—in fact the first and thirdN eigenvalues of the spectrum develop an

162



-15 -10 -5 0 5 10 15
-0.015

-0.01

-0.005

0

0.005

0.01

0.015

Re(wa/2pc)
Im

(w
a/
2
p
c)

Figure B.1: The eigenvalue spectrum forE-polarization plotted in the complex plane for

a metallic core surrounded by a dielectric shell withǫi = 12. The filling factor of each

component is 0.1. The firstN eigenvalues are plotted in red and haveRe(ω) < 0. The

secondN are in black and haveRe(ω) ≈ 0. The thirdN are in blue withRe(ω) > 0.
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Figure B.2: The eigenvalue spectrum forE-polarization plotted in the complex plane for a

metallic core surrounded by a dielectric shell withǫi = 12− .1i. The filling factor of each

component is 0.1. The firstN eigenvalues are plotted in red and haveRe(ω) < 0. The

secondN are in black and haveRe(ω) ≈ 0. The thirdN are in blue withRe(ω) > 0.
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Figure B.3: The eigenvalue spectrum forE-polarization plotted in the complex plane for

a metallic core surrounded by a dielectric shell withǫi = 12 + 0.1i. The filling factor of

each component is 0.1. The firstN eigenvalues are plotted in red and haveRe(ω) < 0. The

secondN are in black and haveRe(ω) ≈ 0. The thirdN are in blue withRe(ω) > 0.

antisymmetry. The thirdN states develop significant positive values of imaginary part of

eigenfrequency while the thirdN acquire significant negative imaginary parts. Figure B.3

displays the spectrum for the same case as the previous two figures but withǫi = 12+0.1i.

The spectrum is antisymmetric, as in Fig. B.2, but with the firstN now having positive

imaginary parts. In all three figures the tendency for large values ofRe(ω) to be associated

with small values ofIm(ω) is demonstrated. This results from the decreased damping of

the metal with increasingRe(ω). The imaginary part of the permittivity of the metallic

component is given by

Im[ǫ(ω)] =
γω2

p

ω3 + γ2ω
, (B.1)

and so metallic damping decays asω−3.
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Appendix C

Numerical methods for calculation of

microdisk modes and quality factors.

In addition to the analytical model of optical modes in Si microdisks presented in Chapter 5,

we utilized two numerical techniques to gain further insight into the resonant frequencies,

mode volumes, andQ factors of our microdisks. The first method makes use of the finite-

element software Comsol in a manner presented by Dr. Mark Oxborrow. This technique is

very useful for obtaining resonant frequencies and mode volumes. The second technique

was developed by Dr. Rashid Zia as an extension of the work by Lusse et al. [109]. This

finite difference approach results in an eigenvalue equation with the complex azimuthal

mode order as the eigenvalue. TheQ factor can be obtained from this eigenvalue. Both

numerical methods are fully vectorial, and the two methods agree in calculated values of

resonant frequencies.

C.1 Resonant frequencies and mode volumes obtained with

Comsol weak form approach

In Ref. [145], Dr. Oxborrow details the derivation of weak form expressions from

Maxwell’s equations for the case of axisymmetric resonators. In Ref. [190] he shows in de-
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tail how to configure Comsol to make use of the weak form expressions. Such generosity

with a code is rare in research these days. Due to Dr. Oxborrow’s thorough and com-

plete description of his calculations and utilization of Comsol, there is little to be added

to his explanations. His explanation of the calculation of mode volume is sufficient. It

may be helpful to point out that his presented method for calculation of radiation loss and

therefore radiation-limitedQ is somewhat cumbersome in that it requires one to input the

expected resonant frequency in a boundary term. A value for the calculatedQ and resonant

frequency is then returned. This new resonant frequency is the re-inserted into the mode

solver, and some iteration is required. The inconvenience and difficulty of convergence of

this approach led us to seek a different means of calculatingtheQ factors of the resonators.

Fortunately, Dr. Zia had written a code some years before to calculate the eigenmodes of

ring resonators, and after some consideration we realized it could be used to obtain theQ

factors as well. That method is briefly described below.

C.2 Finite-difference frequency-domain approach to cal-

culation of microdisk Q factors

In Ref. [109], Lusse and coworkers explain in great detail their finite difference method

for calculating the modes of waveguides with continuous translational symmetry. Like

the azimuthal problem, the geometry is essentially two-dimensional. For the waveguide

problem, one seeks the propagation constant,β. The derivation proceeds by simplifying

the Helmholtz equations by applying boundary conditions between adjacent mesh nodes.

The PDEs are then approximated as coupled difference equations which are formulated as

an eigenvalue problem withβ as the eigenvalue. For the cylindrical case, the approach is

similar. Helmholtz equations for the various field components are written in cylindrical

coordinates. Boundary conditions between adjacent mesh nodes simplify the equations,

and the equations are approximated as difference equations. eimφ angular dependence is

assumed, andm becomes the eigenvalue to be solved for by matrix inversion.With this
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approach,λ is given as an input parameter, and a complexm results from diagonalization

of the eigenvalue problem. But for a givenλ, Re(m) will not, in general, be an integer.

Practical implementation of the code requires setting a target integer Re(m) to which we

would like to converge. The matrix is diagonalized for values of λ until the targetm is

achieved. Theλ which corresponds to the integer Re(m) is then considered the resonant

wavelength of the disk for that value ofm. Resonant wavelengths calculated in this way

are in excellent agreement with those calculated using weakforms in Comsol as described

in Section C.1. It should be noted that resonances of variousradial orders, vertical orders,

and both polarizations can be calculated with this method, and one must determine which

mode has been calculated by inspecting the field profiles. To converge to the desired radial

order and polarization, one must make a good guess for the initial wavelength to begin the

search. The Comsol code can be helpful for this.

From the complex azimuthal mode order one obtains theQ factor from

Q =
Re(m)

2Im(m)
. (C.1)

Equation C.1 is analogous to the expression

Q =
Re(ω)

2Im(ω)
(C.2)

except that Eq. C.1 relates to the fact that radiation occursspatially as the mode circulates

around the disk while Eq. C.2 relates to the fact that radiation occurs in time. Equation C.1

is derived as follows. The electric field has the form

E(r, t) = E(ρ, z)eimφe−ω0(i+
1

2Q
)t (C.3)

= E(ρ, z)eim̃φe−iω0t,

wherem̃ = mr + imi is the complex azimuthal mode order. From Eq. C.3 we can relate

imφ − iω0t−
ω0t

2Q
= imrφ−miφ− iω0t, (C.4)

which gives

miφ =
ω0t

2Q
. (C.5)
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The angular spatio-temporal dependence is governed byei(mrφ−ω0t) so that if att = 0 a

wave front is atφ = 0, then the wave front will make a round trip toφ = 2π in time

τ = 2πmr

ω0

. Equation C.5 becomes2πmi =
2πmrω0

2Qω0

, which reduces to Eq. C.1.
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Appendix D

Simple model for thermal switching time

in wired microdisks

We consider a simple model for the temperature as a function of time in a Si microdisk

[191] under the influence of joule heating. The rate of changeof temperature with respect

to time is given by
dT

dt
= (

P

cSim
− γ)T, (D.1)

whereP is the power dissipated in the disk to joule heating,cSi is the specific heat capacity

of Si, m is the mass of the disk, andγ is rate of power dissipation out of the disk. The

dominant cooling mechanism will be thermal conduction through the SiO2 pedestal. For

this study we consider only this cooling mechanism, andγ is given by [191]

γ =
k

cSim
, (D.2)

wherek is the coefficient of thermal conduction through the SiO2 pedestal;

k =
κSiO2

πr2SiO2

h
, (D.3)

whereκSiO2
is the thermal conductivity of SiO2, andrSiO2

andh are the radius and height

of the pedestal, respectively. Solving Eq. D.1 we get

T (t) = T0e
t/τ (D.4)
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with

τ = (
P

cSim
− γ)−1. (D.5)

We are interested in the time it takes to heat and cool the disk. This time is given by

tf = τ ln(
Tf
T0

) (D.6)

where, for cooling,τ = −γ−1.

We can plug numbers into Eq. D.6 to obtain estimates for the heating and cooling

times. We assume a disk of5µm radius and 250nm thickness, and a pedestal of 2µm radius

and 3µm height. We use2.33 × 103kg/m3 as the density of Si,7.12 × 102J/kg·K as the

specific heat capacity of Si, and 1.38 as the thermal conductivity of SiO2. For high-speed

application, we assume we only need to shift the resonance bya linewidth, and this can be

done with a 1K temperature change for a mode with aQ of 15,000. With 1mW heating

power, this model predicts 0.1ns required to heat the device1K and 15ns required to cool

it back down 1K.

Since the cooling is slower than heating, we can reduce the cooling time by increas-

ing the are of the pedestal through which heat can flow while simultaneously reducing the

thickness of the pedestal. If we use 5µm as the radius of the pedestal (corresponding to

a non-undercut disk) and use 1µm as the thickness of the oxide layer, the model predicts

0.12ns required to heat the disk 1K and 1ns required to cool itback down. These nanosec-

ond switching times violate most people’s intuition for thespeed of thermal switching,

and so experimental validation is necessary to confirm or refute this simple model. Un-

fortunately, experiments measuring the switching time of our wired microdisks were not

available to us at the time of this work.
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[77] J. Nöckel, “Resonances in nonintegrable open systems,” Ph.D. dissertation, Yale

University, 1997.

[78] H. Benisty, J.-M. Gerard, R. Houdre, J. Rarity, and E. C.Weisbuch,Confined Photon

Systems, ser. Lecture Notes in Physics. New York, New York: Springer, 1999.

[79] R. Boyd,Nonlinear Optics. Burlington, Massachusetts: Academic Press, 2008.

[80] J. Knight, G. Cheung, F. Jacques, and T. Birks, “Phase-matched excitation of

whispering-gallery-mode resonances by a fiber taper,”Opt. Lett., vol. 22, pp. 1129–

1131, 1997.

[81] M. Cai, O. Painter, and K. J. Vahala, “Observation of critical coupling in a fiber taper

to a silica-microsphere whispering-gallery mode system,”Phys. Rev. Lett., vol. 85,

pp. 74–77, 2000.

[82] S. M. Spillane, T. J. Kippenberg, O. Painter, and K. J. Vahala, “Ideality in a fiber-

taper-coupled microresonator system for application to cavity quantum electrody-

namics,”Phys. Rev. Lett., vol. 91, p. 043902, 2003.

[83] N. Kapany, “High-resolution fibre optics using sub-micron multiple fibres,”Nature,

vol. 184, pp. 881–883, 1959.

[84] J. Love, W. Henry, W. Stewart, R. Black, S. Lacroix, and F. Gonthier, “Tapered

single-mode fibres and devices Part 1: Adiabaticity criteria,” IEE Proceedings-J,

vol. 138, pp. 343–354, 1991.

179



[85] R. Black, S. Lacroix, F. Gonthier, and J. Love, “Taperedsingle-mode fibres and

devices Part 2: Experimental and theoretical quantification,” IEE Proceedings-J,

vol. 138, pp. 355–364, 1991.

[86] T. Birks and Y. Li, “The shape of fiber tapers,”J. Lightwave Technol., vol. 10, pp.

432–438, 1992.

[87] L. Tong, R. Gattass, J. Ashcom, S. He, J. Lou, M. Shen, I. Maxwell, and E. Mazur,

“Subwavelength-diameter silica wires for low-loss optical wave guiding,”Nature,

vol. 426, pp. 816–819, 2003.

[88] M. Sumetsky, Y. Dulashko, and A. Hale, “Fabrication andstudy of bent coiled

free silica nanowires: self-coupling microloop optical interferometer,”Opt. Express,

vol. 12, pp. 3521–3531, 2004.

[89] M. Sumetsky, “How thin can a microfiber be and still guidelight?” Opt. Lett.,

vol. 31, pp. 870–872, 2006.

[90] ——, “Optics of tunneling from adiabatic nanotapers,”Opt. Lett., vol. 31, pp. 3420–

3422, 2006.

[91] V. Balykin, K. Hakuta, F. Kien, J. Liang, and M. Morinaga, “Atom trapping and

guiding with a subwavelength-diameter optical fiber,”Phys. Rev. A, vol. 70, p.

011401(R), 2004.

[92] F. Kien, V. Balykin, and K. Hakuta, “Light-induced force and torque on an atom

outside a nanofiber,”Phys. Rev. A, vol. 74, p. 033412, 2006.

[93] F. L. Kien, V. Balykin, and K. Hakuta, “Angular momentumof light in an optical

nanofiber,”Phys. Rev. A, vol. 73, p. 053823, 2006.

[94] K. Nayak, P. Melentiev, M. Morinaga, F. Kien, V. Balykin, and K. Hakuta, “Optical

nanofiber as an efficient tool for manipulating and probing atomic fluorescence,”

Opt. Express, vol. 15, pp. 5431–5438, 2007.

180



[95] M. Borselli, T. Johnson, and O. Painter, “Beyond the rayleigh scattering limit in

high-q silicon microdisks: theory and experiment,”Opt. Express, vol. 13, pp. 1515–

1530, 2005.

[96] K. Srinivasan, M. Borselli, O. Painter, A. Stintz, and S. Krishna, “Cavity Q, mode

volume, and lasing threshold in small diameter AlGaAs microdisks with embedded

quantum dots,”Opt. Express, vol. 14, pp. 1094–1105, 2006.

[97] M. Borselli, “High–Q microresonators as lasing elements for silicon photonics,”

Ph.D. dissertation, California Institute of Technology, 2006.

[98] K. Srinivasan, “Semiconductor optical microcavitiesfor chip-based cavity QED,”

Ph.D. dissertation, California Institute of Technology, 2006.

[99] T. J. Kippenberg, S. M. Spillane, and K. J. Vahala, “Modal coupling in traveling-

wave resonators,”Opt. Lett, vol. 27, pp. 1669–1671, 2002.

[100] L. Deych and J. Rubin, “Rayleigh scattering of whispering gallery modes of micro-

spheres due to a single dipole scatterer,”Phys. Rev. A, vol. 80, p. 061805(R), 2009.

[101] A. Hoole, M. Welland, and A. Broers, “Negative PMMA as ahigh-resolution resist-

the limits and possibilities,”Semicond. Sci. Technol., vol. 12, pp. 1166–1170, 1997.

[102] Q. Song, H. Cao, S. T. Ho, and G. S. Solomon, “Near-ir subwavelength microdisk

lasers,”Appl. Phys. Lett., vol. 94, p. 061109, 2009.

[103] Q. Xu, D. Fattal, and R. G. Beausoleil, “Silicon microring resonators with 1.5µm

radius,”Opt. Express, vol. 16, pp. 4309–4315, 2008.

[104] K. Srinivasan, P. E. Barclay, M. Borselli, and O. Painter, “Optical-fiber-based mea-

surement of an ultrasmall volume high- q photonic crystal microcavity,”Phys. Rev.

B, vol. 70, p. 081306, 2004.

181



[105] J. Heebner, T. Bond, and J. Kallman, “Generalized formulation for performance

degredations due to bending and edge scattering loss in microdisk resonators,”Opt.

Express, vol. 15, pp. 4452–4473, 2007.

[106] A. Yariv, Quantum Electronics, Chap. 22. New York, New York: John Wiley and

Sons, 1989.

[107] R. Wang and M.-M. Dumitrescu, “Optical modes in semiconductor microdisk

lasers,”IEEE J. Quant. Elec., vol. 34, pp. 1933–1937, 1998.

[108] N. Frateschi and A. Levi, “The spectrum of microdisk lasers,”J. Appl. Phys., vol. 80,

p. 644, 1996.
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