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SUMMARY

Microelectronics has enjoyed great success in the past centuAs the tech-
nology node progresses, the complementary metal-oxide-semdimtor scaling has
already reached a wall, and serious challenges in high-bandwidth irgennects and
fast-speed signal processing arise. The incorporation of phatsto microelectron-
ics provides potential solutions. The theme of this thesis is focus&sh the novel
applications of travelling-wave microresonators such as microdisksnd microrings
for the on-chip optical interconnects and signal processing. dhenges arising from
these applications including theoretical and experimental ones aegldressed. On
the theoretical aspect, a modi ed version of coupled mode theorg o ered for the
TM-polarization in high index contrast material systems. Through omerical com-
parisons, it is shown that our modi ed coupled mode theory is more egrate than all
the existing ones. The coupling-induced phase responses are alsdiad, which is of
critical importance to coupled-resonator structures. Di erentcoupling structures are
studied by a customized numerical code, revealing that the phasesponse of symmet-
ric couplers with the symmetry about the wave propagating directio can be simply
estimated while the one of asymmetric couplers is more complicated. olie split-
ting and scattering loss, which are two important features comménobserved in the
spectrum of high©Q microresonators, are also investigated. Our review of the existing
analytical approaches shows that they have only achieved partigliccess. Especially,
di erent models have been proposed for several distinct regimesdacannot be rec-
onciled. In this thesis, a uni ed approach is developed for the gerarcase to achieve
a complete understanding of these two e ects. On the experimeaitaspect, we rst

develop a new fabrication recipe with a focus on the accurate diménsal control and

XVi



low-loss performance. HSQ is employed as the electron-beam ressid the lithog-
raphy and plasma etching steps are both optimized to achieve vedicand smooth
sidewalls. A third-order temperature-insensitive coupled-resotwa Iter is designed
and demonstrated in the silicon-on-insulator (SOI) platform, whiclserves as a critical
building block element in terabit/s on-chip networks. Two design chalfges, i.e., a
broadband at-band response and a temperature-insensitive sign, are coherently
addressed by employing the redundant bandwidth of the Iter chamel caused by the
dispersion as thermal guard band. As a result, the Iter can accamodate 21 WDM
channels with a data rate up to 100 gigabit/s per wavelength chanhevhile providing
a su cient thermal guard band to tolerate more than 15°C temperature uctua-
tions in the on-chip environment. In this thesis, highQ microdisk resonators are also
proposed to be used as low-loss delay lines for narrowband Iters.uley coupling
scheme is used to selectively couple to one of the radial modes of thierodisk and
also to achieve a strong coupling. A rst-order tunable narrowbanh Iter based on the
microdisk-based delay line is experimentally demonstrated in an SOI fflarm, which
shows a tunable bandwidth from 4.1 GHz to 0.47 GHz with an overall siz# 0.05
mm?. Finally, to address the challenges for the resonator-based delayes encoun-
tered in the SOI platform, we propose to vertically integrate siliconitride to the SOI
platform, which can potentially have signi cantly lower propagation Iss and higher
power handling capability. HighQ silicon nitride microresonators are demonstrated;
especially, microresonators with a 16 million intrinsi® and a moderate size of 240
m radius are realized, which is one order of magnitude improvementngpared to
what can be achieved in the SOI platform using the same fabricatioe¢hnology. We
have also successfully grown silicon nitride on top of SOI and a goodupting has

been achieved between the silicon nitride and the silicon layers.

Xvii



CHAPTER |

INTRODUCTION

Microelectronics has enjoyed great success in the past centuyast developments
in this area are perhaps best described by Moore's law [1], which swtthat the
number of transistors on an integrated circuit (IC) doubles appramately every two
years. While this trend has been maintained for the past 50 years, gannot go on
inde nitely. Serious problems, such as power consumption and hedissipation, have
already arisen as the size scaling continues. In Intel's 22 nm micropessor (lvy-
Bridge), a three-dimensional (3D) Tri-Gate technology is develogeto keep Moore's
law [2]. On the other hand, the equivalent physical gate oxide thickse has been
predicted not to scale below 0.5 nm, indicating that the complementametal-oxide-
semiconductor (CMOS) scaling in this area has reached a wall [2]. Whileganious
solutions to this problem might be possible, such e orts become moend more
di cult when the fundamental limits are approached.

The integration of photonics and microelectronics provides new fsgrectives. For
example, a major trend in computer architecture is to build multicoresystem-on-chip
processors, which integrate many independent processing units the same die [3].
With the increase in integration levels, communication among these i becomes
bandwidth demanding. For instance, in PlayStation 3, a video game iesole produced
by Sony Computer Entertainment, one power processing elememtdaeight synergistic
processing elements are implemented, and an interconnect bus watheak bandwidth
more than 200 gigabyte/s is implemented to facilitate the data excimge among the
processors [3]. Because of the limited bandwidth capacity of the dtgmal wires,

a high bandwidth requires a signi cant amount of physical links. Thesfore, the



electrical interconnects can easily consume more than 50% of tleéal power budget,
making the system design di cult [4]. In contrast, optics is capable ohandling high
bandwidth because of the high carrier frequency. Wavelength diias multiplexing
(WDM) is another option that is available for enhancing the bandwidthperformance.
To replace the electrical wires, a complete optical link including the dipal signal
generation, modulation, and detection is required. The power camsption of such
optical links has been shown to be signi cantly lower than that of theelectrical
interconnects [5, 6], which makes the optical interconnects veryti@active to system
designers.

The incorporation of photonics to microelectronics is not only beneial for the
interconnecting problem of the digital electronic circuits. Radio-Bquency (RF) pho-
tonics is another area that manifests the usefulness of such teological combination.
By converting the RF signal to the optical domain, RF photonics ta&s advantage of
low-loss waveguiding, easy recon guration, and high-speed resges of optical com-
ponents. Traditionally, optical ber is used because of its extreméow loss, light
weight, and a ordable cost [7]. One major shortcoming of this appexh is the low
integration level limited by the size of the ber. Completely on-chip inegration via
the photonic integrated circuit (PIC) would not only make the device compact and
low-cost, but also enable applications which require a high level of igi&ation to ac-
complish complex functionalities. For example, high-bandwidth analei-digital con-
verter (ADC) implemented with the microelectronic circuits has di culty in achieving
a large dynamic range in the digital domain [8]. The availability of narrovlzandwidth
Itering (around MHz) and fast recon guration (around ns) in photonics permits the
realization of wideband-tunable narrowband optical lters, which an be rapidly pro-
grammed for real-time applications. By imposing the RF signal to an eéipal carrier
and performing the signal processing in the optical domain, similar riationalities

such as ADC can be attained in a cost-e ective manner.



Currently silicon-on-insulator (SOI) technology seems to be the mbpromising
candidate for the on-chip photonic and microelectronic integratiof9, 10, 11]. Sili-
con is the host material for the majority of microelectronic devicedt also o ers an
excellent platform for most of photonic applications considering thiollowing attrac-
tive properties [9, 10, 11]: (1) silicon has a large refractive index doast to silicon
dioxide, which enables tight con nement of optical waves; (2) intrigic silicon is trans-
parent at the telecommunication wavelength thus promising low-losgaveguides; (3)
several mechanisms are available for refractive index tuning, inciad the thermo-
optic e ect and the free-carrier plasma dispersion e ect; (4) thestrong third-order
nonlinearity of silicon can be exploited for novel applications such asavelength con-
version and on-chip ampli cation. Of course, no material is perfeand silicon is no
exception. The biggest concern about silicon is that it has an indirettandgap, and
on-chip light sources are di cult to realize [9]. Nevertheless, silicon mionics have
attracted intense research interest over the last decade andetnendous progresses
have been made. Building blocks such as hybrid silicon lasers [12], higleed mod-
ulators and switches [13, 14], hybrid detectors [15], WDM band-padgers [16], and
optical bu ers [17] are reported. On the system integration siddntel has successfully
demonstrated a 50 gigabit/s photonic link with all the components othe chip scale
[18], signaling that volume manufacturing of silicon photonics are withithe near
future.

Similar to Moore's law for microelectronics, dense integration is envisied to be
the major trend for photonic devices. Microresonators, capabté localizing and stor-
ing the optical waves both spatially and temporally at a speci ¢ wavelgth range,
are considered as the key building blocks for highly integrated phetic chips [19, 20].
Various types of microresonators with di erent geometrical andasonant properties
have been proposed in the past [20]. Among all the possible micromresor archi-

tectures, microdisk and microring resonators are the ones thaave been heavily



investigated [20]. Thanks to their simple structure and high exibility in both the
design and the implementation, the microdisk and microring resonatare suitable
for the dense integration purpose. Various functionalities ranginfjom the compact
modulators [14] to on-chip logics [21] have been demonstrated.

The research work presented in this thesis is focused on the noapplications of
the microdisk and microring resonators for the on-chip optical inteonnects and signal
processing. For the interconnects, a wideband coupled-resaomatter is designed and
demonstrated with a terabit/s bandwidth capacity. In addition, high-Q microdisk-
based delay lines are explored for narrowband signal processing ahothe silicon-on-
insulator (SOI) and silicon nitride on SOI platforms. During the coure of the thesis
development, various challenges from the design, fabrication antbcacterization are
overcome. Therefore, the presented work has both the thebcal and experimental
avors. For example, the initial responses from the coupled-resator Iters always
show a certain level of distortions, for which two sources are idéed: one is from
the coupling-induced resonance frequency shift and the otherofn the imperfect
fabrication process. For the former one, a theoretical study isagied out with the
aid of numerical simulations; for the latter one, an improved fabrideon process is
developed to accurately control the device sizes. Another exalapcould be found
for the application of high-Q microresonators for narrowband lIters. Fabrication
processes are optimized to reduce the sidewall roughness of nigsonators, so their
propagation losses can be minimized. Moreover, theoretical stusli@re performed for
a better understanding of the commonly observed phenomena Buas mode splitting

and scattering loss.

1.1 Thesis organization

This thesis consists of ve chapters. Except for the rst Introdiction chapter, the

rest of the thesis are organized as follows:



Chapter Il: We rst review the basic concepts of high® microresonators, such
as quality factors, mode volumes, mode splitting and scattering losBollowing
that, a new fabrication process that is speci cally developed for ththesis work
is described. A brief discussion on the characterization of high-microres-
onators is also provided. These elements are all indispensible for fodowing
works. We put them together so we do not have to revisit them in eadndi-

vidual work.

Chapter I11: In this chapter, theoretical e orts for the study of photonic devices
are presented. Unlike electronic circuit design where su cient knoedge is al-
ready gained and powerful designing software is available, for pbaic devices
it is often necessary to resort to analytical studies and customizenumerical
simulations. Three important problems are studied in this chapter. e rst
problem is on the power coupling between photonic structures, whiés a com-
mon problem in the design of almost every device. We will show that fbwgh-
index-contrast material systems (e.g., SOI), the existing coupladode theories
are not satisfactory and a modi ed version is provided. In the send problem,
we study the phase shift caused by the coupling process, which is onant
for coupled-resonator devices since the phase shift will changes thresonance
frequency of the coupled resonator. In the third problem, modepktting and

scattering loss are studied, for which a uni ed model is developed.

Chapter IV: In this chapter, experimental e orts based on the Ol platform are
presented. Two devices are discussed. The rstone is a third-emdemperature-
insensitive coupled-resonator Iter, which serves as a critical buildg block el-
ement in terabit/s on-chip networks. The second one is on the usé lnigh-Q
microdisks for compact and low-loss delay lines, which are especiallyfus for

narrowband Iters for the RF signal processing. A tunable rst-oder lter is



demonstrated using such a delay line structure. In addition, sexarproblems
are identi ed for delay lines based on the silicon higk} microresonators, in-
cluding the relatively large propagation loss and the strong nonlineigr from

silicon which limits the maximum power that can be handled by the device.

Chapter V: To solve the problems encountered in delay lines based siticon
microresonators , in this chapter we will develop a new material platfm based
on the vertical integration of silicon nitride into the SOI platform. High-Q
silicon nitride microresonators with compact sizes are demonstrateMoreover,
the silicon nitride has been successfully integrated with the SOI andh & cient

coupling between these two layers is achieved.

Chapter VI: The thesis work is summarized and a brief discussion ohé future

extensions is provided.



CHAPTER I

HIGH- Q MICRORESONATORS

Microresonators are considered as one of the key building blocksiftegrated photon-
ics because of their capability of localizing and storing optical waveth spatially
and temporally at a speci ¢ wavelength range [19, 20]. Their high quajitfactors
(Qs) and microscale mode volumes enable strong light-matter interams, which
are the essential reasons behind the wide applications of micronestrs including
low-threshold lasing [22], low-power optical modulation [14], single-naparticle sens-
ing [23, 24], ultrasensitive micromechanical displacement detectionb]2as well as
fundamental studies on cavity quantum electrodynamics [26].

Over the past few decades, various microresonator architecds; including Fabry-
Perot resonators, photonic crystal cavities, and whispering gafle mode (WGM)
resonators have been investigated [19]. Among these dierent tgp of resonators,
microrings and microdisks have received considerable interest, tia to their simple
structures and high exibilities in both the design and implementation ér integrated
photonic circuits. An array of functionalities ranging from compactmodulators [14]
to on-chip logics [21] has been demonstrated by di erent groups.

In this chapter, we will rst introduce the fundamental properties of microres-
onators which are necessary for device applications as presentedthe following
chapters. We will also cover the fabrication of planar microresonats such as micror-
ings and microdisks, using the silicon-on-insulator material platforras an example.
The last section is devoted to the proper characterization of micresonators, and
discussions on the insertion loss, polarization control and lasetated issues are pre-

sented.



2.1 Fundamental properties of microresonators

There are a few parameters which we frequently use to charadier the properties
of a microresonator. Among them are quality factor @), mode volume and free
spectral range (FSR), whose de nitions and common usage will beviewed below.
In addition, a detailed review of mode splitting and scattering loss, vith are two

important features of microresonators, is provided.
2.1.1 Quality factor

The quality factor is a parameter de ned as

I U
I:)Ioss '

Q (1)

where! is the frequency of oscillationlU. is the mode energy, andP s is the power
dissipation rate. Using the relationl =2 =T , whereT is the temporal period of the
oscillation, one can easily verify thaQ equals 2 times the ratio of the energy stored
in the resonator to the energy loss per optical cycle. If the resator has no external

excitation, Eq. 1 can be written as

dugt) !
d¢t ~ Q

Ploss = Uc(1); 2)

whose solution forUg(t) is

Us(t) = Uge o 3)

From Eqg. 3, the so-called photon lifetime is de ned as Q=! 1, which is often
interchangeably used withQ [27] . Another parameter associated witlQ or is the
cavity decay rate de ned as 1= = 1=Q.

Equation 3 indicates how theQ of a resonator can be measured in the time

domain. However, in practice it is often more convenient to measutiee spectrum of

Lin the literature there is another de nition of the photon lifetime as 2Q=!. The di erence
between these two de nitions is that in our case the photon lifetime isde ned for the cavity energy
while the other one is for the cavity amplitude.



a resonator rather than the time-domain response. By perforngra Fourier transform
to Eq. 3, we get a Lorentzian-shaped resonance from which an aftative expression
for Q can be derived as
Q= 1 @

where ! denotes the full width at half maximum (FWHM) of the resonance.

According to Eg. 1, we can ascribe di erenQs for di erent loss mechanisms. For
example, in silicon microresonators, loss can arise from scatteringigh is caused by
the surface roughness at the sidewalls. Absorption loss also oscifrthere are un-
saturated surface states. Moreover, when the injected powisrhigh, free carriers are
generated in silicon through the two photon absorption processhieh contribute an
additional loss. Generally, all these loss terms are undesired. Thas one exception,
however, that is, the coupling loss, which refers to the energy imtonally coupled
out of the resonator for a proper device functioning. We use intréic Q to represent
all the losses except the coupling loss, coupliggy for the coupling loss, and loade®

for the total loss. Since the loss terms are additive, from Eq. 1, waave

11,1
Qloaded Qi Qc’

where Q; and Q. represent the intrinsic and couplingQs, respectively.

()

2.1.2 Mode volume

The mode volumeV,, is a parameter that is used to evaluate the con nement of a
resonant mode. There are certain exibilities in de ning the mode volme and the

most common expression is given by [28]

R . .
"(r)JE(r)j2dV
™ max['(n)jE (r)j?’

(6)

where "(r) is the permittivity and E (r) is the electric eld of the resonant mode.
Other forms of mode volume are possible by replacing the expressinrthe denomi-

nator in Eq. 6 to assume di erent physical meanings. Most of the tiewm mode volume



is a concept that is useful when comparison is involved.
2.1.3 Free spectral range

Because of the wave nature of electromagnetic elds, there aresaries of resonant
modes for microresonators with periodic boundary conditions. Faxample, for mi-
crorings and microdisks, the wave propagating in the azimuthal dicdon has the
exp(im ) factor ( is the azimuth), where m should be an integer following the
boundary condition. For eachm, there is a corresponding resonance, and together
they form a resonant mode family, for which the free spectral rge (FSR) is de ned
as the frequency or wavelength spacing between adjacent resoces.
FSR is a concept that is not limited to microresonators with cylindricasymmetry.

For example, for Fabry-Perot resonators, the FSR is given by [27]
C
FSR=—; 7
S ngL’ (7)

wherecis the speed of light in vacuumnyg is the group index of the forming waveguide,
and L is the round-trip length. However, for resonators such as miciogs and
microdisks, only FSR is a well-de ned parameter and neitherg nor L is well de ned.
In some cases, we can takle 2R whereR is the outer radius of the microresonator
(other de nitions for L are possible), and the group inder, for these resonant modes

can be de ned as
C

"o FSrR 2R (8)

It is worth emphasizing here that the group indexng for microresonator modes is only
meaningful when comparison is involved and should be considered asadternative

parameter for the FSR.
2.1.4 Mode splitting and scattering loss

An ideal WGM resonator usually has degenerate resonant modesaese of its struc-

tural symmetry. For example, clockwise (CW) and counterclockwes(CCW) WGMs

10



are both supported in microtoroid and microdisk resonators with idgical mode prop-
erties. In particular, because they share the same resonancegirency and linewidth,
only one single resonance will be observed in the transmission measugnt.

The degeneracy in the resonant modes can be lifted by destroyirtgetstructural
symmetry, either done purposely such as by introducing nanopéates to the surface of
microresonators [29, 30], or caused by the ubiquitous roughnessi nanofabrication
[28]. As aresult, the two degenerate modes (i.e., the CW and CCW ma&jlsvill couple
to each other and a doublet appears in the transmission spectrura,phenomenon
known as mode splitting [31]. The structural defects can also coupllee con ned
WGMs to free-space radiation modes, generating scattering lossdathus linewidth
broadening to these resonances [29].

Mode splitting and scattering loss have been investigated in many drent works
[28, 29, 30, 32, 33, 34]. Based on the number of scatterers ane tpplications,
previous works can be categorized into two distinct scenarios. lhe rst scenario,
small nanoparticles are introduced to the surface of higQ- microresonators, with
focused applications such as strong light-matter interactions amthnopatrticle sensing
[23, 24, 26]. The number of nanopatrticles is usually limited to a few, amdasonably
good agreements between experimental observations and depetbmodels have been
achieved. The other scenario considers sub-wavelength scagterthat are intrinsic
to microresonators, such as surface roughness caused by itabion imperfections.
In such cases, the number of scatterers is typically on the ordef lmundreds or even
thousands, and a di erent approach has to be taken to study themode splitting and
scattering loss [28].

The rst approach considers a coupled system consisting of the CAhd CCW
WGMs as wells as free space radiation modes, with their interactionssisted by

each individual scatterer. The single-scatterer case has beerllwéudied in high-Q
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Figure 1: (a) Transmission response of a single dielectric scatterer on thafsge of
a microresonator. (b) Transmission response of numerous dielectscatterers which
uniformly cover the surface of a microresonator except for a \auy.

microtoroid resonators [29, 32]. Two standing-wave modes, beingrsnetric and anti-
symmetric combinations of the CW and CCW travelling modes, appear ithe reso-
nance spectrum. The symmetric mode has a nonzero eld overlap withe scatterer,
resulting in a red shift in its resonance frequency and a broadening itis linewidth
(we assume positive dielectric perturbations from scatterers uske otherwise speci-
ed). On the other hand, the anti-symmetric mode has a zero eld werlap with the
scatterer; therefore, its resonance frequency and linewidthagtthe same as those of
the CW (CCW) mode without the scatterer. These two resonanceare illustrated in
Fig. 1(a), with ! , (! )and . ( ) denoting the resonance frequency and loss rat