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Abstract Silicon photonics leverages the optical, electrical
and material properties of silicon and the mature complemen-
tary metal-oxide semiconductor (CMOS) nanofabrication tech-
nique to develop on-chip photonic integration, which has been
making significant impacts in various frontiers including next-
generation optical communications networks, on-chip optical
interconnects for high-speed energy-efficient computing and
biosensing. Among many optical structures fabricated on sili-
con chips, microresonators due to their high-Q resonances and
small footprints play important roles in various devices including
lasers, filters, modulators, switches, routers, delays, detectors
and sensors. This paper reviews from a microresonator per-
spective some of the latest progress in the field, summarizes
design considerations in various applications and points out key
challenges and potentials.

Silicon photonics: from a microresonator perspective
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1. Introduction

Optical microresonators [1-7] that partially confine light
by total internal reflection (TIR) at the dielectric microres-
onator sidewalls are versatile microphotonic structures fea-
turing compact size, wavelength selectivity and resonance
field enhancement. Although the idea of TIR-based mi-
croresonators can be dated back to the 1960s [8], only over
the past two decades research of microresonator-based de-
vices as key building blocks for integrated photonic ap-
plications has come of age [9], thanks to the advance of
micro/nanofabrication technologies and a wide scope of
technological demands spanning optical communications,
on-chip optical interconnects and biosensing. Various ma-
terial systems have been proposed and demonstrated as
possible substrates for microresonators including silicon [9],
silica [10], compound III-V semiconductors [11], poly-
mers [12] and compound glass [13].

Silicon, which is a well-understood material for mi-
croelectronics, offers useful properties for integrated pho-
tonic applications. The silicon transparency in the fiber-
optic telecommunications wavelengths (1.3—1.6 um) enables
light transmission in waveguides fabricated on silicon-on-
insulator (SOI) substrates. The silicon waveguide core of
refractive index ~ 3.45 interfaced with silica cladding of
refractive index ~ 1.44 provides a large refractive-index con-
trast for tight optical confinement in a compact device foot-
print. The state-of-the-art SOI submicrometer-sized wave-
guide propagation loss in the 1550-nm wavelength range is

in the order of 1 dB/cm [14], which is considered sufficient
for on-chip optical interconnects applications. Leveraging
complementary metal-oxide-semiconductor (CMOS) fab-
rication technology, silicon photonics thus promises large-
scale integration and potentially low-cost mass production
in a CMOS foundry. Besides the SOI platform, deposited
thin films such as silicon nitride (SiN), silicon oxynitride
(SiON), polysilicon, germanium (Ge), silicon-germanium
(SiGe) also enable a myriad of CMOS-compatible silicon
photonic technologies.

This review is about recent developments in silicon pho-
tonics from a microresonator perspective. Every device re-
viewed in the article is based on silicon microresonator
technology. The work reviewed in the article covers almost
all the devices demonstrated in silicon photonics, including
filters, modulators, switches, routers, delays, detectors and
sensors. Primarily driven by our own work and experience
in photonic devices, we chose to focus our review on some
recent developments in silicon microresonator technolo-
gies for applications in optical communications, on-chip
optical interconnects and optofluidic biosensing. We reluc-
tantly skip many on-going exciting developments such as
hybrid silicon and Ge-on-silicon lasers [15], nonlinear op-
tics in silicon waveguides [16], materials for silicon photon-
ics [17-19], integration [20-23], optomechanics [24], and
silicon photonic crystals (PC) based devices [25], which
we believe have been amply reviewed in recent articles
and book chapters [26-29]. In this regard, this article is by
no means an exhaustive review of silicon photonics but it
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Figure 1  (online color at: www.lpr-journal.org) Artist’s impression of a silicon photonic chip for on-chip optical interconnects on
a SOl substrate. The photonic chip comprises a transceiver connected to a 5-input-port-to-5-output-port (North, East, South, West,
Injection and Ejection) multiwavelength comb switch matrix with broadband optical delay lines for incoming and outgoing signals in
one of the ports. The transceiver comprises on-chip hybrid silicon microlasers, wavelength-selective modulators and photodetectors
designed for the wavelength channels A, A, and A3. All the functional components utilize microresonator-based passive and active
devices. The solid (dashed) arrows illustrate three modulated A channels injected (ejected) by the transceiver are routed by the switch
matrix toward (incoming from) the West port. Insets show the cross-sectional schematics of the hybrid silicon microdisk lasers, p-i-n
diodes integrated in microring resonators for modulators, switches and detectors, and passive SOI coupled-microring resonator optical

waveguides for broadband optical delay lines.

merely represents how the authors look at the current state-
of-the-art and possible future developments from our own
microresonator perspective.

Figure 1 shows an artist’s impression of a silicon pho-
tonic chip comprising microresonator-based passive and
active devices for on-chip optical interconnects on a SOI
substrate. The photonic chip comprises a transceiver con-
nected to a S-input-port-to-5-output-port (North, East, South,
West, Injection and Ejection) multiwavelength comb switch
matrix with broadband optical delay lines for incoming and
outgoing signals in one of the ports. The transceiver com-
prises on-chip hybrid silicon microlasers emitting at three
different wavelength channels A, A, and A3, wavelength-
selective electro-optical (EO) modulators and photodetec-
tors designed for each of the wavelength channels. Such
optical interconnects could potentially enable multiple com-
puting cores to be communicating on multiple wavelength

channels with flexible data rates/formats, reconfigurable
routes and delays, with potentially low power consump-
tion [30-32].

Figure 2 shows our concept of an optofluidic chip
with microfluidic channels / chamber integrated with
microresonator-based devices on a SiN-on-silica substrate.
The photonic layer routes visible or near-infrared light. The
microresonator-based devices enable on-chip optical ma-
nipulation of micro/nanoparticles (transporting, dropping,
buffering, sensing and sorting) and label-free biosensing of
analyte and nanoparticles in fluids. Such optofluidic chips
could potentially enable low-cost and disposable lab-on-a-
chip applications [33, 34].

In this paper we discuss the principles, designs and mod-
eling, fabrication and characterization of such silicon-based
microresonator devices, and review their state-of-the-art, is-
sues and mitigations. The rest of the paper is divided into the
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following sections: Sect. 2 on fundamentals of waveguide-
coupled microresonators, Sect. 3 on silicon microresonator
loss mechanisms, Sect. 4 on waveguide coupling to silicon
microresonators, Sect. 5 on novel-shaped microresonators,
Sect. 6 on optical filters design, modeling and performance,
Sect. 7 on optical modulators, Sect. 8 on optical switches
and routers, Sect. 9 on coherent control of resonance line-
shapes, Sect. 10 on optical delay lines, Sect. 11 on sub-
bandgap wavelength-selective p-i-n photodetectors, Sect. 12
on optical signal processing, Sect. 13 on optical biosensing
and Sect. 14 on microparticle manipulation in optofluidic
chips. We will summarize the review with future challenges
and an outlook in Sect. 15.

2. Fundamentals of
waveguide-coupled microresonators

Here we begin with a brief discourse on basic concepts
of waveguide-coupled optical microresonators. Figure 3a
schematically shows a microresonator side-coupled with a
bus waveguide. Light is launched from the waveguide input
port and evanescently coupled into and out of the microres-
onator in the coupling region through submicrometer-sized
gap spacing. The light in the microresonator is partially
confined along the cavity sidewall by TIR.

The cavity field phase-matches with the input-coupled
field upon each round trip, giving rise to an optical reso-
nance. The resonance phase-matching condition is as fol-
lows:

ey

where neg is the effective refractive index of the microres-
onator, L is the cavity round-trip length (= 27R with R
the circular microresonator radius), A,, is the mth-order
resonance wavelength, and m is the integer number of wave-
lengths along an optical round-trip length (termed azimuthal
mode number).

The free-spectral range (FSR) is given as:

RegtL = MA,

2
FSR = A—’”,
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Figure 2  (online color at: www.lpr-
journal.org) Artist's impression of a

silicon optofluidic chip on a silicon nitride
(SiN)-on-silica substrate. The optofluidic
chip comprises an optical microresonator-
based on-chip micro- and nanoparticle
manipulation circuit integrated with
optical biosensors. The particle circuit
enables the functionalities of particles
transport/dropping / buffering/ sorting.
The biosensors detect the biomaterial
concentrations or binding events by
means of resonance wavelength shifts
and mode splitting. The microfluidic
chamber serves to confine the fluidic and
the particle flow.
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Figure 3  (online color at: www.lpr-journal.org) (a) Schematic

of a waveguide-coupled microring resonator. Arrows indicate the
traveling-wave propagation directions. Dashed lines show the
wavefronts matching between the microring and the bus wave-
guide. Schematic field profiles illustrate the cavity field enhance-
ment of the microresonator relative to the bus waveguide. (b)
Schematic of the throughput transmission spectrum showing the
single-mode microring resonances. FSR: free-spectral range. ER:
extinction ratio.

where n, is the group index, which is defined as:

dneff
A’
where A is the free-space wavelength. Figure 3b schemat-
ically shows the throughput transmission spectrum of a
waveguide-coupled microring resonator exhibiting reso-

nances spaced by one FSR. The resonance exhibits an in-
verted Lorentzian lineshape that is proportional to:

3)

Ng = Neff — A

—(81/2)
(A= An)? + (84 /2)%
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where 04 is the resonance linewidth. The resonance ex-
tinction ratio (ER) is defined as the ratio of intensity at on-
resonance wavelength to that at off-resonance wavelength.
Such resonance spectral response thus enables wavelength
selectivity, which is fundamental in various microresonator-
based passive devices such as optical filters, modulators,
switches, routers, detectors, and active devices such as on-
chip lasers.

The quality (Q) factor is used to characterize the loss of
energy in a microresonator, which is defined as

stored energy

Q=2rn &)

energy loss per round trip’

The Q factor for a resonance at wavelength A, can also be
obtained from the transmission spectrum as

ﬂvm

Q=57 (6)

In a waveguide-coupled microresonator, the energy loss
per round-trip is due to intrinsic optical losses in the cav-
ity, namely light scattering, radiation loss and absorption
(see Sect. 3), and extrinsic output-coupling loss by the cou-
pled waveguide. The total Q factor of a waveguide-coupled
microresonator therefore comprises two contributions: the
intrinsic quality factor Q¢ and the coupling quality factor
Q.. The Qg factor is related to the intrinsic cavity power loss
coefficient a. The Q. factor is related to the field-coupling
coefficient k. The relations of Q, Qp, Q., & and x are de-
scribed as follows

0 '=0y"+0! ©)
2
Qo= w7 = 7;)’3; (8)
wy
=T = ——, 9
Oc = T, T )

where 7 is the intrinsic cavity energy 1/e lifetime, 7, is the
extrinsic waveguide-coupling energy 1/e lifetime, 7,, is the
round-trip light propagation time, @ is the cavity resonance
angular frequency and Ay is the cavity resonance free-space
wavelength. Therefore, based on Eqgs. (7)—(9), the Q factor
in principle can be varied by properly designing or tuning
o, K, ng, and Ty.

The optical power transmittance 7'(®) of a waveguide-
coupled microresonator around a certain resonance fre-
quency @y depends on the coupling regime [35,36] given
as

1/Q0—1/Qc +i(w— ax) /ay |*

— . 10
1700+ 1/0c +i(0— o) /o (10)

T(w)

The coupling regime depends on the balance between the
waveguide coupling and the intrinsic cavity loss. There are
three coupling regimes, namely (i) undercoupling (Q, >
o), (ii) critical coupling (Q. = Qp) and (iii) overcoupling
(Qc < Qo). Figure 4 shows the modeled power transmittance
using Eq. (10) at a resonance frequency @y and the modeled
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Figure 4 (online color at: www.lpr-journal.org) Modeled

throughput power transmittance (red curve, left axis) and res-
onance Q/Qq (blue curve, right axis) as a function of Qy/Q, in
a waveguide-coupled microresonator. Q: total quality factor, Qq:
intrinsic quality factor, Q.: coupling quality factor.

0/Qy using Eq. (7) in the three coupling regimes. In the
critical-coupling regime, the throughput optical power trans-
mission at resonance @y is null in principle. The modeled Q
drops monotonically from the undercoupling regime to the
overcoupling regime.

The microresonators exhibit strong phase response
around the resonance, which can be used for engineering
the transmission dispersion and time delay.

Figure 5 shows the modeled transmission intensity,
phase response and corresponding time delay in under- and
overcoupling regimes. The modeling is based on the stan-
dard transfer matrix method [35]. Here, we assume a 20-um
radius microring resonator with Q of 10* and ER of 20 dB.
In the undercoupling regime (Q. > Qp), there is an anoma-
lous phase response at the resonance wavelength, which
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Figure 5  (online color at: www.lpr-journal.org) Modeled res-

onance throughput transmission intensity, phase response and
time delay / advance of a waveguide-coupled microring resonator
in the undercoupling regime (left column) and the overcoupling
regime (right column).
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Figure 6  (online color at: www.lpr-journal.org) (a) SEM of
a silicon waveguide-coupled 10-um radius microring resonator.
(b) Measured transmission spectrum of the microring resonator
showing single-mode resonances. (c) SEM of a silicon waveguide-
coupled 20-pum radius microdisk resonator. (d) Measured trans-
mission spectrum of the microdisk resonator showing multiple
whispering-gallery modes. Reproduced with permission from [36],
©2010 IEEE.

corresponds to time advance. In the overcoupling regime
(Qc < Qop), there is a normal phase response at the resonance
wavelength, which corresponds to time delay.

Silicon-based microresonators are often in the form
of microring or microdisk resonators. A microring res-
onator is a ring-shaped waveguide structure that typically
supports single-mode resonances. While a microdisk res-
onator is typically a circular disk structure that supports
in general multiple-radial-order whispering-gallery modes
(WGMs) that graze along the microdisk rim. Given a cer-
tain refractive-index contrast and cavity size, microring res-
onators that have both inner and outer sidewalls tend to
suffer higher sidewall roughness-induced scattering loss
(see Sect. 3, Fig. 7a), and thus in general exhibit a lower Qg
factor than microdisk resonators that only have outer side-
walls.

Figure 6 shows, as examples, the scanning electron
micrographs (SEMs) (Figs. 6a and ¢) and measured trans-
mission spectra of a silicon waveguide-coupled 10-um ra-
dius microring resonator (Fig. 6b) and a silicon waveguide-
coupled 20-um radius microdisk resonator (Fig. 6d) [36].
The microring resonator shows single-mode resonances
with Q of ~ 10*, while the microdisk resonator displays
multiple WGMs with a Q of ~ 10°.

3. Silicon microresonator loss mechanisms

Here, we discuss five dominant optical losses in silicon
waveguide-coupled microresonators and briefly review mit-
igation methods. Figure 7a illustrates three of the mech-
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Figure 7 (online color at: www.Ipr-journal.org) Schematics of
optical loss mechanisms in silicon waveguide-coupled microres-
onators. (a) Radiation losses. (i) Surface-roughness-induced light
scattering in the microresonator sidewalls. (ii) Optical leakage
in the coupling gap between the side-coupled waveguide and
the microresonator. (iii) Optical leakage from the undercladding
layer to the silicon substrate and through the device slab layer. (b)
Material absorption losses. (iv) Silicon surface-state absorption
at surfaces or interfaces. (v) Silicon two-photon absorption. CB:
conduction band. VB: valence band. DS: Defect state. Red arrows
represent photons. Blue arrow represents phonon.

anisms concerning scattering and radiation losses that
are mainly related to the device structures and fabrica-
tion, namely (i) surface-roughness-induced scattering loss,
(i1) scattering loss in the coupling gap spacing and (iii) opti-
cal leakage from the undercladding layer and the device slab
layer. Figure 7b illustrates two of the mechanisms concern-
ing subbandgap silicon absorption losses, namely (iv) linear
surface-state absorption (SSA) at silicon surfaces or inter-
faces and (v) nonlinear two-photon absorption (TPA) in
silicon bulk.

(i) Surface-roughness-induced scattering loss
Surface-roughness-induced scattering loss from the mi-
croresonator or waveguide sidewalls is largely due to
the dry-etching process. In the case of a microring
resonator with both inner and outer sidewalls, the scat-
tering loss can be particularly severe compared with
a microdisk resonator with only the outer sidewall. In
order to mitigate the sidewall surface roughness, fab-
rication of silicon microresonator-based devices typi-
cally employs the forming and removal of an oxidation
layer [37]. The oxidation process of silicon is usually

www.lpr-journal.org
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homogeneous, resulting in tens of nanometers of oxide
that upon removal can effectively mitigate the surface
roughness formed after the dry etching.

(ii) Scattering loss in the coupling gap spacing
The bus waveguide and the microresonator sidewalls
in the coupling region inevitably scatter light. Besides,
when the submicrometer-sized coupling gap spacing
is not fully filled by the silica cladding layer, light is
strongly scattered by the air voids. The latter can be
mitigated by filling the gap spacing instead with boron
phosphorus silicon glass followed by thermal reflow to
eliminate air voids [38,39].

(ii1) Optical leakage from the undercladding layer and the
device slab layer
Due to the submicrometer dimensions of silicon wave-
guides, the optical mode is largely exposed outside the
waveguide core and significantly overlaps with the un-
dercladding layer. In the case of silicon rib waveguides
with a thin slab layer, optical leakage also occurs via
the device layer. In order to reduce such optical leakage,
the undercladding silica layer can be undercut by wet
etching in buffered hydrofluoric acid. Such undercut
microdisk resonators have been demonstrated with a Q
value as high as 5x10° [40].

(iv) Linear subbandgap surface-state absorption at silicon
surfaces or interfaces
Linear subbandgap absorption due to surface states
on the silicon microresonator sidewalls can be more
problematic than that due to those on the waveguide
surfaces. This is because the cavity-enhanced field is
expected to enhance the amount of field surface-state
absorption per unit distance given a certain optical
power. The absorption generates free carriers at the
silicon microresonator sidewalls and thus is likely to
result in free-carrier absorption (FCA). Besides, the
absorbed power also generates heat. The details of the
SSA mechanism and its effects, however, vary with the
detailed surface morphologies and device interfaces
and are therefore difficult to be quantitatively modeled
or controlled [41-43]. One mitigation method on sili-
con microresonators is to passivate the silicon surfaces
with SiN, which reduces the density of the surface dan-
gling bonds.

(v) Nonlinear subbandgap two-photon absorption in silicon
bulk
TPA is a nonlinear subbandgap absorption that in-
creases quadratically with the silicon waveguide power
and cavity-stored energy for wavelengths shorter than
2.2 um. As the TPA-generated free carriers are primar-
ily inside the bulk of the silicon microresonator, the
free carriers are likely to have a relatively long recombi-
nation lifetime compared with those generated from the
SSA at the silicon microresonator sidewalls. Moreover,
these TPA-induced free carriers in the silicon microres-
onator bulk have a significant spatial overlap with the
optical mode field, and in turn give rise to more signifi-
cant FCA. The FCA rate thus increases in a quadratic
manner relative to the coupled power. Miniaturizing
the microresonator size in general escalates the TPA

and FCA rates as the higher power density in a smaller
mode volume promotes these nonlinear optic effects.
Whereas the TPA-induced FCA can be readily mitigated
as the generated free carriers can be efficiently swept out by
integrating a p-i-n diode into the microresonator and reverse-
biasing the diode [44—-46], TPA remains unavoidable. It is
thus necessary to take this nonlinear absorption into account
when using silicon microresonators for handling relatively
high optical powers, especially in potential multiwavelength
systems for on-chip optical interconnects where the comb
switch (see Fig. 1) may carry a large amount of optical
power from multiple wavelength channels.

4. Waveguide coupling to silicon
microresonators

The coupling coefficient k defined in Eq. (9) can be calcu-
lated by using coupled-mode theory and first-order pertur-
bation approximation as follows [36,47]

~+oco
K= _long /T / //dZdAA(HZ)Ei:ﬁeim¢*iﬁZ,
s /) VU VP

(11)
where E; is the conjugate of the microresonator mode field,
E,, is the waveguide mode field, U is the microresonator
mode energy, P is the waveguide mode power, ¢ is the
microresonator mode azimuthal angular phase, 8 is the
waveguide propagation constant, z is the field position in
the waveguide propagation direction, A(n?) is the relative
permittivity perturbation due to the coupled waveguide and
A is the waveguide cross-sectional area. Thus, x depends
on the phase mismatch of (m¢ — Bz) between the microres-
onator mode and the waveguide mode, and also the spatial
overlap between the two mode profiles.

Efficient waveguide-coupling imposes phase matching
between the waveguide and the microresonator. In the case
of a small-sized microring resonator, however, the phase
mismatch between the straight single-mode bus waveguide
and the tightly curved microring waveguide of the same di-
mension becomes significant as the microring radius shrinks
to the range of few micrometers. It is thus of the essence to
carefully design different widths for the straight bus wave-
guide and the microring resonator a few micrometers in size,
in order to enable proper phase matching between the bus
waveguide and the microring [36,48].

The mode-profile overlap is related to the submicrometer-
sized coupling gap spacing between the bus waveguide and
the microresonator. For submicrometer-sized waveguide
structures with high refractive-index contrast, such coupling
gap spacing is typically of the order of 100-300 nm, and thus
the fabrication requires advanced lithography technologies
such as electron-beam (e-beam) lithography or deep-UV
(DUV) photolithography. However, fabrication of such criti-
cal features with high fidelity and uniformity even across a
chip is technologically challenging.

Waveguide coupling to a high index contrast silicon-
based microresonator is also typically constrained by the

© 2011 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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short interaction length between the circular microring/disk
resonator and the straight waveguide. In order to enhance the
interaction length, the conventional approach is to employ a
racetrack microring resonator comprising two 180°-curved
waveguide sections seamlessly joined to two straight wave-
guide sections for directional coupling to bus waveguides
along a long interaction length. This relaxes the tight con-
straint on the coupling gap spacing. However, the modal
mismatch between the straight waveguide section and the
curved waveguide section introduces additional radiation
loss, which often compromises the Q factor. Silicon race-
track microring resonators are therefore typically used only
for applications that do not demand high Q factors.

Another common approach to enable efficient waveguide-
to-microring resonator coupling is to use multimode-
interference (MMI) coupler design [49]. The MMI cou-
pler design also offers the advantages of less wavelength-
dependent coupling and less sensitivity to fabrication errors.
Nonetheless, a major drawback of such MMI couplers is
additional insertion loss at the transitions between the single-
mode waveguide and the MMI region.

Compared with microring resonators, waveguide cou-
pling to a circular microdisk resonator is often less efficient.
This is in part due to the fact that the waveguide mode is
often not exactly phase matched with the microdisk WGMs.
The waveguide mode also only spatially overlaps with the
lower-order WGMs that propagate closer to the microdisk
rim. In order to enhance the waveguide-coupling efficiency
of a microdisk resonator, one conventional approach is to
lengthen the waveguide interaction length by using a curved
waveguide wrapped along a portion of the microdisk cir-
cumference. Another common method is by tailoring the

device slab layer thickness [36], which, however, also tends
to increase the device optical leakage (see Sect. 3).

5. Novel-shaped microresonators

In order to address the waveguide-to-microresonator cou-
pling issue, especially to ease the submicrometer-sized cou-
pling gap spacing constraint for silicon-based microdisk
resonators, our research group over the years has put sig-
nificant effort into designing noncircular-shaped microdisk
resonators. We proposed and demonstrated two different
approaches using novel-shaped microdisk resonators [50],
namely (1) polygonal microdisk resonators with a long flat
sidewall for directional evanescent coupling via a relatively
wide coupling gap spacing, and (2) microspiral and double-
notch-shaped microdisk resonators with a single or two
notches for gapless nonevanescent coupling.

5.1. Polygonal microdisk resonators

Figs.8a and b show the finite-difference time-domain
(FDTD) simulated continuous-wave field patterns of the
waveguide coupling to a flat-sidewall microdisk and to a
curved-sidewall microdisk [50]. When the waveguide is cou-
pled to a flat-sidewall microdisk, the coupled wave shows
flat wavefronts with a directional wavevector. The wavevec-
tor direction depends on the coupled waveguide width. By
properly designing the single-mode waveguide width, we
can match the wavevector of the waveguide-coupled wave
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(online color at: www.Ipr-journal.org) (a) and (b) FDTD-simulated continuous-wave field patterns of waveguide coupling to

(a) a flat sidewall showing directional propagating wavefronts and (b) a curved sidewall showing converging then diverging wavefronts.
(c)—(e) Ray-picture schematics of the light coupling between the bus waveguide and the polygonal microdisk resonators and the
N-bounce modes inside the microdisks for (c) square-, (d) hexagonal- and (e) octagonal-shaped microresonators. 6;,: ray incident
angle along the input-coupling sidewall. (f) Measured TE-polarized throughput transmission spectrum of a 50-um sized square-shaped
microdisk resonator on a SOI substrate. Inset: Top-view SEM of the square-shaped microdisk resonator. (g) Measured TE-polarized
throughput transmission spectrum of a 50-pm sized round-cornered hexagonal-shaped microdisk resonator on a SOI substrate . Inset:
Top-view SEM of the hexagonal-shaped microdisk resonator. Reproduced with permission from [51], ©2006 IEEE.
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with that of the microdisk resonance modes. When the wave-
guide is coupled to a curved-sidewall microdisk, the coupled
wave shows curved wavefronts that indicates an angular
spread in the wavevector. Therefore, it is difficult to selec-
tively couple the waveguide mode to a particular WGM in
the conventional circular microdisk.

Figure 8c shows a round-trip ray trajectory in a square
microdisk resonator [50]. The lightwave with a propagation
direction of around 45° to the sidewall is totally internally re-
flected and forms a 4-bounce round-trip orbit. The 4-bounce
mode can be decomposed into two orthogonal Fabry—Perot
normal modes between opposite sidewalls of the square
microdisk resonator. As such, square microdisk resonators
support standing-wave resonances [51]. The concept can be
generalized to polygonal microdisk resonators with sidewall
number N (e.g. N =6, 8).

Figures 8d and e show N bounce modes for hexagonal
and octagonal microdisk resonators. The N bounce modes
with their specific wavevector angles can be phase matched
with the side-coupled waveguide of a particular width and
cross-sectional design, as suggested in Fig. 8a.

Figure 8f shows the measured throughput transmission
spectrum of a waveguide-coupled square microdisk res-
onator with side length of 50 um in a SOI substrate [51].
The coupling gap spacing is about 0.35 um. The spectrum
displays single modes with a Q of 4000 and an ER of 27 dB.
The FSR of 4.7nm is consistent with a 4-bounce mode.
The inset shows the SEM of the waveguide-coupled square
microdisk.

Figure 8g shows the measured throughput transmission
spectrum of a waveguide-coupled hexagonal microdisk res-
onator with side length of 50 um in a SiN substrate [51]. The
coupling gap spacing is again about 0.35 um. The spectrum
exhibits a Q of 1500 and an ER of 15 dB. The FSR of 4.2 nm
is consistent with a 6-bounce mode. The inset shows the
SEM of the waveguide-coupled hexagonal microdisk.

5.2. Gapless-coupled microdisk resonators

Spiral-shaped microdisk resonators applied to silicon pho-
tonics have been inspired by the pioneering work of unidi-
rectional lasing from an InGaN spiral-shaped micropillar
demonstrated by Chern et al [52].

Figure 9a shows the SEM of the waveguide-coupled
spiral-shaped microdisk resonator on a SiN substrate [53].
The device comprises a spiral-shaped microdisk resonator,
a single-mode waveguide that is seamlessly butt-coupled to
the spiral notch, and another single-mode waveguide that is
evanescently side coupled to the cavity. The spiral shape is
defined as

r(@) =ro(1—€9/2m), (12)
where ry is the spiral radius at azimuthal angle ¢ = 0 and &
is the shape parameter. The notch enables gapless coupling
from a bus waveguide, where the waveguide mode field
spatially overlaps with the whispering-gallery-like resonator
mode field.

Figure 9b shows the measured transmission spectrum
at the side-coupled bus waveguide exhibiting resonances
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Figure 9  (online color at: www.lpr-journal.org) (a) SEM of the
fabricated spiral-shaped microdisk resonator with 25 um radius
and 0.4-um notch width on a SiN substrate. Reproduced with
permission from [53], ©2007 OSA. (b) Measured TM-polarized
transmission spectrum of the fabricated device. Reproduced with
permission from [53], ©2007 OSA. (c¢) FDTD-simulated mode
field pattern of a spiral-shaped microdisk resonator with 10 um
radius and 0.4 um notch width on a SiN substrate. Reproduced
with permission from [54], ©2009 OSA.

with a highest Q value of ~ 9000 and an ER exceeding
5dB [53].

Figure 9¢ shows the FDTD-simulated resonance mode
field pattern of a spiral-shaped SiN microdisk resonator
with a radius of 10 um and a notch of 0.4 um. The spiral-
shaped microdisk modes are, however, quite sophisticated
and different from the WGMs in a circular-shaped microdisk
due to the breakdown of the rotational symmetry.

The double-notch-shaped microdisk resonator is another
nonuniform-shaped microdisk resonator that enables gap-
less coupling.

© 2011 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 10  (online color at: www.lpr-journal.org) (a) SEM of the
fabricated double-notch-shaped microdisk resonator with 25 um
radius and 1 um notch width on a SiN substrate. Inset: zoom-in
of the notch-coupled waveguide. Reproduced with permission
from [54], ©2007 OSA. (b) Measured transmission spectrum
of the device. Reproduced with permission from [54], ©2007
OSA. (c) FDTD-simulated mode field pattern of a double-notch-
shaped microdisk resonator with 4.25um radius and 0.32 um
notch width on a SiN substrate. Reproduced with permission
from [54], ©2009 OSA.

Figure 10a shows the SEM of a fabricated double-
notch-shaped microdisk resonator on a SiN substrate [54].
The shape comprises two seamlessly joined semicircles of
slightly different radii and preserves mirror symmetry with
respect to the center axis. The inset shows the zoom-in view
of the gapless coupling region, where the waveguide mode
field spatially overlaps and couples to the resonator mode.

Figure 10b shows the measured transmission spectrum
at the butt-coupled bus waveguide exhibiting resonances
with Q factors in the range of 15000 to 24 000 [54].

Figure 10c shows the FDTD-simulated resonance mode
field pattern of a double-notch-shaped microdisk resonator
with a radius of 4.25 um and a notch of 0.32 um.

However, in both cases of spiral-shaped and double-
notch-shaped microdisk resonators, the details of the gapless
coupling mechanism regarding the phase mismatch and the
mode spatial overlap between the notch-coupled waveguide
mode and the microdisk modes still require further study.

The waveguide coupling to novel-shaped microres-
onators can be designed in order to attain desirable coupling
strength. For polygonal microdisk resonators, we can design
the gap width and the interaction length in the evanescent
coupling region. For gapless-coupled microdisk resonators,
we can design the notch width and the notch angle in the gap-
less coupling region. However, the novel-shaped microres-
onators discussed here are still sensitive to the fabrication
imperfection as traditional microrings and microdisks are,
for instance, the resonance wavelengths are sensitive to the
physical dimension of the microresonators.

6. Optical filters design, modeling and
performance

One early proposed application of silicon-based microres-
onator technology is optical wavelength channel filtering for
wavelength-division multiplexing (WDM) telecommunica-
tions applications, in which the wavelength channel adding
and dropping functionalities are required. As such, optical
add-drop filters comprising input and output waveguides
coupled with microresonators have been widely investigated.
Optical add-drop filters for WDM high-data-rate telecom-
munications applications require demanding performances
on the filter responses, namely, a wide FSR of tens of nm for
single-channel filtering in the telecommunication C-band
(1530-1565 nm) and a box-like transmission profile with a
sufficiently wide bandwidth of tens of GHz for 10-40 Gbit/s
data transmission.

The wide FSR imposes a relatively small-sized sili-
con microring resonator with a radius smaller than 5 um.
The small cavity size, however, limits the Qg factor, and
thus requires specific coupling and loss designs. The bus-
waveguide width should be narrower than the microring
waveguide width in order to phase match the straight-
waveguide mode with the curved-waveguide mode. Fol-
lowing such coupling design, the microring resonator with
the smallest radius of 1.5 um has been demonstrated [48].
In order to minimize the waveguide propagation loss, both
the waveguide and microring waveguide widths can be rel-
atively wide (~ 600 nm) [55]. Besides, the wide FSR can
also be attained by Vernier filter design [56] that employs
two relatively large-sized microresonators of slightly differ-
ent sizes.

The optical filter should also have a flat-top response
and a fast roll-off in order to reject adjacent channels by
> 30dB. Single microresonators that exhibit a Lorentzian
resonance lineshape, however, cannot satisfy such stringent
performance requirements. One possible approach to tailor
the filter response is high-order coupled-microresonator-
based filters.

Figure 11 illustrates the analytically modeled drop-port
transmission spectra of a single microring resonator-based
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Figure 11  (online color at: www.lpr-journal.org) Modeled drop-

port transmission spectra (normalized to the input) of a single
microring resonator-based add-drop filter (blue) and a third-order
cascaded microring resonator-based add-drop filter (red). The
blue spectrum shows a Lorentzian lineshape resulting from a
single resonance. The red spectrum shows a box-like lineshape
resulting from mode splitting of three intercavity coupled identical
resonators. Insets: schematic structures of the filters.

channel add-drop filter that exhibits a Lorentzian lineshape
and a third-order cascaded microring resonator-based chan-
nel add-drop filter that exhibits a flat-top, box-like lineshape.
For high-order coupled-microring resonator-based filters,
the waveguide-to-microring field coupling coefficient Ky
and the microring-to-microring field coupling coefficient
Kgr are typically different. Here, we choose kg = 0.3 and
Krr = 0.7 in order to attain the flat-top, box-like lineshape,
assuming three identical 10-um radius microrings.

Third-order coupled-microring resonator-based filters
have been demonstrated. Table 1 summarizes the state-of-
the-art of the silicon-based third-order coupled-microring
resonator-based filters.

Figure 12a shows the SEM of such a fabricated filter
on a SiN substrate [57]. The waveguide widths for the mi-
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Figure 12  (online color at: www.lpr-journal.org) (a) SEM of
a third-order cascaded coupled-microring resonator-based add-
drop filter on a SiN substrate. (b) Measured and simulated trans-
mission spectra of the fabricated device showing box-like drop-
port transmission. Inset: measured filter response over multiple
FSRs. Reproduced with permission from [57], ©2004 OSA.

Table 1  Key design parameters and measured performances of silicon-based high-order coupled-microresonator-based filters.
[57] [58] [59,60] [61]
Platform SiN Si Si Si
Resonator element Ring Ring Racetrack Racetrack
Ring/bus-waveguide width (nm) 10507850 600/500 500/500 500/500
Ring-to-ring/ring-to-bus-waveguide coupling gap spacings (nm) 268/80 350/100 120/— (MMI couplers) 120/45
Ring-to-bus-waveguide coupling length (um) - - 3.5 7
Bend radius (um) 7.3 2.5 4 3
Footprint (um?) ~ 1000 75 70 40
FSR (nm) 24 32 18 18
Drop-port loss (dB) 3 - <3 <03
1-dB bandwidth (GHz) 88 125 310 ~ 100
In-band throughput-port extinction (dB) 7 20 - 12
Out-of-band drop rejection (dB) 30 40 30 18
Roll-off (dB/GHz) ~0.2 ~0.2 ~0.2 ~0.8
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croring resonator and the bus waveguide were designed to
be slightly different in order to satisfy the phase-matching
condition. The coupling gap spacing were also tailored in
order to attain the required coupling coefficients.

Figure 12b shows the measured transmission spectrum
that exhibited a wide and flat-top pass-band of 88 GHz, fast
roll-off of 0.2 dB/GHz and high out-of-band rejection ratio
of 30dB [57]. However, due to the relatively low index con-
trast of SiN waveguides, the microring radius of 7.3 um was
relatively large in order to enable good optical confinement.

Compared with the SiN platform, the SOI substrate
offers higher index contrast and thus enables photonic de-
vices with more compact sizes. Ultracompact microring
resonators with 2.5 um radius have been demonstrated [58].
Interresonator coupling between microring resonators is,
however, still difficult to control. One can better tailor the
interresonator coupling by using racetrack microring res-
onators [59-61].

7. Optical modulators

Optical modulators are essential components for on-chip
optical interconnects and telecommunications applications.
The requirements for the modulators include modulation
speed and depth, power consumption and drive voltage [62].
High-speed modulation above 10 Gbit/s data rate with low
energy consumption of 10{J/bit are targeted. In terms of
modulation depth, although a relatively large extinction of
> 7dB is always preferred for interconnect applications, a
moderate modulation depth of 4-5 dB is believed to be suf-
ficient. In order to be supported by CMOS driving circuits,
the driving voltage swing V,,, should be around 1 V.
Research work on silicon optical modulators has
been comprehensively reviewed in a recently published
article [62]. Here, we therefore only highlight silicon

microresonator-based EO modulators, which offer the key
merits of compact size, wavelength selectivity and poten-
tially low power consumption compared with the Mach—
Zehnder interferometer (MZI)-based modulators. We also
limit the scope of the discussion on the modulation mech-
anism to only the widely adopted free-carrier dispersion
(FCD) effect. In silicon microresonator-based modulators,
modulation based on carrier injection and depletion has
been demonstrated. Table 2 summarizes the state-of-the-art
of the silicon microresonator-based EO modulators.

The empirical equations [63] for FCD-induced refractive-
index change An and absorption coefficient change A« as
functions of the change of free electrons and free holes
concentrations at 1.55 um are given as:

An = Ang + Any,

= —(8.8x 1072*AN, + 8.5 x 10~ 18AND®)  (13)
Ao = Ao + Aoy,

=8.5x 10718AN, + 6.0 x 107 18AN,,, (14)

where An, is the refractive-index change resulting from
change in free-electron carrier concentrations AN, (cm™>),
Any, is the refractive-index change resulting from change
in free-hole carrier concentrations AN, (cm~3), Act is the
absorption coefficient change resulting from AN,, and Ao,
is the absorption coefficient change resulting from AN},.

7.1. Carrier-injection modulators

Figure 13a illustrates optical intensity modulation by
blueshifting a resonance wavelength through carrier injec-
tion in a p-i-n diode embedded microresonator. For a fixed
carrier wavelength positioned at the resonance upon zero

Table 2 Key measured performances of silicon microresonator-based optical modulators.

Structure D‘(a;rlf;er 0 (]jg) Tum‘zirfﬁzf)lency ( g}VIVZ | (2%?3‘:) ](Ef‘}%% Y{’,’; (1\;1]3)) IL (dB) Ref.
I Ring 12 39350 15 30 - 1.5 — 69 6 1 [65]
I Ring 12 12000 - - - 18 - 4 3 - [66]
I Disk 10 16900 7 70 0.5 0.5 — 69 7 I [67]
D  Racetrack 24 10000 23 42 - 12.5 10 1 8 4 [68]
D Ring 15 8300 14 10 - 5 400 2 3 6 [69]
D  Racetrack 12 3000 20 — 19 — — — — — [70]
D Ring 30 14500 15 18 11 10 50 2 6.5 2 [71]
D Ring 60 8000 20 - 10 10 - - - - [72]
D  Racetrack 80 9000  — 2.3 8 12.5 — 4 1 10 [73]
D  Racetrack 96 9800  — - - 30 335 1.6 33 - [74]
D Disk 4 10000 8 45 - 10 8 35 8 [75]
D Disk 3 10000 10 65 - 12.5 301 4 5 [76]

I: injection. D: depletion. ER: extinction ratio. BW: bandwidth. V,,,,: voltage swing. MD: modulation depth. IL: insertion loss. Diameter
of a racetrack resonator is defined as the racetrack circumference divided by 7.
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(a)

Intensity

(b)

Figure 13  (online color at: www.lpr-journal.org) Optical inten-
sity modulation using a silicon p-i-n diode embedded microres-
onator in carrier-injection mode. (a) The resonance wavelength
blueshifts upon injecting free carriers. The intensity at a carrier
wavelength is modulated as the resonance wavelength is shifted
back and forth. Ay: carrier wavelength. (b) Top-view schematic
of the microring-resonator-based carrier-injection-mode modula-
tor. Inset: Cross-sectional schematic of the p-i-n diode integrated
waveguide. Reproduced with permission from [65], ©2005 NPG.
(c) Schematic of the microdisk-resonator-based carrier-injection-
mode modulator. Inset: cross-sectional view of the lateral p-i-n
diode. Reproduced with permission from [67], ©2006 OSA.

carrier injection, the resonance blueshift driven by the elec-
trical signal determines the modulation depth of the optical
signal. Narrow resonance linewidth with steep spectral slope
is desirable in order to attain sufficient modulation depth

under a particular voltage swing. However, the cavity pho-
ton lifetime (typically ~ 1-10ps) should be significantly
shorter than the data bit slot (e.g. ~ 100 ps for 10 Gbit/s
data rate) for the cavity field to build up and decay without
distorting the signal. This sets the microresonator Q to be
of the order of 103-10* for 10-40 Gbit/s modulation. For
a microresonator with a Q factor of 5000, the resonance
wavelength needs to be blueshifted by 0.2 nm in order to
attain maximum intensity change. Such a blueshift requires
injected carrier concentration change at the level of 10!
cm 3 according to Eq. (13).

The spectral tuning speed corresponding to the rise edge
of the optical modulation is limited by the carrier diffusion
time. The fall edge of the optical modulation is limited by
the minority carrier lifetime, which can be minimized by
sweeping out the minority carriers upon a reverse bias. The
drive voltage for 12.5 Gbit/s modulation has been demon-
strated to be as low as 3 V [64]. However, for on-chip appli-
cations, the drive voltage should be further reduced to about
1V to be compatible with CMOS drive circuits.

Xu et al [65] pioneered carrier-injection microresonator-
based silicon EO modulators in 2005, where they demon-
strated a modulation speed of 1.5 Gbit/s.

Figure 13b shows a schematic of the microring resonator-
based modulator integrated with a lateral p-i-n diode. The
modulation speed for this early work was limited by the
fact that only part of the microring was integrated with the
p-i-n diode. In a follow-up work, they surrounded the entire
microring with a p-i-n diode and improved the modulation
speed to 18 Gbit/s using a pre-emphasis driving signal [66].
The short impulses at the rising and falling edges of the
signal enabled fast injection and extraction.

Our group demonstrated the first carrier-injection-based
p-i-n diode embedded silicon microdisk modulator in
2006 [67].

Figure 13c shows the cross-sectional and perspective
schematics of the device [67]. We designed the intrinsic re-
gion of the p-i-n diode to be in the vicinity of the microdisk
rim where the WGMs propagate, and the doped regions to
be in the central portion of the microdisk (n') and outside
the microdisk sidewall by 0.5 um (p™). As such we enabled
selective spatial overlap between the WGM field and the
injected carriers, while minimizing the scattering and ab-
sorption losses due to the heavily doped regions and the
metal contacts. The subgigahertz modulation speed demon-
strated was, however, mainly limited by the relatively wide
p-i-n diode intrinsic region of 2.25 um that lengthened the
diffusion time and the nonoptimized metal contacts that
resulted in a relatively large resistance—capacitance (RC)
time.

7.2. Carrier-depletion modulators

Figure 14a illustrates optical intensity modulation by red-
shifting a resonance wavelength through carrier depletion
in a p-n diode embedded microresonator. The modulation
speed due to the carrier depletion (upon the carrier drift ve-
locity) is significantly faster than the carrier injection (upon
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Figure 14  (online color at: www.lpr-journal.org) Optical inten-
sity modulation using a silicon p-n diode embedded microres-
onator in carrier-depletion mode. (a) The resonance wavelength
redshifts upon depleting free carriers. The intensity at a carrier
wavelength is modulated as the resonance wavelength is shifted
back and forth. Ay: carrier wavelength. (b) Optical micrograph
of the microring-resonator-based carrier-depletion-mode modu-
lator. Reproduced with permission from [72], ©2006 IEEE. (c)
Top-view SEM and cross-sectional schematic of the microdisk-
resonator-based carrier-depletion-mode modulator. Reproduced
with permission from [75], ©2008 IEEE.

the carrier diffusion velocity). While the depletion modu-
lator can work beyond 10 Gbit/s, the injection modulator
can reach 10 Gbit/s modulation speed with a pre-emphasis
driving signal (see Table 2). The depletion-mode modula-
tion speed is typically limited by the RC time constant of
the p-n diode. However, the resonance wavelength tuning
efficiency (resonance wavelength shift to drive voltage) is
typically lower than that in the injection-mode modulator
(see Table 2). The maximum carrier concentration change is
determined by the doping concentration in the p-n junction.
Given a moderate doping concentration of 10'8 cm~3, the
depletion-induced resonance wavelength redshift assuming

fully depleted depletion region is only ~ 0.1 nm, according
to Eq. (13). Such resonance wavelength redshift is typically
within the resonance linewidth, assuming a moderate res-
onance Q factor, thus rendering severe limitations on the
modulation depth to few dB [68,69].

In order to enhance the wavelength-tuning efficiency,
the spatial overlap between the optical mode and the car-
rier density change in the depletion region needs to be op-
timized [70, 71]. The optical waveguide with a compact
dimension can confine the optical mode in a relatively small
volume that preferentially overlaps with the depletion re-
gion. The horizontal p-n junction can be asymmetrical both
in the doped region width and in the doping concentrations
in order to maximize the spatial overlap between the optical
mode and the hole depletion, which could induce a larger
index change compared with electron depletion according
to Eq. (13).

Gunn [72] demonstrated the first carrier-depletion
microresonator-based silicon EO modulator in 2006. Fig-
ure 14b shows the optical micrograph of the 30-uym ra-
dius microring modulator. The 3-dB modulation band-
width was shown to be 10 GHz. The following work from
various groups generally improved the modulator perfor-
mance towards higher speed and lower power consump-
tion [70,71,73]. For compatibility with CMOS technology,
the driving voltage swing was reduced to 1V [68]. The
modulator with integrated electrical driving circuit made by
a 90-nm CMOS fabrication process has also been demon-
strated [69]. Most recently, the modulation speed has been
pushed to 30 Gbit/s [74].

The carrier-depletion-type silicon microdisk modulator
was demonstrated in 2008 [75]. Figure 14c shows the SEM
of the 4-um diameter microdisk modulator, which was em-
bedded with a vertical p-n junction. The metal contacts were
kept within the interior of the microdisk. The microdisk
outer sidewall enabled a significant spatial overlap between
the WGMs and the depletion region. The structure was fur-
ther improved by the same group in 2010 [76]. In their
later work, a 3.5-um diameter silicon microdisk resonator
was embedded with the p-n diode along only 7 radians of
the microdisk. Both the junction resistance and capacitance
were reduced, thus enabling high-speed operation. The reso-
nance Q factor was improved to enable a steeper roll-off by
reducing the dopant-induced loss.

8. Optical switches and routers

Optical switches and routers with low latency and low power
consumption are also important building blocks for on-chip
optical interconnection. Here, we discuss microresonator-
based switches and routers, that were implemented using
EO effect and thermo-optical (TO) effect.

8.1. EO switches using FCD effect

The key advantages of EO switching using the carrier-
injection FCD effect include (i) sub-ns to ns tuning speed
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Figure 15  (online color at: www.lpr-journal.org) ~ Figure 16  (online color at: www.lpr-journal.org) (a) Optical micrograph of

(a) Schematic of a silicon p-i-n diode embed-
ded microring resonator-based switch coupled
with a waveguide crossing. (b) Schematic of
throughput- and drop-port transmission spectra.
The carrier wavelength A is positioned at the
off-resonance wavelength in the bar state and at
the on-resonance wavelength in the cross state. I:

a carrier-injection-type electro-optical switch using a microring resonator side
coupled to a MMI waveguide crossing. The microring and the waveguide crossing
are colored in gray. Metal-pad symbols: G: ground; S: signal. Inset: SEM of the
MMI waveguide crossing. (b) Measured throughput- and drop-port transmission
spectra upon drive voltages of 0 and 0.95 V. A.: carrier wavelength. (c) Measured
switch transitions at the drop port showing nanosecond-speed 10-t0-90% switch-
on and 90-t0-10% switch-off times. Reproduced with permission from [77], @

input port. T: throughput port, D: drop port. 2009 IEEE.

and (ii) ~ sub-mW to mW power consumption. However,
the shortcoming of such EO switching is that the resonance
wavelength tuning range is practically limited due to the
presence of FCA loss. For instance, a 2x10'* cm™3 injected
carrier concentration induces ~ 2 nm spectral blueshift and
100 dB/cm FCA loss according to Egs. (13) and (14). Given
an optical microresonator with a Q factor of 5000 before car-
rier injection, the FCA loss degrades the Q factor to ~ 3000
and changes the ER.

Figure 15 illustrates the EO switch assuming the carrier-
injection FCD effect. The p-i-n diode integrated microring
resonator is side coupled to a waveguide crossing, as shown
in Fig. 15a. A carrier wavelength A positioned at a normally
off-resonance wavelength propagates to the throughput port
as a bar-state, while A is routed to the drop port as a cross-
state with the blueshifted resonance aligned at Ay upon
carrier injection, as shown in Fig. 15b.

Previously, our group demonstrated such an EO switch [77].

We adopted the MMI-based waveguide crossing [78, 79].
The MMI waveguide design enables self-focusing of the
guided mode at the crossing junction, and thus reduces
scattering-induced radiation loss and crosstalk of the cross-
ing.

Figure 16a shows the top-view optical micrograph of
the EO switch [77]. The inset shows the SEM of the MMI
crossing. The crossing exhibited 0.12 dB insertion loss and
—40dB crosstalk [78,79]. Figure 16b shows the measured
throughput- and drop-port transmission spectra in the vicin-
ity of a resonance under 0 V and 0.95 V forward bias [77].
The resonance shows a 3-dB bandwidth of 50 GHz and an
ER of 15dB. The resonance wavelength was blueshifted
by 0.56 nm (exceeding the linewidth) upon 0.95 V forward
bias, which requires a dc power consumption of 600 uW.
Figure 16¢ shows the measured 10-t0-90% switch-on time
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and 90-to-10% switch-off time were 1.3 and 1.2 ns, respec-
tively [77].

Besides the FCD effect, EO tuning using liquid crystals
(LC) as an electro-optical tunable upper-cladding layer on a
silicon-based microresonator has been proposed and studied.
The key advantages of EO switching using LC as an upper
cladding include (i) wide wavelength tuning range due to
the typically large LC birefringence (results in up to ~
25nm resonance wavelength tuning based on our previous
study [80]) and (ii) low electrical power consumption due to
the field effect in rotating the LC molecules. The switching
time, however, is relatively slow in the range of tens of ps
to ms, depending on the LC material and the cell design.

EO tunable LC-clad silicon microring resonators have
been demonstrated with horizontal [81] and vertical [82]
electrodes. The tuning efficiency is of the order of 0.01 nm/V.
Compared with the FCD effect, the LC approach imposes
an order-of-magnitude higher drive voltage. Previously,
our group and collaborators also proposed and patented
a photoaligned LC-clad silicon microresonator-based EO
switch [80]. The novelty there involves the use of pho-
toaligned LC instead of the conventional alignment meth-
ods.

8.2. TO switches

The silicon refractive index can also be changed with tem-
perature variation. TO switching has the key merit of wide
wavelength tuning range. The silicon thermally induced
refractive-index change is ~ 1.86 x 10~* K~! and absorp-
tion coefficient change is ~ 10~* cm™~! K~ at 1550 nm [30].
For example, in order to tune the resonance wavelength by
10 nm, the temperature rise in silicon needs to be ~ 100K,
and the resulting induced loss is ~ 0.04 dB/cm, which is
negligible. However, the tuning speed is typically of the
order of ps due to slow thermal diffusion process.

The typical approach to control the silicon microres-
onator temperature is to integrate a microheater on the top.
Figure 17a shows the top-view and cross-sectional schemat-
ics of a microheater-integrated microresonator [83]. The
metal, typically Ti/Ni, was fabricated on top of the opti-
cal waveguide and along the microresonator circumference.
In this particular device, the resonance wavelength tuning
efficiency was estimated as 0.3 nm/mW [83], as shown in
Fig. 17b. Figure 17¢ shows the measured tuning rise and fall
times of 7 and 14 us [83].

TO tuning efficiency was enhanced with opened air
trenches on the two sides of the ring waveguide [84]. By
trapping the heat in the waveguide regions, the air trenches
improved the tuning efficiency to 0.9 nm/mW. The tuning
efficiency was further improved to 4.8 nm/mW by remov-
ing the undercladding underneath the microring waveguide,
thus forming a free-standing microresonator [85]. However,
due to the heat trapping, the tuning time was an order of
magnitude longer than that for the device without undercuts.

The tuning speed has also been improved by optimizing
the microheater integrated waveguide structure [86,87]. The
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Figure 17  (online color at: www.Ipr-journal.org) (a) Top-view

optical micrograph of a silicon microring resonator integrated with
a microheater. Inset: Numerically simulated temperature distri-
bution in the upper cladding underneath the microheater. HSQ:
hydrogen silsequioxane. (b) Measured drop-port transmission
spectra upon various electrical tuning powers. (c) Measured opti-
cal response upon thermal tuning showing a 7-us rise time and
a 14-ps fall time. Reproduced with permission from [83], ©2007
IEEE.

vertical separation between the waveguide and the micro-
heater was optimized in order to efficiently couple heat into
the waveguide while minimizing the absorption loss due to
the metal heater. The cladding material can be changed from
commonly used SiO; to SiN, which has a higher thermal
conductivity.

Other than integrating a microheater on top of the wave-
guide, the microresonator can also be directly heated with
current injection [88]. The direct heating showed a relatively
efficient 0.55 nm/mW tuning efficiency with a relatively
short switching time of 1 us. However, such an embedded
heater approach suffers additional optical loss and imposes
complicated fabrication process.
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Figure 18  (online color at: www.lpr-journal.org) (a) Optical
micrograph of a 4x4 nonblocking silicon optical switch using the
themo-optical effect. (b) SEM of the waveguide crossing and
coupled microring resonators. Inset: optical micrograph of the
microring switch with microheaters. Reproduced with permission
from [86], @ 2008 OSA.

8.3. Optical routers

The EO or TO switches integrated in a network topol-
ogy constitute an on-chip optical router. The detailed dis-
cussion on this topic can be found in a review article
by our group [77]. Here, we highlight two representative
microresonator-based optical routers.

Sherwood-Droz et al [86] demonstrated a 4x4 nonblock-
ing silicon optical router using TO switching. Figure 18a
shows the optical micrograph of the device comprising eight
microring resonators and ten waveguide crossings, with a
footprint of 0.07 mm? [86]. Figure 18b shows the SEM
of the waveguide crossing and the coupled microring res-
onators [86]. The insertion loss of each crossing was shown
to be 0.51 dB. Their design enabled bidirectional communi-
cations among the four input ports and the four output ports.
Each communication path demonstrated a maximum ER of
20.79 dB and a bandwidth of 38.5 GHz.

The shortcomings of such optical routers are relatively
slow switch on/off times, of the order of us, and relatively
high power consumption for the resonance wavelength tun-
ing (0.25 nm/mW in Sherwood-Droz et al [86]). Moreover,
in a two-dimensional mesh/torus network, additional ports
for data injection and ejection are necessary. A 5x5 non-
blocking optical router is required.

Our group proposed a 5x5 silicon microring resonator
based EO optical router [77]. Figure 19 illustrates the data

Injection

lnnrlh

south

Figure 19  (online color at: www.lpr-journal.org) Schematic of
a 5 x 5 optical router comprising 20 identical microring resonator-
based switch elements coupled to a MMI crossing grid array with
25 crossings. The dashed arrows illustrate some of the possible
light paths with the colored microrings correspond to the cross
state. Reproduced with permission from [77], @ 2009 IEEE.

paths in the proposed optical router [77]. The router com-
prises 5 input ports and 5 output ports, enabling simulta-
neous bidirectional communications in four orthogonal di-
rections including data injection and ejection. Each data
path connecting one input port to one output port is estab-
lished by switching on one microring resonator. Multiple
data paths can be established simultaneously. The router is
nonblocking.

For proof-of-concept, we demonstrated an EO 2x2 opti-
cal router [77].

Figures 20a and b show the optical micrograph of the
device and a schematic of the data paths in the router [77].
Figures 20c and d show the measured transmission spectra
with the light separately launched from ports I1 and 12 [77].
The 3-dB bandwidth for the four microrings was ~ 65 GHz.
Due to fabrication imperfections, however, the resonance
wavelengths were misaligned, which imposes additional dc
power consumption (within 300 uW) for compensating the
resonance wavelength misalignment.

9. Coherent control of resonance lineshapes

Resonance lineshape tuning by means of coherent inter-
ference provides additional functionalities. There are three
common schemes proposed and demonstrated in silicon mi-
croresonators, namely i) coherent interference between a
microresonator resonance and a nonresonant background, as
in Fano resonances [89], ii) coherent interference between
a microresonator resonance and a detuned microresonator
resonance, as in electromagnetically induced transparency
(EIT) [90] and iii) coherent interference between a microres-
onator resonance and a coherent feedback [91].
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Figure 20  (online color at: www.lpr-journal.org) (a) Optical

micrograph of a 2 x 2 microring resonator-based switch matrix.
(b) Schematic of the switch matrix illustrating two input ports I1
and 12, two throughput ports T1 and T2, two drop ports D1A and
D1B for 11 and two drop ports D2C and D2D for 12. (c) Measured
throughput- and drop-port transmissions at ports T1, D1A and
D1B when light was launched from input port 1. (d) Measured
throughput- and drop-port transmissions at ports T2, D2C and
D2D when light was launched from input port 12. Reproduced with
permission from [77], @ 2009 |IEEE.

(i) Resonance interference with a coherent background
Figure 21a shows one proposed configuration com-
prising a silicon microring resonator coupled with a
MZI [89]. The resonance pathway corresponds to the
lightwave propagating in the microresonator-coupled
MZI arm, and the coherent background pathway corre-
sponds to the amplitude-split lightwave propagating in
the MZI reference arm. The two lightwaves recombine
at the MZI output ports.

Figure 21b shows the measured transmission spectra
for the two output ports [89]. Both port-1 and port-
2 transmission spectra exhibited asymmetrical Fano
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Figure 21  (online color at: www.lpr-journal.org) (a) Schematic
of a MZI-coupled microring resonator. Dashed arrows illustrate the
coherent light paths. (b) Measured transmission spectra at output
port 1 (red dashed) and port 2 (blue solid) showing asymmetric
Fano lineshapes. Reproduced with permission from [89], © 2007
OSA.

resonance lineshapes. The lineshapes can be controlled
by modulating the phase in the MZI reference arm.
The sharp asymmetrical lineshapes can find applica-
tions in biosensing [92,93]. The MZI-coupled micror-
ing resonators have also been proposed for tailoring
the filter lineshape with a flat-top and box-like spectral
response [94,95].

(i1)) Resonance interference with a coherent resonance

Like Fano resonances, EIT-like phenomenon can occur
in a microresonator system in which two coupled mi-
croresonators coherently interfere. Figure 22a shows the
top-view optical micrograph of such a silicon double-
ring microresonator device [90]. The coherent light-
wave from the two slightly detuned microresonators
destructively interfere at the throughput port.
Figure 22b shows the measured and modeled transmis-
sion spectra at the throughput port [90]. A transparency
window with a full width at half-maximum (FWHM)
of 0.13 nm was observed in the transmission dip with
FWHM of 4.4 nm. Such silicon coupled microring res-
onator structures with EIT-like lineshapes have found
applications in optical delay lines (see Sect. 10).

(ii1) Resonance interference with a coherent feedback
The resonance lineshape can also be enhanced or sup-
pressed by means of interference with a coherent feed-
back.

Figure 23a shows the schematic of a silicon feedback-
coupled microring resonator [91]. By tuning the feed-
back phase and amplitude, say using the FCD effect,
we can enhance or suppress the resonance. Figure 23b
shows the measured and modeled transmission spec-
tra [91]. While the resonance wavelengths were almost
fixed upon the three different feedback phase values 6 ¢
(controlled upon carrier injection across the feedback
path), the resonance lineshape (resonance C) varied sig-
nificantly with only slight variations in the resonance
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Figure 22  (online color at: www.lpr-journal.org) (a) Top-view
optical micrograph of a double-ring resonator laterally coupled
with two parallel waveguides. Dashed arrows indicate the light
coupling between the two slightly detuned microring resonators.
(b) Measured (black solid) and theoretical (red dashed) through-
put transmission spectra revealing ElT-like resonance lineshape.
Reproduced with permission from [90], © 2006 OSA.

Q values. Nonetheless, such coherent feedback con-
trol highly depends on the resonance wavelength. Thus,
the resonance lineshape modulation varies among res-
onances (e.g. resonances A and B were relatively less
affected by the feedback interference).

It is conceivable that the feedback-microring that en-
ables controlled resonance lineshape tuning with a large
dynamic on-off ratio offers more functionalities than simple
waveguide-coupled microring resonators. Previously, we
have also proposed that the microring resonance wavelength
can be separately tuned by modulating the microring round-
trip phase. Such functionality has been used for reconfig-
urable filters [91, 96, 97], switches and modulators [98,99].

10. Optical delay lines

Optical delay lines are another key component for on-chip
optical interconnects. The traditional way to obtain optical
delay is by passing the light through a dispersive medium.
Other than relying on a strongly dispersive medium, the
strong dispersion can be obtained from microresonator-
based structures (see Sect. 2). Table 3 summarizes the state-
of-the-art of the microresonator-based optical delay lines on
silicon chips. The key performance metrics for the optical
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Figure 23  (online color at: www.lpr-journal.org) (a) Schematic
of a feedback-coupled microring resonator. Arrows indicate the
light trajectories and the feedback path. d¢: feedback phase.
(b) Measured (gray solid) and modeled (red dashed) transmission
spectra upon 6¢ =0, —0.137, and —0.277. Resonance C shows
pronounced resonance lineshape tuning as a function of ¢.
Reproduced with permission from [91], ©2007 OSA.

delay lines are time delay, bandwidth, insertion loss and
delay tunability. The figure-of-merit is the delay-bandwidth
product (DBP).

10.1. Microring-based optical delay lines

The waveguide-coupled microring resonator exhibits time
delay/advance depending on the coupling regimes (see
Sect.2). Thus, the time delay and advance can be tuned
by controlling the coupling regimes. Recently, we reported
microring resonator-based EO tunable delay lines [100].
Figure 24a shows the optical micrograph of a racetrack
microring resonator integrated with a lateral p-i-n diode
on a SOI substrate [100]. Figures 24b—d show the mea-
sured transmission spectra, time delay, and deduced optical
phase responses upon various bias voltages and injection
currents [100]. Upon forward biasing the p-i-n diode, carrier
injection increased the microring FCA loss and thus tuned
the coupling regime from overcoupling to undercoupling,
and correspondingly tuned from time delay to time advance.
The single microring resonator-based tunable delay lines
have also been demonstrated using the TO effect [101].
However, the tunable time delay demonstrated in this
work was accompanied with resonance wavelength shifts.
In order to separate the time delay tuning from the reso-
nance wavelength shifts, our group recently demonstrated a
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Table 3 Key measured per-

Structure Material N Delay Bandwidth DBP Insertion loss Ref. formances of microresonator-
(ps) (GHz) (dB) ) . )
based optical delay lines on sil-
SOl 1 95 3.5 0.3 40 [100]  icon chips.
Single element  SOI 1 80 5 0.4 28 [101]
SOI 1 84 1.5 0.132 38 [102]
EIT SOI 25 — — — [90]
SOl 2 29 — — 30 [103]
SCISSOR SOI 56 510 54 27 25 [14]
2,4 2.
Hydex 8 483 > 6 6 [106]
32 357 40 14 10
SOI 100 220 — — 26 [14]
CROW SOI 235 145 625 90 19 [109]
SiON 8 800 6.25 5 8 [110]
SiN 101 110 18.75 2 50 [111]

N: number of cascaded microresonators. DBP: delay—bandwidth product.

feedback-microring tunable delay lines by controlling the
coupling regime via tuning the feedback phase and loss,
while the resonance wavelength can be separately tuned.

Figure 25a shows the optical micrograph of the fabri-
cated device comprising the feedback-microring resonator
connected to a control microring resonator without the
feedback waveguide [102]. The principle of the feedback-
microring resonator is discussed in Sect.9. By forward
biasing the diode U across the feedback waveguide with
voltage Vi, we can control the transmission intensity and
phase response of the device and thereby tune the time de-
lay/advance at a fixed resonance wavelength. By forward
biasing the diode A across the microring with voltage Vj,
we can blueshift the resonance wavelength.

Figures 25b—d and e—g show the measured transmis-
sion spectra and corresponding time delay/advance at three
different resonance wavelengths upon various bias volt-
ages [102]. The feedback-microring resonator showed a
delay bandwidth (FWHM delay) of ~ 1.5 GHz at the max-
imum delay of 84 ps, suggesting a DBP of ~ 0.132. In
comparison, our previously demonstrated device of a sin-
gle waveguide-coupled microring resonator showed a de-
lay bandwidth of ~ 3.5 GHz with a maximum delay of
95 ps, which gave a DBP of ~ 0.3 [100]. Other silicon sin-
gle microring resonator-based devices have demonstrated
a DBP of ~ 0.4, albeit using transmission intensity band-
width [101].

One shortcoming of the above approaches using notch
filters is that the optical delay within the resonance dip
suffers low transmission intensity. In order to enable high
transmission intensity while exhibiting strong optical delays,
optical delay lines utilizing an EIT-like lineshape that ex-
hibits strong dispersion at the transmission resonance peak
within the broad transmission dip (see Sect.9) [90] have
been considered. The EIT-like lineshape and the resulting
time delay were attained in a double-microring resonator
system coupled to two parallel waveguides on a SOI sub-
strate (see Fig. 22) [90]. The EIT-like lineshape and time

delay/advance were also observed using a single microring
resonator with clockwise (CW)-counterclockwise (CCW)
modes mutual coupling induced mode splitting [103].

10.2. Cascaded microresonators-based optical
delay lines

Nonetheless, both the Lorentzian and EIT-like resonance
lineshapes exhibit narrowband transmissions, which are
not suitable for high-speed data transmissions. In order
to increase the bandwidth of the optical delay lines, cas-
caded microresonators have been investigated, namely
side-coupled integrated sequence of spaced optical res-
onators (SCISSORs) and coupled-resonators optical wave-
guides (CROWs).

SCISSORs utilize cascaded multiple microresonators
coupled in series to a common bus waveguide (see
Fig.26a) [14, 104—-106]. As the light propagates inside each
of the microresonators for multiple round-trips and passes
to the next microresonator, the group delay is significantly
enhanced. There is no mutual coupling among the microres-
onators in SCISSORs.

CROWs utilize cascaded multiple microresonators in
parallel. The light propagating inside a CROW can be cou-
pled back and forth among all the microresonators, and thus
results in intercavity coupling-induced bandwidth broaden-
ing and delay enhancement.

The first 100-microring CROW on a SOI substrate was
demonstrated in 2007 [14].

Figure 26b shows the SEM of the CROW. The device
demonstrated a maximum delay of ~ 220 ps with a foot-
print of only ~ 0.045 mm?. Nonetheless, the demonstrated
transmission profile showed significant ripples owing to
the finite-size effect, which in principle can be mitigated
by adopting different coupling strengths between the mi-
croresonator and the coupled waveguide from the intercavity
coupling [107].
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Figure 24  (online color at: www.lpr-journal.org) (a) Optical
micrograph of a racetrack microresonator-based notch filter with
a laterally integrated p-i-n diode on a SOI substrate. (b)—(d) Mea-
sured (b) transmission spectra, (c) time delay/advance and (d)
deduced optical phase response upon various bias voltages and
injection currents. Reproduced with permission from [100], @
2010 OSA.

Another issue with cascaded microresonators is fabrication-

imperfection-induced structure disorder. Anderson localiza-
tion has been observed in a CROW with up to 100 cuboidal
microresonators on a SOI substrate (Fig. 26¢) [108]. Opti-
mization and precision fabrication of CROW structures is
of the essence for realistic optical delay lines applications.

Recently, Cooper et al [109] have demonstrated a 235-
microring CROW and showed 145 ps delay. To our knowl-
edge, this is the longest CROW device ever demonstrated
using silicon microring resonators.
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Figure 25  (online color at: www.lpr-journal.org) (a) Optical
micrograph of the feedback-microring resonator connected to
a microring-resonator-based notch filter without feedback wave-
guide. Insets: Zoom-in micrographs of the feedback waveguide
(red) and the microring resonator (blue). Measured (b)—(d) trans-
mission spectra and (e)—(g) corresponding time delay and ad-
vance. (b), (e)V4 =0.00V, Vyy = 1.07 V (black), Vyy = 1.10V (red
dashed); (c), (f)V4 = 0.95V, Vi = 1.31V (black), Vy = 1.34V
(blue dashed); (d), (g) V4 = 1.00V, Vy = 1.49V (black), Vy =
1.59V (green dashed). Reproduced with permission from [102],
@ 2011 OSA.

The delay tunability of the microring CROW delay lines
has also been attained [110]. The delay value depended on
the reconfigurable number of the microring resonators that
were aligned to the signal carrier wavelength. With each
of the microrings providing 50 ps delay, the CROW delay
lines with 6 microrings showed delay tuning range from
0 ps to 300 ps.

Although cascaded microresonator arrays can enhance
the group delay, there are two major issues for such ar-
ray structures. First, conventional microring/microdisk res-
onators rely on evanescent coupling for interresonator cou-
plings and coupling with bus waveguides. The nanofabri-
cation of many submicrometer-sized gap separations with
high uniformity is technologically challenging. Secondly,
the large number of cascaded microresonators also tends to
increase the insertion loss.

Previously, based on the demonstrated microspiral- and
double-notch-shaped microdisk resonators (see Section V),
our group proposed a CROW structure with gapless-coupled
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Figure 26  (online color at: www.lpr-journal.org) Cascaded microresonator-based optical delay lines. (a) SEM of a 56-element
cascaded all-pass filter with each silicon microring resonator coupled to the same bus waveguide. Reproduced with permission from [14],
@ 2007 NPG. (b) SEM of a CROW structure with 100 cascaded silicon microring resonators. Reproduced with permission from [14], @
2007 NPG. (c) SEM of a single-mode waveguide periodically loaded with 100 silicon square-shaped microdisk resonators. Reproduced
with permission from [108], @ 2008 NPG. (d) SEM of a CROW structure with 101 cascaded spiral-shaped and double-notch-shaped
SiN microdisk resonators. The zoom-in SEMs show the input-coupling region, the intercavity coupling region and the output-coupling

region. Reproduced with permission from [111], @ 2009 OSA.
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microdisk resonators in order to avoid the interresonator
coupling gap spacing [111].

Figure 27a shows a schematic of the CROW with
gapless-coupled microdisks [111].

Figure 26d shows the SEM of the 101-element gapless-
coupled microdisk CROW [111].

Figure 27b shows the measured transmission spectrum
and time delay of the 101-element CROW within a trans-
mission band of 0.35nm [111]. The measured optical de-
lay at the band center was ~ 70 ps, while the delay was
~ 110 ps near the band edge. Our measurement suggested
~ 0.2 dB/disk insertion loss [111], which we attributed
largely to the scattering loss at the joint notches.

Figure 27¢ shows the measured 10 Gbit/s PRBS (210 —
1) signal waveforms in the drop-port transmission at the

band-center wavelength (1560 nm) and in the throughput
transmission at an off-resonance wavelength, indicating a
time delay of ~ 63 ps at the band center [111].

11. Subbandgap wavelength-selective p-i-n
photodetectors

Microresonator-based p-i-n photodetectors have a resonant-
cavity-enhanced (RCE) field, and thus offer enhanced re-
sponsivity and wavelength selectivity at resonance wave-
lengths. In the context of on-chip optical interconnections,
such wavelength-selective photodetectors can then discern
particular WDM channels without employing an additional
wavelength channel filter or demultiplexer. The detailed
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discussion on subbandgap absorption mechanisms can be
found in Sect. 3.

11.1. Defect-state absorption-based p-i-n
photodetectors

Previously, we demonstrated an all-silicon subbandgap RCE
p-i-n photodetector (RCE-PD) in a microring resonator with
SSA (see Sect. 3) at 1550 nm wavelengths [112]. Figure 28a
shows the optical micrograph of the fabricated microring
resonator-based p-i-n photodetector [112]. Figure 28b shows
the measured throughput transmission spectrum revealing
resonances with a Q factor of 8000 [112]. Figure 28c shows
the correspondingly measured wavelength-selective pho-
tocurrent spectrum across the embedded p-i-n diode [112].
We observed an on-resonance photocurrent with a 20-fold
enhancement compared with an off-resonance photocurrent.
The on-resonance responsivity was around 0.12 mA/W upon
0V bias and 0.25 mA/W upon —15V bias. The responsiv-
ity was, however, relatively low mainly due to the weak
SSA process.
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Figure 28  (online color at: www.lpr-journal.org) (a) Optical mi-

crograph of two serial-cascaded microring resonators integrated
with p-i-n diodes. Inset: Zoom-in micrograph of the microring res-
onator. (b) Measured throughput-port transmission spectrum. (c)
Measured photocurrent spectrum from the p-i-n diodes of micror-
ing resonators A (red) and B (blue). Reproduced with permission
from [112], ©2009 AIP.

With a higher absorption coefficient attained by increas-
ing the density of defect states in the silicon waveguide,
Doylend et al [113] recently demonstrated a silicon RCE-
PD with 0.14 A/W responsivity upon —10 V bias, with sub-
0.2-nA leakage current. Figure 29a shows the schematic of
their racetrack microring resonator integrated with a defect-
state-rich waveguide section [113]. The defect states were
formed by boron implantation into a 60-um long waveguide

B4 um &
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Figure 29  (online color at: www.lpr-journal.org) (a) Schematic
of a p-i-n diode integrated racetrack microresonator with
implantation-induced defects. (b) Measured responsivity as a
function of wavelength upon various thermally tuned resonance
wavelengths. Reproduced with permission from [113], ©2010
OSA.

section inside the racetrack microring resonator. These im-
planted defect states provided better spatial overlap with the
waveguide mode, compared to naturally formed waveguide
surface defect states, enabling 10 dB/cm absorption. Fig-
ure 29b shows the measured photocurrent responsivity spec-
trum [113]. The RCE-PD showed comparable performance
to the silicon waveguide PD [114,115], albeit with a 50-fold
reduction in the diode size. Together with TO resonance
wavelength tuning, the silicon RCE-PD thus functioned as
a tunable wavelength-selective photodetector.

Recently, Preston et al [116] demonstrated the cavity-
enhanced defect-state-based subbandgap PD using a de-
posited polycrystalline silicon microring resonator. The
polycrystalline silicon waveguide exhibited a 6-dB/cm ab-
sorption loss. Using a microring resonator with 0  ~
10000, their PD attained a subbandgap responsivity of
0.15 A/W upon bias voltage of —13 V.

11.2. TPA-based p-i-n photodetectors

Besides, TPA (see Sect. 3) has also been proposed as an
alternative subbandgap absorption mechanism to realize
all-silicon on-chip photodetection. As TPA is a relatively
weak nonlinear optical process, previously demonstrated
TPA-based photodetection using a relatively large-sized
(> 1 um?) core waveguide requires long waveguide length
and high input optical power [117]. Using a submicrometer-
sized waveguide, Bravo-Abad et al [118] proposed to use

© 2011 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 30  (online color at: www.lpr-journal.org) (a) Optical
micrograph of a microdisk resonator integrated with a p-i-n diode.
(b) Measured throughput-port transmission spectrum. (c) Mea-
sured photocurrent spectrum from the p-i-n diode. (d)—(e) High-
resolution spectra of the two resonances shown in (b). Repro-
duced with permission from [46], ©2010 AIP.

all-silicon microring and photonic crystal cavities in order
to enhance the TPA photodetection. They numerically stud-
ied the feasibility of ultrafast TPA-photodetection using
microresonators with a Q factor of the order of 10%.
Previously, our group utilized high-Q WGMs in a 10-um
diameter silicon microdisk resonator to demonstrate RCE
photodetection using TPA at the 1550-nm wavelengths [46].

Figure 30a shows the optical micrograph of the fabricated
microdisk resonator with an integrated p-i-n diode [46].
Figure 30b shows the measured transmission spectrum re-
vealing multiple WGMs with a Q factor of the order of
10° [46]. Figures 30d—e show high-resolution spectra of
two resonances in Fig. 30b (dashed-line boxes). Figure 30c
shows the measured corresponding photocurrent spectrum
upon 0V bias across the p-i-n diode [46]. The photocurrents
at resonance wavelengths exceed those at off-resonance
wavelengths by up to three orders of magnitude. We demon-
strated that the photocurrent generation efficiency in a sil-
icon microdisk resonator outperforms that in a waveguide
structure with several orders of magnitude longer p-i-n diode
length [44].

12. Optical signal processing

Silicon microresonators have found applications in optical
signal processing. The microresonator transmission inten-
sity and phase response have been tailored for applications
such as modulation format conversion [119], differential-
phase-shift-key (DPSK) modulation [120], arbitrary wave-
form generation [121], temporal differentiator [122], fre-
quency doubling [123] and phase shifters [124, 125]. Here,
we highlight three representative examples, including format
conversion, DPSK modulation and ultrabroad-bandwidth
arbitrary radio-frequency (RF) waveform generation.

12.1. Format conversion

Our group demonstrated the nonreturn-to-zero (NRZ) to
pseudoreturn-to-zero (PRZ) format conversion using a sili-
con microring resonator-based notch filter [119]. Figure 31a
illustrates the format conversion. Figures 31b and ¢ show the
modeled optical waveform (Fig. 31b) and frequency spectra
(Fig.31c) of the NRZ signal and the converted PRZ signal.
The optical carrier of the input NRZ signal is suppressed,
while the high-frequency sidebands are passed by the notch
filter. Thus, the NRZ signal is converted to the PRZ signal
corresponding to the transition edges of the NRZ signal.

- - Notch Filter
(b) w © i
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=
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Figure 31  (online color at: www.lpr-journal.org) (a) Schematic of NRZ-to-PRZ format conversion using a microring- resonator-based
notch filter. (b) Modeled waveforms of an input NRZ signal (green) and the converted PRZ signal (blue). (c) Modeled frequency spectra

of the input NRZ signal (green) and the converted PRZ signal (blue).
carrier wavelength.

The frequency spectrum of the notch filter (red) is centered at the
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12.2. DPSK modulation

The advanced DPSK modulation format can be attained
using the phase response of a waveguide-coupled microring
channel add-drop filter [120]. The filter throughput port gen-
erates the alternate-mark inversion (AMI) signal, and the
filter drop port generates the dualbinary (DB) signal. The
demodulation of DPSK was demonstrated using a silicon
waveguide-coupled microring resonator throughput trans-
mission [126].

12.3. Ultrabroad-bandwidth arbitrary RF
waveform generation

An ultrabroad-bandwidth arbitrary RF waveform can be
generated by using a silicon photonic chip-based spectral
shaper [121]. Figure 32a shows the device schematic com-
prising eight cascaded feedback-microring resonators in an
add-drop filter configuration [121]. The optical transmission
spectrum can be controlled by thermally tuning both the
resonant frequencies and the coupling strengths of the mi-
croring resonators. The optical frequency-domain spectrum
was then converted into an electrical time-domain waveform
via frequency-time mapping. Figure 32b shows an example
of their generated RF waveform [121].

(a) Mach-Zehnder picro-heaters
arm 1

(b) 0.1

0.06 ‘

0.04

Voltage (V)

0.02

0 0.5 1 1.5 2
Time (ns)

Figure 32  (online color at: www.lpr-journal.org) (a) Schematic
of a silicon on-chip spectral shaper comprising cascaded
feedback-microring resonators integrated with microheaters for
broadband arbitrary RF waveform generation. (b) Measured 10-
GHz electrical waveform controlled by the spectral shaper. Repro-
duced with permission from [121], ©2010 NPG.

13. Optical biosensing

Silicon microresonator-based optical biosensors have been
attracting significant attention due to the key advantages
of high sensitivity to refractive-index change (typically
~ 1074-1073 RIU), compact size (tens of um — ~ 100 um),
and potential for large-scale integration in microfluidics
applications. Here, we briefly discuss the sensing princi-
ple using microresonators. Figure 33a illustrates the cross
section of a microring resonator-based sensor showing the
resonance evanescent field extending outside the microring
waveguide and interacting with the targeted biomaterial that
is bound to the functionalized microring surface. Figure 33b
shows the resonance wavelength shifts (A4) corresponding
to the effective refractive-index change (An). The sensi-
tivity of the effective refractive-index sensor is defined as
AA /An, which is usually given as nanometer of resonance
wavelength shift per refractive index unit (RIU). Figure 33c
schematically shows the AA varies linearly as a function
of An. Thus, by monitoring AA, one can in principle de-
tect the binding events and extract the targeted biomaterial
concentration. The sensitivity and the detection limit are
determined by AA and the resonance linewidth A. The
relation between AL, An and the effective microresonator
size change AR due to the binding event is given as follows:

AL AR An
TR + o (15)

Microresonator-based biosensors have been realized us-
ing various structures including microrings [127-129], slot
microresonators [130-132], microtoroids [133], and novel-
shaped microresonators [134]. The following highlights
some of the representative work. Table 4 summarizes the
specification of the demonstrated silicon-based microres-
onator biosensors.

(a) Evanescent
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Figure 33  (online color at: www.lpr-journal.org) Schematic

of the sensing principle of a microresonator-based biosensor.
(a) Cross section of the microresonator device. The targeted
biomaterials bind to the antibody, interact with the evanescent field
and change the effective refractive index of the microresonator.
(b) Resonance wavelength shifts upon an effective index change
An induced by the binding events. (c) Schematic of the resonance
wavelength shift AA as a function of An.
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Table 4 Key measured performances of microresonator-based optical biosensors on silicon chips.
Material ~ Structure Dimensions 0 Sensitivity/detection limit ~ Ref.
avidin
SOIL Racetrack 1B3um x 10pm 20000 10 ng/ml [127]
0.37 fg mass
Lo . CEA protein
SOI Microring 30 um diameter 20000 2 ng/mL [128]
Streptavidin protein
SOl Folded microring l-2mmlength 5 5 3 pg/mm? [129]
150 pm X% 150 pm
5 fg mass
13 pum x 10 um 298 nm/RIU
SOI Slot racetrack 100 nm slot 330 42 % 10-5 RIU [130]
. Lo 140 pm diameter 212 nm/RIU
SiN Slot microring 200 nm slot 1800 2 % 10-4 RIU [131]
SiN Horizontal slot microdisk 15 um diameter 7000 Streptavidin [132]
40 nm slot 2.5 ug/ml
Silica Microtoroid 30 nm diameter ~ 108 30-nm radius nanoparticles  [133]
SiN Hurricane 20 um diameter 20000 3 nanoparticles [134]
100 nm size
13.1. Microring-based biosensors @)

Microring resonators have been most commonly adopted as
biosensors due to the simple cavity shape and single-mode
resonances [127]. One important concern for microring
resonator-based biosensors is how to quantitatively control
and calibrate the resonances of a sensing device. The in-
evitable fabrication errors or environmental variations limit
the sensitivity and the reliability.

In order to improve the reliability, an array of SOI mi-
croring resonators was proposed in which some micror-
ing resonators serve as references and some microring res-
onators serve as sensors [128], as shown in Fig. 34a, for
robust and label-free detection of a clinically important
(carcinoembryonic antigen (CEA)) protein biomarker in
undiluted serum. Based on the initial-slope-based quantiza-
tion method (Fig. 34b), the CEA concentrations at clinically
relevant levels (5-100 ng/ml) were measured, which is com-
parable to a commercial enzyme-linked immunosorbent
assay (ELISA) kit.

The sensitivity of the microresonator-based biosen-
sor can be improved by increasing the optical interaction
length [129]. Their designed folded structure of a micror-
ing resonator has a length of 1.2 mm in a 150 pm x 150 um
sensing area. By extending the ring waveguide length, they
demonstrated enhancement of the Q factor, sensitivity and
detection limit of the microring sensor.

13.2. Slot microresonator-based biosensors

Integrating slot structures to microresonators has been pro-
posed as another approach to improve the sensitivity. Both
the enlarged surface area and the strong field confinement in
the slot enhance the interaction between the evanescent field
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120 - (colored lines)
= 100 = 1183
E ¥
= 804 e 575
&
- e 223
£ A -
& 60
E il = 114
K
& 204 45 ng/mL

Time (min})

Figure 34  (online color at: www.lpr-journal.org) Top-view SEM
of a waveguide-coupled microring resonator with a sensing win-
dow in the upper cladding layer. (b) Measured resonance wave-
length shifts as a function of time upon various concentrations of
CEA. At each concentration, three measured curves are shown
for the same ring. The colored traces are tangent to the black
curves at t+ = 0min, and are used to determine the initial slopes
of the sensor response. Reproduced with permission from [128],
©2009 ACS.
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and the sensing material. A slot-waveguide-based SOI mi-
croring resonator has been demonstrated as a biosensor with
enhanced sensitivity compared with a normal waveguide
microring resonator [130]. The functionalized 100-nm wide
slot waveguide showed an increased sensitivity with a factor
of 3.5 for protein detection. However, the propagation loss
in a slot waveguide can be quite large (12 dB/cm), resulting
in a relatively low Q factor of 330 and limited detection.

All the above silicon-based microresonator biosensors
were demonstrated on the SOI platform that has some
key merits including high refractive-index contrast, easy
to be functionalized and low propagation loss. However,
the working wavelength is typically limited to the 1550-
nm telecommunications range, which is arguably not suit-
able for biomedical applications due to the strong water
absorption near 1550 nm and the resulting thermal and ther-
mophoresis issues [135]. Besides, the telecommunications
wavelengths are not detectable by standard silicon CCD
cameras.

As an alternative silicon-based platform, SiN is es-
sentially transparent to visible and near-IR light. A slot
waveguide microring sensor has been demonstrated on a
Si3Ny4-SiO; platform [131]. The drawback of such slot
microresonators, however, is the difficult fabrication of
submicrometer-sized vertical slots. In this regard, e-beam
lithography or DUV photolithography are needed in order
to accurately control the slot width.

In order to address the fabrication challenge of vertical
slots, a SiN microdisk with a 40-nm wide horizontal air
slot was demonstrated for biosensing applications [132].
With multilayer deposition and selective etching, ultrathin
slots with extremely smooth slot walls were fabricated
by means of micrometer-resolution photolithography. Fig-
ure 35a shows the SEM picture of the fabricated microdisk
with an air slot [132]. The demonstrated Q factor was around
7000. The sensitivity of surface-binding streptavidin was
2.5 £ 0.2 nm/(mg/ml), as shown in Fig. 35b.

13.3. Nanoparticle detection

While most microresonator-based biosensors demonstrated
to date focus on biomaterial concentration sensing, there
are some studies that have demonstrated single molecule
or nanoparticle detection. When a nanoparticle is attached
to the microresonator surface, the particle scatters the cav-
ity traveling-wave modes to their opposite directions. Such
nanoparticle-induced scattering results in coupling between
CW and CCW propagating modes, and thus induces mode
splitting in ultrahigh O microresonators. The ratio of the
modes splitting to the scattering loss induced resonance
width modification is related to the nanoparticle size. Based
on such a mode-splitting-based nanoparticle sensing princi-
ple, nanoparticle detection and sizing were demonstrated in
an ultrahigh Q microresonator [133].

Novel-shaped microresonators were also used for metal
nanoparticle sensing [134]. The SiN microdisk resonator of
the hurricane shape generally has low transmission intensity
as the cavity traveling-wave direction is normally opposite
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Figure 35  (online color at: www.lpr-journal.org) A SiN mi-

crodisk resonator-based biosensor with a horizontal slot. (a) SEM
of the fabricated device. (b) Measured transmission spectra be-
fore (black) and after (red) binding of streptavidin. Lorentzian fits
for before binding (green) and after binding (pink). Reproduced
with permission from [132], ©2010 OSA.

to the output port, as shown in Fig. 36a. The nanoparticles
attached on the microdisk surface can scatter the cavity
mode into a counterpropagating direction, thus enhancing
the transmission intensity (Fig. 36b). By detecting the in-
tensity rise, one can sense the particle-binding events. The
detection limit demonstrated in the experiment is 3 nanopar-
ticles (100 nm diameter). Figure 36¢ shows the SEM of the
device attached with metal nanoparticles.

14. Microparticle manipulation in
optofluidic chips

In this section, we discuss a recent biosensing research di-
rection regarding the use of silicon-based microresonators
for on-chip optical manipulation of microparticles. This is a
natural extension of the optical manipulation of micropar-
ticles using waveguides integrated with microfluidic chan-
nels [136-138]. Microresonators with the ability of routing
light and storing strong cavity fields can in principle expand
the functionalities of waveguide-based micro/nanoparticles
routing and storing in an optofluidic circuit [139-142].
Previously, Yang et al [141] demonstrated the use of
an on-resonance cavity-enhanced field in a SU-8 micror-
ing resonator for propelling a microparticle with a velocity
4-5 times that of a microparticle driven by a SU-8 wave-
guide. They also demonstrated that by tuning the wavelength

© 2011 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 36  (online color at: www.lpr-journal.org) Schematic
of the hurricane-shaped microdisk resonator (a) without and (b)
with a metal nanoparticle coupled to the microdisk. The particle
scattering induces a stronger output intensity. (c) SEM of the
device attached with metal nanoparticles. Reproduced from [134].
©2010 Elsevier.

between off- and on-resonance, microparticles could be ma-
nipulated to pass through the coupled bus waveguide, or be
trapped by the microring waveguide.

Silicon waveguides have a higher refractive index com-
pared to SU-8 based waveguides. The high index contrast
leads to cavities with higher-Q resonance modes, and thus
evanescent fields with a larger amplitude and gradient. Lin
et al [142] demonstrated the optical manipulation of mi-
croparticles on a SOI microring coupled with a single wave-
guide configured as an optical notch filter. The guided power
threshold for trapping a microparticle in a microresonator
was only ~ 0.67 mW, which was almost one order of mag-
nitude lower than that in the bus waveguide. For a microres-
onator with Q factor of ~ 1515, the optical potential over the
entire microring circumference reached a depth of 25kgT
when the microring resonator was on resonance (where kgT
is the room-temperature thermal energy). The microparti-
cles traveled around the microring of radius 5 or 10 um at
hundreds of micrometers per second, producing periodic
revolutions at a few hertz.

Previously, we proposed and realized a microparticle
add-drop device by using a SiN microring resonator-based
add-drop filter in TM polarization [139]. We chose the SiN
platform because of its wide transparent window spanning
the visible and near-infrared wavelengths and sufficiently
large refractive-index contrast with water medium. The TM-
mode is preferred for waveguide-based optical manipula-

Figure 37 (online color at: www.lpr-journal.org) (a—c)
Schematic of optical manipulation of microparticles on a microring-
resonator-based add-drop device: (a) Microparticle throughput at
an off-resonance wavelength Ays; (b) microparticle buffering at a
high-Q resonance wavelength Aqn; (c) microparticle dropping at a
low-Q resonance wavelength AJ,.

tion as it has a stronger evanescent field on the waveguide
top surface as compared to the TE-mode. We have demon-
strated microparticles being transported to the throughput
port, trapped in round trips on the microring resonator or
routed to the drop port by selecting the carrier wavelength
and the resonance Q factor [139].

Figure 37 schematically illustrates the mechanism of
optical manipulation of microparticles on a traveling-wave
microring resonator-based add-drop device. Microparticles
that are located in close proximity to the waveguide and spa-
tially overlap with the waveguide evanescent wave can be
vertically trapped by the gradient force and longitudinally
driven by the scattering force. At the microring off-resonant
wavelengths (Aq), optically driven microparticles remain
transported to the throughput port, as shown in Fig. 37a. At
the microring on-resonant wavelengths (Aqy,), the guided
field in the throughput waveguide is destructively interfered
while that in the microring and the drop waveguide is con-
structively interfered. Thus, the on-resonant microring can
route the microparticles from the input waveguide to the mi-
croring. For sufficiently enhanced microring field (namely
larger than the drop-waveguide field), the microparticles can
be trapped in round-trips, as shown in Fig. 37b. While for rel-
atively less enhanced microring field at a low-Q resonance
wavelength A/ (namely comparable to the drop-waveguide
field), the microparticles can be output-coupled to the drop
waveguide, as shown in Fig. 37c.
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Figure 38  (online color at: www.lpr-journal.org) (a) Schematic
cross-sectional view of the optofluidic device. (b) Optical micro-
graph of the microring racetrack resonator-based add-drop de-
vice and the microfluidic channel. (c) Measured throughput- and
drop-port transmission spectra of the device with Q ~ 1506. (d)
Measured throughput- and drop-port transmission spectra of the
device with Q ~ 1149. (e)—(g) Optical micrographs of the device
with microparticle positions (indicated by the red circles) at vari-
ous times upon illumination at (e) off-resonance wavelength D, (f)
on-resonance wavelength A and (g) on-resonance wavelength A’.
Reproduced with permission from [139], ©2010 OSA.
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Figure 38a shows a schematic cross section of the in-
tegrated optofluidic device [139]. For the fluidic layer, we
adopted the photolithographic method to pattern the silica
channel in order to lithographically align the microfluidic
layer to the photonic layer. The silica-based microfluidic
channels were 6 um in height and covered with a cover glass.
Figure 38b shows an optical micrograph of the optofluidic
device [139].

Figure 38c shows the measured throughput- and drop-
port transmission spectra of the microring add-drop de-
vice [139]. The resonance Q factor was ~ 1506 according
to the drop-port spectrum. When we tuned the input laser
wavelength to an off-resonance wavelength D (1564 nm),

microparticles were transported to the throughput port, as
shown in Fig. 38e [139].

Figure 38f shows that at on-resonance wavelength A
(1565.56 nm), a microparticle was routed from the input
waveguide to the microring and guided for at least one round
trip in the microring resonator [139]. This suggests that the
microresonator field intensity was sufficiently higher than
that in the input- and drop waveguides.

Figure 38d shows the measured throughput- and drop-
port transmission spectra of another microring add-drop
device of identical design [139]. The Q factor was ~ 1149
according to the drop-port spectrum. Figure 38g shows that
at on-resonance wavelength A’ (1562.5 nm), a microparticle
was transported from the input waveguide via the microring
to the drop port [139]. This suggests that the microring field
intensity was comparable to that in the drop waveguide.

The various functions of trapping and routing micropar-
ticles using silicon-based microresonators can constitute
building blocks of the future “microparticle circuits” for
lab-on-a-chip applications, as visualized in Fig. 2.

15. Summary, challenges and outlook

In summary, we have reviewed extensively the fundamen-
tals, various applications, issues and state-of-the-art of sil-
icon microresonators. In particular, we have discussed in
detail about total-internal-reflection-based microring and mi-
crodisk resonators in various shapes including circular, race-
track, polygonal, microspiral and double-notch-shaped, and
various structures spanning single-element, cascaded and
interferometer-coupled microresonators. We have reviewed
silicon-based microresonators integrated with microelec-
tronic devices, microheaters, liquid crystals and microflu-
idics. Such silicon microresonators have shown unique func-
tionalities and potential applications as filters, modulators,
switches, routers, delay lines, detectors and optical signal
processing components for on-chip optical interconnections,
and also as biosensors and particle manipulation devices for
lab-on-a-chip applications. In addition, we have highlighted
some of the known issues such as silicon microresonator
losses, light coupling to microresonators, narrowband res-
onances that are limiting high-speed data transmissions,
and power consumption and speed of tuning and switching
silicon microresonators.

However, in order to realize practical on-chip applica-
tions of silicon-based microresonators and silicon photonics
in general, many mid- to long-term scientific and engineer-
ing challenges still remain to be addressed. Here, we outline
seven challenges spanning from analytical modeling to inte-
gration as follows:

1. Advanced analytical modeling tools that can complement
existing theoretical modeling methods such as transfer
matrix modeling and coupled-mode theory to provide
quantitative analysis from the first principle regarding,
for instance, silicon microresonator losses, light coupling
to silicon microresonators including intercavity coupling,
resonance mode distributions of a single device as well
as across a highly coupled structure, statistical variations

© 2011 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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of the microresonator morphologies and of the coupled
waveguide and ring waveguide dimensions should help
better model the fabricated device performance.

2. Design rules and verification procedures to streamline
the design of silicon microresonator-based devices and
circuits, particularly for complex photonic devices and
large-scale-integrated circuits with advanced functionali-
ties.

3. Foundry CMOS fabrication of silicon-based microres-
onators and silicon photonics in general to satisfy the
tight fabrication constraint for reliable batch processes.
Ultimately, the CMOS electronic and photonic fabrica-
tion processes should be fully integrated.

4. Effective heat-management methods have been relatively
less addressed in the silicon microresonator literature,
yet heat management is absolutely crucial in order to en-
able effective stabilization of microresonator resonance
wavelengths and lineshapes. For telecommunications ap-
plications, we should devise ways to thermally stabilize
silicon-based microresonators within a relatively large
temperature range of —40 to +80 °C. For on-chip op-
tical interconnections, with large-scale integration ex-
pected and possibly on-chip laser sources and other heat-
dissipating components, the thermal control could be
even more demanding.

5. High optical power handling issue involves optical, elec-
trical and thermal management, and it is relatively less
addressed in the silicon photonics literature. High optical
power results in nonlinear two-photon absorption, which
generates heat and free carriers (See Sect. 3). The gener-
ated heat results in resonance wavelength redshifts. The
generated free carriers result in resonance wavelength
blueshifts by free-carrier dispersion and optical loss
by free-carrier absorption. In particular, microresonator-
based optical modulator performances can be strongly
affected by the resonance wavelength shifts and lineshape
change upon high optical power (see Sect. 7).

6. Effective polarization management method is another rel-
atively less addressed issue in the silicon microresonator
literature. Silicon submicrometer-sized waveguides are
highly polarization sensitive and usually only propa-
gate TE polarization modes. Moreover, silicon microres-
onators typically support nondegenerate TE and TM
modes. Thus, in order to enable telecommunications
applications with optical fiber coupling randomly po-
larized signals to the chip, we must devise either po-
larization management schemes (such as polarization
splitters/combiners and rotators) to couple TE/TM light
with different microresonators or polarization-insensitive
microresonators at particular wavelength channels.

7. Integration with CMOS nanoelectronics to enable in-
telligent, reconfigurable, high-speed, low-voltage, low-
power-consumption and compact-footprint on-chip opti-
cal interconnects with vertically integrated active electri-
cal control of silicon or hybrid silicon microresonators.
Such integration will likely be implemented on a multi-
layer architecture with the silicon-based or hybrid silicon
photonic layer on top of the CMOS electronic layer.

We also expect to see many new developments from nascent
areas using silicon-based microresonators. Here, we high-
light three of them that we feel are particularly promising
as follows:

15.1. Hybrid silicon unidirectional
microresonator-based lasers

Microresonator-based lasers demonstrated in hybrid silicon
platform nowadays are emitting light in two directions as
the microresonators support degenerately CW and CCW
lasing modes. Half of the lasing power is inevitably lost
when only a single output is utilized. Current solutions
to address this issue include 1) external methods to break
the CW-CCW symmetry, such as seeding the lasing in a
preferred direction [143] or employing an external feedback
on one of the two output directions [144], and 2) CW-CCW
mode symmetry breaking due to the nonlinear effect under
high-pumping conditions [145, 146].

An alternative approach is to employ a microresonator
structure that inherently breaks the symmetry between CW
and CCW lasing modes. One of these potential microres-
onator structures is the spiral-shaped microdisk resonator
reviewed in this article in Sect. 5. In fact, the unidirectional
laser emission from such microspiral lasers has long been
realized in III-V semiconductors and dye-doped polymer
platforms [52, 147]. When applying such microspiral disk
resonators to hybrid III-V integrated silicon platform as
a unidirectional microlaser cavity, the main issues of con-
cern will be to enable power-efficient electrically pumped
laser light to unidirectionally couple to an integrated silicon
waveguide.

15.2. Deposited thin-film-based microresonators
on silicon substrates

Although microresonator-based devices on SOI platform
have seen significant developments over the past decade,
we believe the SOI platform may not be the final solu-
tion to on-chip photonic integrated circuits. On the front
of optical interconnects applications, the current CMOS mi-
croelectronics architecture has multiple metal interconnect
layers, and thus it is arguably more feasible to have the pho-
tonic layer integrated on the top of the electrical layers. As
such, we believe microresonator-based devices fabricated
on deposited thin films, such as SiN [148], SION [149] and
polysilicon [116] could find significant applications to this
end. On the front of the optical biosensing and optofluidics,
light sources in the visible and near-infrared range other
than the telecommunications wavelengths are preferred in
order to avoid strong optical absorption in water. Thus, we
believe microresonators on a SiN thin-film platform that
is transparent to visible and near-infrared wavelengths has
potential in such areas.
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15.3. Integrated silicon-based microresonators
for lab-on-a-chip applications

In order to realize practical lab-on-a-chip applications using
silicon-based microresonators, significant efforts should be
devoted to enabling microresonator-based sensors with reli-
able high sensitivity and ease of calibration or referencing
(for clinical diagnostic or laboratory-level testing), porta-
bility and high throughputs. We also expect to see more
optical manipulation functionalities becoming possible us-
ing silicon-based microresonator circuits integrated with
micro-/nanofluidics to enable micro/nanoparticles of vari-
ous biological natures to be selectively transported, buffered,
dropped and sorted with possibly high throughput.
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