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Abstract—We show silicon polygonal microdisk resonators
with laterally coupled waveguides. Our two-dimensional (2-D)
finite-difference time-domain (FDTD) simulations and spatial
Fourier analysis reveal that waveguide coupling to a planar
microstructure with a sufficiently long and flat coupling sidewall
enables directional wave vector coupling in the microstructure.
Similar analysis shows that waveguide coupling to a polygonal
microresonator flat sidewall enables preferential coupling to only
a few resonance modes in large-sized polygonal microresonators.
Our experiments on silicon waveguide-coupled 50-um octagonal
microresonators demonstrate only two dominant modes, with a Q
of about 10 and an extinction ratio (ER) of about 15 dB. We also
demonstrate square and hexagonal silicon microresonators with
nearly single dominant modes, a Q of the order of 103, and an ER
exceeding 10 dB.

I ndex Terms—Hexagonal microresonators, microdisk, microres-
onators, octagonal microresonators, polygonal microdisk res-
onators, silicon photonics, square microresonators, waveguide-
coupled.

|. INTRODUCTION

ILICON-BASED high-index-contrast optical microres-
S onators that are of a high @, are micrometer sized, and
enable efficient input and output coupling with integrated
waveguides on a chip have seen substantial advancements in
the recent years. Most of these employ conventional circu-
lar and racetrack microring [1]{10] and whispering-gallery
(WG) microdisk resonators[11]- 13]. For instance, high-Q mi-
croring resonators in silicon-on-insulator (SOI) [1], [4]-{10]
and silicon nitride-on-silica (SiN-on-SiO.) [2], [3] have been
demonstrated for optical networks and biochemical sensing
applications. On the active device front, the silicon electro-
optic microring modul ators have reached gigahertz speeds[14].
Moreover, microelectromechanical-systems (MEMS)-enabled
mechanically tunable microring and microdisk resonators [15],
[16] have been demonstrated. However, circular microring and
microdisk have undesirable micrometer-scale curved sidewalls
that impose alimited interaction length and atight submicrome-
ter gap (~0.1-0.2 um) for lateral coupling with straight waveg-
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uides. Besides, high-index-contrast waveguide-coupled WG mi-
crodisk resonators tend to be multimode.

Asan alternative microresonator design, polygonal microdisk
resonators in the shape of square [17]-{23], hexagon [24]-{26],
and octagon [27], [28] have been proposed recently. Com-
pared with conventional circular microring and microdisk res-
onators [1]-5], [11]{13], these polygonal microresonators
have the key merit of possessing relatively long coupling lengths
along the microresonator flat sidewallsfor lateral coupling with
straight waveguides. Compared with racetrack microring res-
onators [6]—{10], polygona microdisk resonators eliminate the
undesirable microring inner sidewall scattering loss, and en-
able multiple flat sidewalls for coupling to waveguide crossing
architectures [22]. However, it has also been recognized that
these polygonal microdisk resonators are intrinsically multi-
mode[18]. Previously, we experimentally demonstrated silicon
nitride octagonal [27], [ 28] and hexagonal microresonators[25],
[26] as channel add—drop filters.

Here, we show silicon polygonal microdisk resonators with
laterally coupled waveguides. Our two-dimensional (2-D) finite-
differencetime-domain (FDTD) simulations, and spatial Fourier
analysis of the simulated field patterns, revea that waveguide
lateral coupling to planar microstructures with sufficiently long
and flat sidewalls enables directional wave vectors in the cou-
pled microstructures. Our simulations also suggest fewer cou-
pled modes in waveguide-coupled polygonal microresonators
than in waveguide-coupled circular microdisk resonators of the
same cavity size and refractive index contrast. Our experiments
demonstrate waveguide coupling to only two dominant modes
for 50-p:m octagonal microresonators, and nearly single modes
for square and hexagonal microresonators of the same size in
thin SOI substrates.

The paper is organized as follows. Section Il reviews
the essential ray and wave-optics concepts in the context
of waveguide-coupled polygonal microresonators. Section 111
presents the analysis of waveguide-coupled planar microstruc-
tures with flat and curved coupling sidewalls. Section 1V dis-
cusses the analysis of waveguide-coupled polygonal microres-
onators with emphasis on octagonal microresonators. Section V
describes the device fabrication. Section VI presents the device
measurements and analysis. Section VII discusses the design
issues and presents conclusions.

II. RAY AND WAVE-OPTICS CONCEPTS

We begin with reviewing the essentia ray and wave-
optics concepts in the context of waveguide-coupled polygonal
microcavities. Fig. 1 depicts the N-bounce (IV = 4,6,8) ray
orbits with incident angle 6 in waveguide-coupled octagonal,
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Fig. 1. (a)—(c) Schematics of waveguide-coupled polygonal microresonators
and N-bounce ray orbits with incident angle 6. The round-trip matched wave-
fronts are shown (dashed lines). () Octagonal microresonator with an eight-
bounce ray orbit. (b) Hexagonal microresonator with a six-bounce ray orbit. (c)
Square microresonator with a four-bounce ray orbit. w: waveguide width. L:
sidewall-to-sidewall distance. a: sidewall length. (d) and (e) Schematics of the
waveguide-coupled flat sidewall of length a and the curved sidewall of radius
R. The coupled k-vectors along the entire flat sidewall are directional. The
coupled k-vectors along the curved sidewall exhibit an angular distribution. ¢:
waveguide mode angle. k: coupled k-vector. 0: k angle relative to the side-
wall normal. g: air-gap spacing. (f) Cross section of the rib waveguide and the
effective 2-D structure for the TE polarization.

hexagonal, and sguare microcavities. It has been recognized
that both closed- and open-loop N -bounceray orbitsof different
round-trip path lengths in polygonal cavities can be wavefront-
matched with the input-coupled rays upon each round trip,
thereby supporting multiple modes[18]. The dashed linesshown
in Fig. 1 represent typical round-trip matched wavefronts. We
denote the cavity sidewall-to-sidewall distance as L. The side-
wall lengths a are given as (v/2 — 1) L for octagonal cavities, as
(v/3/3) L for hexagonal cavities, and as L for square cavities. It
should be emphasized that octagonal cavities also support four-
bounce wavefront-matched ray orbits. Theeight-, six-, and four-
bounce wavefront-matched round-trip path lengths are given as
follows[18], [25], [27]:

1(0) = 4(v/2 — 1) L[sin § + cos(6 — 45°)]
1(0) = 3Lsin(6 + 30°)
1(0) = 2L(cos 8 + sin §)

eight-bounce
six-bounce
four-bounce.

D
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We remark that [(6) is independent of the ray input-coupling
position along the polygonal cavity flat sidewall. The free spec-
tral range (FSR) for the NV -bounce modesisthen approximately
given as A2 /nl(0), where )\, is the free-space resonance wave-
length, and n isthe microdisk cavity refractive index.

The incident angle 6 needs to satisfy 6.<6 <
[((N —2)180°/N) — 0.] — 6., where 6. is the total internal
reflection (TIR) critical angle in order to partially confine
the N-bounce trgjectories by TIR. This angle range is rela
tively large for silicon. However, ray tracing suggests much
stringent 6 ranges in order to ensure at least one round trip:
64.1° < 0 < 70.2° for an octagonal-cavity e ght-bounce orbit,
38.4° < 0 < 50.4° for an octagonal-cavity four-bounce orbit,
53.4° < 0 < 64.7° for ahexagonal-cavity six-bounce orbit, and
26.5° < 0 < 56.3° for a square-cavity four-bounce orbit. By
choosing particular values of 6, we can in principle selectively
couple to N-bounce ray orbitsin polygonal cavities [26], [27].
In case of waveguide coupling, we can choose 6 by properly
designing the waveguide width under a fixed refractive index
and vertical waveguide profile [26]. We remark that eight- and
four-bounce ray orbits in octagonal cavities and four-bounce
ray orbitsin square cavities always enable symmetric input and
output coupling to the cavity parallel sidewalls.

I1l. ANALYSIS OF WAVEGUIDE COUPLING TO
PLANAR MICROSTRUCTURES

Here, we numerically simulate the waveguide coupling to
planar microstructures with flat and curved coupling sidewalls.
When a single-mode waveguide is evanescently input-coupled
to aplanar microstructure of the same refractive index and with
aflat coupling sidewall that issufficiently long, it isintuitive that
the coupled wave vectors are directed in angles 6 (relative to the
flat sidewall normal) centered about the waveguide mode wave
vector angle ¢ (relative to the waveguide sidewall normal). In
contrast, the coupled wave vectors along a relatively short arc
length of acurved sidewall can exhibit arelatively large angular
distribution. Fig. 1(d) and (€) shows schematicaly the wave
vectors in waveguide-coupled planar microstructures with flat
and curved coupling sidewalls.

We employ commercial FDTD numerical simulations tool
[29]. We adopt semi-infinite planar microstructures with only
single sidewalls for coupling and perfectly matched layers
(PML) on the three other sides. We consider 2-D design and
analysis, with effective refractive index to account for the ver-
tical dimension. Specifically, we calculate the effective refrac-
tive index for the TE-polarization (electric field parallel to the
chip) for the 0.2-pm-thick silicon waveguide core (~2.78) and
for the 0.05-um-thick silicon slab layer (~1.62), assuming an
air upper cladding and a silica lower cladding. Fig. 1(f) illus-
trates the rib waveguide cross section and the effective 2-D
structure.

Fig. 2(a) and (b) shows the representative FDTD-simulated
steady-state H-field patterns (TE-polarization) for silicon
waveguide-coupled planar microstructures with a flat sidewall
(a = 10 pm) and acurved sidewall (radiusof curvatureof 5 m).
We choose the waveguide width w = 0.3 pm and the air-gap
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Fig. 2. FDTD-simulated TE-polarized steady-state H-field patterns for the

silicon waveguide-coupled planar microstructures. (a) Flat sidewall of length
a = 10 pum. (b) Curved sidewall (radius of curvature of 5 um). The
area of size a under Fourier analysis is shown (dashed-line box). (c)
and (d) Fourier analysis of the simulated steady-state field patterns. The
contours represent the k-vectors spanning within haf-maximum of the
angular distributions. The coupled k-vectors central angles 6 (dashed
arrows) and the k-space angular distribution A6 (dashed line) are
shown.

spacing g = 0.35 um. Only the coupled fields in the planar mi-
crostructures are shown. Our simulations suggest that waveg-
uide coupling to the flat sidewall occurs along the entire flat
sidewall and the coupled wavefronts are nearly flat; whereas,
waveguide coupling to the curved sidewall occurs only along a
relatively short arc length and the coupled wavefronts exhibit a
considerable angular distribution.

In detail, we apply in the simulations a submicrometer
slab waveguide fundamental mode profile in the lateral direc-
tion. We adopt a 20-nm spatial grid size and a 0.04-fs tem-
poral step. A PML of reflectivity 10~ and a thickness of
0.5 um in both z- and y-directions is applied at the simula-
tion window boundaries. Steady-state field patterns are then ob-
tained by launching acontinuous-waveat parti cular wavel engths
(1550 nm).

We analyze the simulated field patternsin k-space by means
of spatial Fourier transform. Fig. 2(c) and (d) shows the spa-
tial Fourier analysis of the simulated field patterns in the pla-
nar microstructures with flat and curved coupling sidewall. The
dashed sguare boxes with size a in Fig. 2(a) and (b) show the
real-space area under Fourier analysis. In each case, we use
a = 10 pm. We define the wave vector components k,, and &,
inunitsof w/a, and k2 + k2 = (nk)?, where n is the effective
refractive index (2.78) and k is the free-space wave vector. We
observe that the coupled k-vector angles are only well defined
in casethearc lengths are sufficiently long or the sidewall isflat.
Wenotethat the k-space contour plotsonly span full-width-half-
maximum distributions in order to highlight the major k-vector
angular components.
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Fig. 3. Simulated (a) 6s and (b) 8/A#fs of the waveguide-coupled planar
microstructures with various sidewall lengths and different waveguide widths.
Visual aid has been provided (dashed lines).

The coupled k-vectors become directional only with
sufficiently long and flat coupling sidewalls. We observe that
the k-vector angular distributions are sharpened (both narrowed
in angular widths and enhanced in peak heights) with the side-
wall length. We also see that 6 has an overall increase up to
some saturating values as the sidewall is lengthened. Here, the
k-vectors angular distribution is given as 8/A6. Fig. 3(a) and
(b) shows the values of simulated 6 and 6/A# at various side-
wall lengths of different waveguide widths w. For each w, 6
rises sharply with increases in a from 2 to 5 um, and sat-
urates at a certain value when « exceeds about 7.5 yum. We
observe that the saturated 6s in the waveguide-coupled planar
microstructures match well with the analytically calculated ¢s
for the waveguide modes. The dashed lines indicate the anal yti-
cally calculated waveguide mode angles ¢s. Interestingly, 6 / A6
linearly rises from ~2 to ~32 when « lengthens from ~2 to
~ 50 pm, and exhibit the same slope for the different waveguide
widths.
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Fig. 4. Simulated coupling coefficient x for waveguide coupling to planar
microstructures as afunction of sidewall length with various waveguide widths.
Visual aid has been provided (dashed lines).

Here, we examine the waveguide microstructure field ampli-
tude coupling coefficient x under various configurations. We
obtain « from our simulations as the ratio of the total field
amplitudedetected along the dashed-line square entire upper and
right boundary [Fig. 2(a) and (b)] to the input-coupled field am-
plitude at the waveguide. Fig. 4 showsthe simulated ~ using flat
sidewalls of various values of a of different waveguide widths.
As expected, « rises with a. Yet, x drops with w. The simu-
lated « values are relatively low (below ~0.2) for w > 0.5 um
(with arelatively wide coupling gap g = 0.35 um). We see that
k drops below 0.1 as w exceeds 0.64 um (where ¢ ~67.5° is
desirablefor eight-bounce modesin octagonal microresonators)
for g = 0.35 um.

In summary, our numerical analysis on silicon waveguide-
coupled planar microstructures suggests that in order to obtain
areasonable k, say above 0.2 (an arbitrary reference), we only
consider w to be below 0.5 yum. We see that only four- and
six-bounce ray orbits can be effectively coupled (Figs. 3 and 4).
Hence, for directional coupling to four-bounce ray orbits in
octagonal and square microcavities, we can apply w ~0.3 um,
with g ~0.35 um for ¢ as short as ~5 pm.

IV. ANALYSIS OF WAVEGUIDE-COUPLED POLYGONAL
MICRORESONATORS

Here, we study silicon waveguide-coupled polygonal mi-
croresonators using 2-D FDTD simulations, with emphasis on
octagonal microresonators. We adopt the channel add-drop filter
configuration of which the waveguides areinput and output cou-
pledtothe microresonator parallel flat sidewalls. Weexamine: 1)
the effect of coupling sidewall length on mode k-vectors; 2) the
cavity shape dependence; 3) the cavity loss and the waveguide
coupling coefficients based on Fabry—Perot model; 4) the roles
of the rounded corners; and 5) the mode density estimation.

It should be first emphasized that the sharp corners of polyg-
ona microresonators are long recognized as a major drawback
for polygonal microresonators acting as high-Q) resonant de-
vices [21], [26], [27]. The surface wave propagating along flat
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sidewalls cannot follow the sharp transitions at cavity corners,
resulting in excessive diffractive loss. In order to mitigate such
drawback, we previously demonstrated tailoring the polygonal
microresonator shapes with rounded corners at the photomask
layout [28], [30]. We apply an arc with aradiusof curvature R to
each of the polygonal cavity corners. We then define the round-
cornered polygonal microcavity shapes in terms of the relative
radius R/ L, where R/ L = 0 meansasharp-cornered polygonal
microresonator and R/L = 0.5 means a circular microdisk. In
the case of octagona microresonators, the flat sidewall length
a = (V2 — 1)(L — 2R). However, we caution that the coupling
does not only occur along theflat sidewall length region but also
include asmall portion of the round-corner arc lengths.

A. Effect of Coupling Sidewall Length on Mode k-Vectors

Fig. 5(a) shows the FDTD-simulated throughput-port spec-
tra (TE polarization) of waveguide-coupled round-cornered
(R/L = 0.3) octagonal microresonator filters with coupling
lengtha = 7.6 um (L = 30 um) and a = 5.5 um (L = 20 pm).
We use w = 0.3 um and g = 0.35 um. The value of w is cho-
sen as 0.3 pm in order to preferentially couple to four-bounce
ray orbits. We observe only two dominant modes (denoted as
A and B) with the longer coupling length, while we see about
five modes with the shorter coupling length. Based on the pla-
nar microstructure analysis (see Section 111, Fig. 3), we see that
fs are ~48.1° with a ~5.5 um and ~48.4° with a ~7.6 um,
while Afsare~13.4° and ~9.0°, respectively. Thus, thelonger
the sidewall coupling length, the fewer are the coupled reso-
nance modes.

Fig. 5(b) and (c) shows the simulated steady-state H-field
patterns at resonances A and B. At resonance A, the mode-
field pattern clearly displayswavefronts propagating in near-45°
four-bounce ray orbits. At resonance B, the mode-field pattern
suggests two interfering four-bounce ray orbits.

Fig. 5(d) and () showsthe Fourier analysis of the mode-field
patterns. The k-space profile suggests a maximum around 6 =
45° (k, ~ k) for resonance A, whereas, resonance B displays
two maxima of nearly equal amplitudes around ¢; = 49.4° and
f> = 40.6°. The angle difference between modes A and B is
~4.4°, which is within the coupled k-vector angular span A6
of ~9.0°, based on our analysis of waveguide-coupled planar
microstructures (Fig. 3).

B. Cavity Shape Dependence

We aso study the mode characteristics as a function of
cavity shapes of the waveguide-coupled octagona microres-
onators. Fig. 6(a)—(d) shows the FDTD-simulated throughput-
port spectra (TE polarization) of the waveguide-coupled octag-
ona microresonator filters with representative R/L ratios of
0, 0.1, 0.4, and 0.5. We choose L = 30 yum, w = 0.3 um, and
g = 0.35 um. The spectradisplay about two to three modes ex-
cept for R/L = 0.5 (circular microdisk), which displays about
five modes. For each R/ L, we choose the mode with the maxi-
mum extinction ratio (ER) (labeled with an asterisk) within the
spectral range of interest, for further analysis.
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Fig. 5. (a) FDTD-simulated throughput-port spectra (TE polarization) of
waveguide-coupled round-cornered octagonal microresonator filters (R/L =
0.3) with coupling length a~7.6 pum (solid line) and a~5.5 pm (dashed
line). (b) and (c) Simulated steady-state H-field patterns of the waveguide-
coupled round-cornered (R/ L = 0.3) octagonal microresonators at resonances
AandB. L =30 pm.w = 0.3 um. g = 0.35 um. (d) and (€) Fourier analysis
of the mode-field patterns. The dominant angles of the coupled k-vectors are
shown (arrows).

The simulated spectra of the octagonal microresonators
(R/L = 0 — 0.4) exhibit an FSR of about 10.1 nm. The sim-
ulated FSR is consistent with the calculated FSR of about
10.2 nm, assuming four-bounce ray orbits 6 ~48.4° given
by w = 0.3 um and using (1) with effective refractive index
n = 2.78. The FSR of the control circular microdisk is about
10.0 nm, which al so suggests high-radial-order WG modes prop-
agating in four-bounce ray orbits.

Fig. 7(a) shows the simulated ER and @ at various R/L
ratios based on the mode denoted by an asterisk. Both ER and
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Fig. 6. Simulated TE-polarized throughput spectra of waveguide-coupled
round-cornered octagonal microresonators with various R/L values. (a) O.
(b) 0.1. (c) 0.4. (d) 0.5. The modes marked by asterisk represent the maxi-
mum ER peaks for each R/ L.

Q generally rise with R/L ratio. At R/L = 0.1, both ER and
Q display aloca minimum.

C. Fabry—Perot-Based Analysis: Cavity Loss and
Waveguide Coupling Coefficients

Here, we interpret the simulated spectra of the waveguide-
coupled octagonal microresonators by means of a scalar-field
Fabry—Perot-like model [31]. We approximately extract from
the simulated spectra the round-trip cavity loss A = exp(al),
where « isthe cavity loss field coefficient, and the waveguide—
microresonator coupling field coefficient « at various R/L ra
tios (or sidewall lengths). The model assumes single-mode res-
onances. Furthermore, the model assumes lossless symmetric
input and output coupling between the waveguides and the mi-
croresonator, while the microresonator is assumed to be lossy.
From the simulated resonance ERs and the @) values, we solve
for A and  using the following equations:

ER (dB) = —10 log(Ii/T; max)

_ AA|K[?[1 — A%(1 — |s[*)]
= —10 log {1 - (14 A)2[1— A1 - |I€2)]2} @
Ao
=3
_ )\07‘1’ p

- [1—AQ -5
2sin \/2(1 A1~ [52)2) )

~ FSR

where I;,.x 1S the throughput maximum intensity, I;, is the

throughput intensity at resonance wavelengths, and A\ is the
resonance linewidth.

Fig. 7(b) shows the model-extracted « (circles) and A

(squares) at various R/L ratios for L = 30 um, based on the

simulated ER and @ values [Fig. 7(a)]. The x values drop
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(b) Model-extracted round-trip cavity loss A (squares) and coupling field coef-
ficient x (circles) at various R/ L ratios. Visual aid has been provided (lines).

with the R/L ratio (reducing sidewall length) as expected.
We observe a qualitative agreement between the extracted «
values and the simulated ones in the waveguide-coupled pla-
nar microstructures analysis of the same L and w (Fig. 4).
The extracted A qualitatively follows the simulated ER trend
and dips & R/L = 0.1, suggesting an enhanced cavity loss.
However, we caution that the simulated spectrumat R/L = 0.1
[Fig. 6(b)] suggestsinhomogeneousbroadening with at least two
similarly coupled modes, and thus, the single-mode Fabry—Perot
model may not betotally applicable. As R/ L exceedsabout 0.1,
the extracted A rises (reduced cavity 10ss) and approaches unity
(essentially zero cavity 1oss) as the microresonator shape be-
comes circular.

D. Effects of the Rounded Corners

The effects of the rounded corners not only reduce the surface
wave leakage but also change the waveguide—microresonator
coupling condition. In order to examine the effects of the

C \ / '
-10 N
1530 1540 1550 1560 |
Wavelength (nm) 10
(d)

1.00 0.40
0.954 0.35
< ®
0.90 0.30
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Fig. 8. (a) Schematic of the waveguide-coupled octagonal microresonator

channel add-drop filter with selectively rounded corners. I: input. T: throughput.
D: drop. A: add. (b) Simulated throughput-port spectrum (TE polarization) of
a 30-pm waveguide-coupled octagonal microresonator with four sharp corners.
Ro/L = 0.3.(c) Simulated steady-state H-field patternsof mode C. (d) Model-
extracted A (squares) and « (circles) at various R/ L ratios. Visua aid has been
provided (lines).

rounded corners in octagonal microresonators, we only vary
theradii of the four corners away from the two coupling regions
while keeping the four rounded corners adjacent to the waveg-
uides in the same shape (R/L = 0.3), as depicted in Fig. 8(a).
Thus, we fix the waveguide—microresonator coupling interface.

Fig. 8(b) shows the simulated throughput-port spectrum (TE
polarization) of a 30-um octagonal microresonator with four
sharp corners (R/L = 0). We observe less ER compared with
the round-cornered microresonator of the shape R/L = 0.3
[Fig. 5(a), solid-line spectrum]. Mode C exhibits a ¢ ~ 3000
and an ER of 6.2 dB, while the round-cornered octagonal mi-
crodisk mode A [Fig. 5(8)] displays a Q ~2700 and an ER of
13.9 dB. We analyze the model-extracted x and A for modes C
and A. For mode C, the extracted x = 0.30 and the extracted
A = 0.92, whereas, for mode A, the extracted « = 0.36 and
the extracted A = 0.97. We see that the four sharp cornersim-
pose areduced waveguide coupling and an enhanced cavity loss
to the octagonal microresonator. Fig. 8(c) shows the simulated
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steady-state H -field pattern for mode C. We attribute the rel-
atively weak internal-field amplitudes for mode C [compared
with mode A in Fig. 5(b)] to the excess diffractive loss at the
four sharp corners.

Fig. 8(d) shows the model-extracted A and « at various R/L
ratios of the four corners away from the waveguide coupling
regions. I nterestingly, we observesimilar trendsfor the extracted
A and x, with both A and « displaying a local minimum at
R/L = 0.1 andaloca maximumat R/L = 0.3. Wereason that
by tailoring therounded cornersof the cavity, themodified cavity
boundary condition then affects the waveguide—microresonator
coupling.

E. Mode Density Estimation

Here, we seek to approximately extract the microresonator
mode densities under the various microresonator shapes based
on the simulated spectra. We heuristically define the mode den-
sity as M = Ny, /(Alk| - |k| - A8), where N, is the number
of modes, A|k| = 2x/1 (I isthe wavefront-matched round-trip
path length), and |k| = n27 /o (n isthe effectiveindex). Thus,
we express M asfollows:

NmlXo

M= n(4r2)A0° @)
M is quadratically dependent on the microresonator size L,
because both [ and /A are linearly dependent on L. In order
to approximately extract M, we first obtain A6 from the pla-
nar microstructure analysis using various shapes (Fig. 3). For
L =30 pm, Af ~5.9° for the sharp-cornered octagonal mi-
croresonator, and A# ~9.0° for the round-cornered octagonal
microresonatorswith an R/ L of 0.3. Thecircular microdisk ex-
hibits much larger A6 ~22.2°. We obtain  based on the FSR,
and )\ according to the simulated spectra. By counting the num-
ber of distinct mode order in the spectra, we can then estimate
M. For the sharp-cornered octagonal microresonator, we esti-
mate M ~ 35.7 modes -um? using N,, = 3 [Fig. 6(a)]. For the
round-cornered octagona microresonator with R/L = 0.3, we
estimate M ~15.5 modes -um? using N,, = 2 [Fig. 5(a)]. For
thecircular microdisk, weestimate M ~ 16.1 modes-um? using
N = 5 [Fig. 6(d)]. Thus, in principle we can separately vary
the mode density and the angular span of the coupled k-vectors
for attaining desirabl e single-mode characteristics. However, we
caution that this estimation approach based on mode counting

tends to have less accuracy when Ny, issmall.

V. DEVICE FABRICATIONS

We employ standard silicon nanofabrication processes. The
device layout is defined by i-line photolithography, and trans-
ferred onto the device layer by CHF3-based plasmaetching. We
use commercial SOI wafers [32] with a 0.2-pm-thick device
layer on a 3-um-thick buried-oxide layer. The deeply etch sub-
micrometer waveguides and microresonators have a slab height
of 0.05 um. The chips are manually cleaved, and the end faces
for fiber end-firing are unpolished.

Fig. 9(a) shows the top-view SEM of the fabricated silicon
waveguide-coupled round-cornered octagona microresonator
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Fig. 9. (&) Top-view SEM of our fabricated silicon waveguide-coupled
round-cornered octagonal microresonators with R/L = 0.3. L =50 pum.
R =15pm.w = 0.34 um. g = 0.36 um. (b)—(€) Zoom-in SEMsof the corner
region with radius of 0, 5, 10, and 25 pm (circular disk). (f) Side-view SEM of
the fabricated waveguide side-coupled with aflat sidewall. (g) Cross-sectional
view SEM of the fabricated waveguide. The SOI device layer is 0.2-um thick.

of R/L = 0.3 and L = 50 um. Thefabricated waveguide width
w is ~0.34 um and the fabricated air-gap spacing g is ~0.36
pm. Fig. 9(b)—e) shows the zoom-in view SEMs of the mi-
crodisk corner regions with radii of 0, 5, 10, and 25 um (circu-
lar disk). Fig. 9(f) shows the SEM of our fabricated waveguide
coupled to aplanar microstructurewith aflat sidewall. The side-
wall surfaces suggest reasonabl e roughness. Fig. 9(g) showsthe
cross-sectional view SEM of our fabricated waveguides. The
waveguide sidewall slope angleis ~83°.

VI. DEVICE MEASUREMENTS

A wavelength-tunable external-cavity diode laser (1510—
1580-nm wavelength, linewidth =~ 300 kHz) was end-fired to
the waveguide input port using a tapered-lensed polarization-
maintaining single-mode fiber (with aspot diameter of 2.5 um).
We imaged the throughput- and drop-port intensities using an
objective lens (NA = 0.4) separately onto a multimode fiber
after a TM/TE analyzer, and then lock-in detected by a pho-
todiode detector. A near-IR camera was employed to image
the throughput- and drop-port waveguides output intensities.
The spectral resolution reported here is 0.02 nm limited by the
wavelength tuning steps. The spectra are normalized with the
transmitted intensity from the tapered-lensed fiber end-firing at
the input-port waveguide.

We caution that our SOl waveguide loss is relatively high.
The estimated waveguide propagation loss according to the
cut-back method is ~10-15 dB/cm. We attribute the high
waveguide propagation loss to the substrate leakage loss[7] and
the sidewall surface roughness that is partially limited by our
photolithography and dry etching fabrication process.

Fig. 10(a)—(e) shows the measured TE-polarized throughput-
port spectra of the silicon round-cornered octagonal microdisks
with R/ L ratios spanning from0t0 0.3, and R/L = 0.5 used as
acontrol. We observe only two distinct modes for the octagonal
microresonators (except for R/L = 0.1), whereas we find the



LI etal.: SILICON POLYGONAL MICRODISK RESONATORS

1(a) riL=0

Norm. Int. (dB)
2

-48 FSR~ 4.7 nm
<—> o
-32 ©
(b) RIL=0.1 AMA =
Nr'\ M‘Wﬂl\ ,m I (”M\ ”\ \--36?
‘f L -40 <Z3

32 ] () RIL=02

Norm. Int. (dB)
5 &
|
1o il i
2
=)
g
RN
5 bk
Norm. Int. (dB)

o
T 32
= 36
E L, Q% 34,000
Z T —
1545 1550 1555 1560
Wavelength (nm)
Fig. 10. Measured TE-polarized throughput spectra of the silicon round-

cornered octagonal microdisks with various R/L values. (8) 0. (b) 0.1.
(c) 0.2. (d) 0.3. (e) 0.5 (circular microdisk).

circular microdisk displaysto be highly multimode (about seven
to eight). The measured FSR of the octagona microresonators
(R/L = 0-0.3) is about 4.7 nm, which is consistent with the
calculated FSR of about 4.9 nm by assuming four-bounce ray
orbits. The measured FSR of the circular microdisk is about
4.6 nm. For the octagonal microdisk, we obtain a maximum
Q ~10* and an ER of ~15 dB with R/L = 0.3. With R/L =
0.1, we observe much broadened modes with ¢ and ER drop-
ping to ~ 2500 and 6.2 dB, respectively. The circular microdisk
spectrum displays high-Q (~3 x 10*) resonances, yet with a
maximum ER of only 7.7 dB.

Fig. 11(a) shows the measured ERs and @s of the silicon
octagonal microresonators at various R/ L ratios. The ) rises
nonlinearly with R/ L ratio, which is consistent with the FDTD
simulations[Fig. 7(a)]. The ER drops considerably near R/L =
0.1, also consistent with the ssimulated trend [Fig. 7(a)]. How-
ever, we see that the measured ER trend does not agree with that
of the simulated trend of L = 30 um when R/ L exceeds about
0.3.

Fig. 11(b) showsthe model-extracted x and A at various R/ L
ratios based on the measured ERs and @ s [Fig. 11(a)]. The
values drop with R/ L ratio. We find that A dipsat R/L = 0.1
and then approaches unity as the microresonator approaches a
circular shape. Both the extracted x and A display trends that
are in qualitative agreement with those based on the FDTD
simulations of L = 30-um microresonator [Fig. 7(b)].

We attribute the two dominant modes observed in octago-
nal microresonators to the directional k-vector coupling. The
sidewall length for the sharp-cornered (R/ L = 0) octagonal mi-
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Fig. 11. (a) Mesasured ER (squares) and Q (circles) a various R/ L ratios.

(b) Model-extracted round-trip cavity loss A (squares) and coupling coefficient
r (circles) at various R/ L ratios. Visua aid has been provided (lines).

croresonator is about 20.7 pm. Such long sidewall lengths give
well-defined k-vectors at 6~51.8° and Af ~3.7° (see Fig. 3).
For round-cornered octagonal microresonators with R/L of
0.3 (coupling length of ~12 pm), A6 is ~6.4°. Much larger
A6 ~18.4° isaobtained for circular microdisk.

Based on the estimated mode densities M with L = 30-um
microresonator simulations, we deduce the 50-;,m cavitiesmode
densities M as~ 99.2 modes um? for sharp-cornered octagonal
microcavity, ~43.1 modes-m? for round-cornered octagonal
microcavity (R/L = 0.3), and ~44.7 modes -um 2 for circular
microdisk. Using (4), we estimate the number of modes V,,, ~ 3
for asharp-cornered octagonal microresonator, ~ 2 for around-
cornered octagonal microresonator (R/L = 0.3), and ~8 for a
circular disk. The estimated number of modesis consistent with
those observed in the measured spectra.

We remark that although our analysis can largely interpret
why octagona microresonators have fewer coupled modes, the
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observed reduction in the ER at a particular round-cornered
shape (R/L = 0.1) cannot be satisfactorily explained, and
hence, should call for additional mechanisms. For example,
multimode interference could occur as multiple orbits are co-
herently coupled along various locations of the microresonator
flat sidewalls [26].

VI1I. DiscussioN AND CONCLUSION

Our analysis and experiment show that silicon waveguide-
coupled polygonal microresonators stand as viable alternative
microresonator-based device structures for photonic integrated
circuits. Here, we discuss some design rules and limitations.

In order to couple to even fewer and possibly single modes
with four-bounce ray orbits, we should choose the coupled k-
vector central angle even closer to 45° and aso narrow the
k-vector angular distribution. Fig. 12(a) shows the FDTD-
simulated throughput-port spectrum (TE polarization) of a
25-pm waveguide-coupled square microresonator. Here, w =
0.26 pm results in coupled k-vector central angle of ~45.3°.
With 25-um coupling sidewall length, A6 is ~2.8°. We ob-
serve only single distinct mode. Fig. 12(b) shows the simulated
steady-state H -field patterns at resonance “*.” The mode field
distributesin the whol e square microresonator, but still displays
four-bounce ray orbits.

Fig. 12(c) showsthe measured TE-polarized throughput spec-
trum of a 50-pm silicon waveguide-coupled square microres-
onator. Inset shows the top-view SEM of the fabricated device.
The fabricated waveguide width w is ~0.3 pm and the fabri-
cated air-gap spacing g is ~0.45 ym. The spectrum displays
only single modes with a @ ~4000 and an ER of ~27 dB.
The FSR is ~4.7 nm, which is consistent with the calculated
four-bounce ray orbits FSR of ~4.9 nm.

We also characterize the silicon waveguide-coupled hexag-
onal microresonators. Fig. 12(d) shows the measured TE-
polarized throughput spectrum of the fabricated device. Inset
shows the top-view SEM of a fabricated 50-:m silicon round-
cornered hexagona microresonator filter with R/L = 0.1. The
fabricated w is ~ 0.35 um, and g is ~ 0.35 pm. Compared
with square and octagonal microresonators, the spectrum ex-
hibits amuch lower @ of ~ 1500 and ER of ~ 15 dB, but is still
nearly single mode. The FSR is ~4.2 nm, which is consistent
with the calculated six-bounce ray orbits FSR of ~4.7 nm. We
attribute the lower @ to the open-loop six-bounce mode in the
hexagonal microresonators with w ~0.35 pm. We note that in
order to couple to a k-vector angle of ~60°, the waveguide
width w should be ~0.4 um.

We remark that the square and hexagonal microresonators
have their own issues to be addressed. For square microres-
onators, our previous numerical papers [20] and other simi-
lar papers in the literature [17], [22] suggest that small-sized
square microresonators tend to support standing-wave modes
due to the open-loop ray orbits being backward reflected after
circulating a number of round trips. In order to mitigate the
standing-wave resonances issues, our previous numerical pa-
per suggested corner-cut designs for enabling traveling-wave
resonances in square microresonators [21].
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Fig. 12. (a) FDTD-simulated throughput-port spectrum (TE polarization) of

a25-um waveguide-coupled square microresonator filter. (b) Simulated steady-
state H-field pattern at resonance “*.” (c) Measured TE-polarized through-
put spectrum of the 50-um silicon square microdisk. The top-view SEM of
the square microresonator filter is shown (inset). (d) Measured TE-polarized
throughput spectrum of the silicon waveguide-coupled 50-xm round-cornered
hexagona microresonator filter with R/L = 0.1. The top-view SEM of the
filter is shown (inset).

For hexagonal microcavities with parallel waveguides cou-
pling, the input- and output-coupled open-orbit ray angles are
generally not the same (except for = 60°) dueto the odd num-
ber of bounces between the input and the output coupling to the
parallel sidewalls. This means that in order to have symmetric
input and output coupling with hexagonal microcavity, either
the waveguides need to be coupled to alternate sidewalls, or the
input- and output-coupled parallel waveguides need to have a
dightly different width.
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SILICON MICRORING, RACETRACK MICRORING, AND CIRCULAR MICRODISK DEVICES REPORTED IN THE LITERATURE
AND OUR POLYGONAL MICRORESONATOR DEVICES

TABLE
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Index D' w' G’ FSR ER'
Year Author contrast | (um) @m) | um) Modes (nm) Q (dB)
Ring
o | T B;e:l‘;'[{a“es’ ait-Si | 60 | 05 | 033 | single | - | 57000 | 155
Iz)gg;{ J. N:;';‘I‘S[‘;‘]a“"‘ air - Si 40 05 | 025 | single — | 139,000 15
%aoyg Q. )ﬁlﬁ;]et a | Silica-Si 12 045 | 02 | single 15 | 39350 15
Racetrack
July, | A.VOrckel, et - " 0.16/ .
2003 al [6] air - Si 6 (1%) 0.4 02 single 24 2,580 12.8
%"3{ P. D““[];’]“’ etal | irosi | 103%) | 045 | 023 | single 14 3,000 20
Sep., | W.R. Headley, . . 800 .
2004 et al [8] air - Si (500%) 0.87 0.65 single 0.192 90,000 11.7
Mar, | LKiyat,etal | oon o | 700 .
2005 9] SilicaSi | (354 1 0.8 single | 029 | 119,000 | 104
Oct., L. Kiyat, et al .- . 120 .
2005 [10] Silica-Si (36%) 1 0.7 single 3 28,000 7
Disk
Il A
230y§ Kazmierczak, | air-Si 4 0245 | 02 multi 50 2,000 20
etal [11]
vl I‘;?L[“l‘g‘]“ | Silica-Si | 40 2 | 01 | single | 5 | 2000 20
Polygon (our work)
 w | 50%* .
Octagon air - Si (20.7) 0.34 0.36 multi 4.7 10,000 15
o | 50%* .
Hexagon air - Si (28.9%) 0.35 0.35 multi 4.2 1,500 15
o | 50%* .
Square air - Si (50.0%) 0.3 0.45 multi 4.8 4,000 27

B

*  coupling length (um)
**  Sidewall-to-sidewall length (um)

It is of the essence to employ a round-cornered polygonal
microresonator shapein order to obtain high-¢) resonances. Our
paper showed that round-cornered octagonal microresonators
with arelatively large corner radius (R/L = 0.3) display reso-
nance @ values less but close to (within afactor of three) those
of acircular microresonator of same size. However, we caution
that alarge R/ L ratio also means a short sidewall length. Our
studies suggested that optimum R/L ratio for octagonal mi-
croresonators lies between ~ 0.3 and ~ 0.4 for L of 30-50 um.

Another major design issueisthe effect of the microresonator
size and shape on the coupled k-vector directionality. The cou-
pled k-vector directionality can be enhanced by lengthening the
flat sidewall length, and thus favoring preferential coupling to
only few modes. Our simulations of 30-,m microresonators re-
vealed two major modes for octagonal microresonators, yet at
least five modes for the circular microresonators. Our experi-
ments on 50-pm microresonators revealed only two modes in
octagonal microresonators, yet about eight modesin thecircular
microresonator.

The microresonator size and shape also affect the waveguide
coupling efficiency. Our experiment on 50-um octagonal mi-
croresonators suggested a x ~0.3 for R/L = 0.3 with an air-

D: Diameter; W: waveguide width; G: gap separation; ER: Extinction ratio

gap separation of ~0.36 pwm. In contrast, our experiment on the
50-pm circular microresonator on the same chip suggested a
k~0.14 with the same air-gap separation. A large x suggests a
relatively large tolerance to the air-gap spacing, and thus poten-
tially eases the fabrication constraint.

In order to enable efficient coupling through a reasonable
air-gap separation and sidewall interaction length, the silicon
waveguide width should be chosen in the range of ~0.25—
0.5 um. For polygona microresonators, it is thus practical to
couple to four-bounce ray orbits in octagonal and sgquare mi-
croresonators or six-bounce ray orbits in hexagonal microres-
onators.

Tablel summarizesthe key measured characteristicsof silicon
circular microring [4], [5], [14], racetrack microring [6]-{10],
and circular microdisk devices [11], [13] reported in the lit-
erature, and of our silicon polygonal microresonator devices.
Our fabricated air-gap separation of ~0.36 pm (with an etch
depth of ~0.15 pum) between the submicrometer waveguides
and the 50-um microresonators significantly exceeds typical
air-gap spacing reported in the literature for coupling to micror-
ing and microdisk resonators. Nonetheless, we demonstrated
exceeding 10-dB ERs for octagonal microresonator filters and
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other polygonal microresonator filters. However, because of the
relatively large air-gap separations for both the input and output
coupling, the drop-port intensity is below our detection limit.

Based on our paper, we believethat polygonal microresonator
devices of various shapes and sizes deserve further theoretical
and experimental research. We should seek to provide a direct
experimental observation of the directional k-vector coupling
aong flat sidewalls, and experimentally demonstrate single-
mode polygonal microresonator-based devices. Only then we
could further exploit silicon polygonal microresonators for ac-
tive switches and modulators applications using integrated p-i-n
diodes[14], [33] and MOS capacitors [34].
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