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We review the characteristics and applications of photonic crystal ring resonators (PCRRs), which
can potentially provide a good alternative to the traditional micro ring resonators, as one of the
key contributors to the emerging low-power nanophaotonic technology. Applying numerical analysis
together with the theory of mode superposition, the properties of PCRRs have been comprehen-
sively investigated. We will report PCRR key characteristics, including diameter (D)-dependent loss,
quality factor (@), and free spectral range (FSR). No size-dependent loss was found in PCRRs,
unlike the ~1/0 dependent loss in micro-strip resonaters, making PCRRs a promising candidate for

ultra-compact ring resonators.
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1. INTRODUCTION

Ring resonators, owing to their high spectral selectivity
and large free spectral range (F'SR), have been widely
introduced in a wide range of device applications inciud-
ing linear, passive devices (such as filters,' dispersion
compensators,” and sensors’} and active devices (such
as modulators,? switches® and lasers,%) as well as non-
linear devices for cavity quantum electrodynamics.” To
date, ring resonators have been proposed and success-
fully realized in a variety of materials, as summarized
in Table I, including optical fibers,"® low index contrast
dielectric materials (with material index contract Ar < 2,
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e.g., silica,” polymer, LiNbO,,'" Si;N,,'* SiON,") and
high index contrast semiconductor materials (Arn > 2,
e.g., SOL" InGaAsP. AlGaAs,"” GaAs'®). Systems based
on traditional optical fiber ring technology are bulky
and incompatible with photonic integration. Thanks to
the advanced micro fabrication technology, planar waveg-
uide based integrated microring resonators, also called
whispering-gallery-mode (WGM) microresonators, have
attracted great attention since they provide a most compact
and efficient solution for the integration of these devices
on a wafer scale. Among those materials mentioned above.
silicon-based components are favored because they are
capable of on-chip-network integration with CMOS elec-
tronics. For example, to achieve FSR larger than the opti-
cal communication window (FSR > 30 nm for full C-band
spectral coverage), a ring radius less than 5-pm in sil-
icon is required.”” It is worth mentioning that silicon-
based resonators can be tuned effectively by free-carrier
plasma effect,'® but they do not have truly nonlinear opti-
cal properties.'! To overcome this limitation, recently,
a hybrid silicon-polymer microring structure has also
been proposed." In- addition, their propagation losses
increase exponentially with reduction of the ring radii.
This presents a problem or “roadblock” to scaling, which
in practice sets a limit on the ring radius of a few microm-
eters {e.g., 3 pum); the performance of strip-guide micro-
ring resonators is also highly sensitive to the surface
roughness and the nanoscale gap between ring resonator
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and the bus waveguide, which-created another challenge
in manufacturing. '

On the other hand, photonic crystals (PCs) offer great
promise in ultra-compact photonic components due to
the urique properties associated with the PC structure,
.such as photonic bandgap,® guided mode resonance,”’
self-collimation® and superprism® etc. Within the realm
of photonic erysial components, the smallest resonators
reported in the literature-are the point-defect resonator
in a 2D crystal,*»* and the hano-scale slot within a
1D crystal® While such devices are useful, they do

not offer the versatility of a ring-shaped PC waveguide
resonator that can be coupled to bus waveguides and
other rings. Recently, several types of photonic crys-
tal ring-shaped waveguide resonator structures have been
demonstrated. In the hybrid PC-waveguide structure,” the

90-degree bending section of the waveguide ring resonator

is replaced with the photonic crystal reflectors, to minimize
the bending loss associated with-the traditional waveg-
uides for smaller bending radius. In the PC directional
coupler loop structure,” the ring miniaturization is lm-
ited by the required -long coupling length, e.g.. 80a as
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Table 1.  Summary of various ring resonators.

Characteristics

Technology Structure/material Ring size Loss Integration
Optical fiber * Fiber'-# Large Small : Poor
Planar waveguide Low index contrast material ‘Medium Loss increases with decrease Good
(An < 2y-e.g.. Silica,” polymer,'” of ring radius
LiNbO,." Si,N..”? SiON "
High-index contrast maierial Small : Good
{Ar = 2) e.g., semiconductor
material SOLY InGaAsP*
AlGaAs," Gas'®
Hybrid e.g.. polymer/Si," Sifair Small ) Good
slot*! ‘
Photonic crystal Hybrid PC-waveguide™ Mediom Small Bad
PC directional coupler loop™ Medium Small " Goad
PC self-collimation loop™ Medinm Medium " Goaod
Ultra-compact PCRR?-3*

Ultra-small Small Good

reported in Ref. [29], where a is the lattice periodicity
that constrains the ring size. In the PC self-collimation
loop structure®® self-collimation can only exist under spe-
cial propagation directions and within a certain self-
collimated frequency range, e.g., the light propagates along
TM direction of a square lattice structure within fre-
quency [0.17a/A, 0.19a/A].* Otherwise, it will introduce
large scattering loss and thus reduce the efficiency of the
device.

Recently, photonic crystal ring resonators (PCRRs)**3
have attracted great attention, for their potential in achiev-
ing ultra-compact sized ring resonators, and in flexible
coupling and integration schemes. Based on photonic
bandgap (PBG) confinement, ultra-compact wavelength-
scale ring resonators can be fabricated in cubic, hexagonal
and other complex photonic lattices.® The resonators—
quasi-square, quasi rectangular, hexagonal, or circular in
shape-—can have a diameter as small as 1 pm for the
operation wavelength of 1550 nm, as reported in our pre-
vious work ** Ultimately, the smallest PCRR can be
viewed as a single point-defect PC cavity, ie, 1 x 1
ring, which can be very low loss with extremely high
quality factor (@), and with ultrasmall ring modal vol-
ume (V). For various applications, the choice of PCRR
ring size is determined by the desired resonant wave-
length, and the tradeoffs between the quality factor () and
modal volume V.3' Potentially, PCRRs present a solu-
tion to overcome the scaling obstacle of traditionalt WGM
resonators.

In this paper, we first discuss the characteristics of
the PCRRs, its principles, modal and spectral proper-
ties, followed by the demonstration of single and dual-
ring resonators. The size-independent loss analysis was
given with the demonstration of high performance ultra-
compact add-drop filters based on single ring PCRRs.
Finally, several applications based on PCRRs will be
briefly described such as N x N switching and hybrid
polymer-silicon modulator.

J. Nanosci. Nanotechnol. 10, 1485-1507, 2010

2. PRINCIPLE AND CHARACTERISTICS OF
COMPACT PCRRS

A traditional WGM resonator based add-drop filter (ADF)
device is typically in the form of a microring closely cou-
pled o a bus waveguide operating in single-mode, and
its behavior is usually based on phase-matched coupling
between orbiting waves in the ring and propagating modes
in the waveguide. Similarly, an ultra-compact PCRR ADF
can be formed by removing one row of PC column (W]
line defect waveguide) and a ring {or racetrack) shape of
columns to perform as a bus waveguide and a compaci
ring resonator, respectively, as shown in Figure 1{a). In
general, dielectric-rod-type PC waveguides can be easily
operating in single mode while air-hole-type PC waveg-
uides tend to be multimode without any other structure
modification/optimization. Thus, for simplicity. we first
consider 2D array of posts within a low-index slab, that is,
dielectric-rod-type PC waveguides. Their design princi-
ples can be extended to air-hole-type ones. However, the
determining principle for wavelength-size photonic crys-
tal cavities in general can no longer be characterized as
the propagating states, and the idea of phase-matching
coupling may not be applicable here.?* Instead, photonic-
crystal resonant-cavity coupling can be analyzed based on
the resonant state symmetry and degeneracy in both the
real and imaginary parts of the frequency, as proposed by
Fan et al.** The response of this new PCRR is numerically
analyzed using a finite-difference time-domain (FDTD)
approach.

Unless otherwise noted, all the discussions in this paper
are based on the two-dimensional (2I)) square lattice
photonic-crystal structures as shown in Figure 1{a), where
the refractive index of dielectric rods, »,, is 3.48 (Sili-
con), surrounded by the background of air (»n, = 1.00), the
ratio of the rod radius r to the lattice period a, is 0.185.
This choice is meant to simulate the behavior of a silicon-
on-insulator {SOI) PC structure operating at telecomm
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(a) Schematic of single-ring PCRR based ADFs with coupling section L. = Oz (one period of rods); (b} Photonic crystul dispersion plot and

the corresponding defect mode (shown as a blue line) for single line defect photonic crystal waveguide (W1); {¢) Normalized transmission spectrat at
three output ports B, C, D for PCRR ADFs with and without scatterers,"S”; (d) The electric field pattems for the through (off-résonance: A, = 1524 nm)
and drop (on-resonance: A, = 1555 nm) channels; {¢) Schematic of single-ring PCRR based ADFs with increased coupling section period L, = la (lwo

periods of rods); and (f) Normalized transmission spectra with L. = la.

wavelengths. Although the real SOI structure, would, in
practice, require 3D numerical analysis (3D FDTD), which
is typically computational time and memory consuming,
our 2D approach gives a general indication of the expected
3D behavior, 2D analysis carried out here allows us to
identify qualitatively many of the issues in ring cavity
design (e.g., mode control and cavity () and the coupling
scheme design (e.g., the placement of the ring and the
W1 defect waveguide, the relative coupling and symmetric
impact). This can offer us the design trade-offs and guide-

lines for the real structure design based on a completely -

3D FDTD technique.
1498

2.1. Single-Ring PCRRs

A typical single-ring PCRR ADF is schematically shown
in Figure 1(a). The surrounding periods of the bus waveg-
uide (W1 Line defect waveguide, missing one row of rods
along the I'X direction) and ring resonator are 5 and 10,
i.e., d =4a and L = 9a; respectively, where a is the lattice
period. The coupling strength, i.e., the number of coupling
periods between the bus waveguide and the PCRRs, is
defined as L., with L_ =0z and la for the PCRR ADFs
shown in Figures l(a) and (e}, respectively. The distance
between two bus-waveguides is 6a. For the PCRR ring,
four extra scatterer rods, labeled as “s” in blue color, are

J. Nanosci. Nanolechnol, 10, 1495-1507, 2010
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introduced to improve the spectral selectivity and give a
near-ideal drop efficiency. Each of them is located in the
center of its four nearest-neighbor rods with exactly the
same diameters and refractive indices as all other dielectric
rods in ‘the’ PC structure. Based on the simulated photonic
dispersion curve for the guided defect mode in W1 waveg-
vide, as shown in Figure 1(b), there exists a single-mode
frequency (normalized) ranging from 0.3a/A to 0.428a/A.
For the 1550 nm communication window, a is set as 540
nm. Thus the W1 PC waveguide is broadband, with guided
single-mode spans from 1260 to 1800 nm (between the
two horizontal dash lines in Fig. 1(b)). The transmission
characteristics were simulated with the two-dimensional
FDTD technique using perfectly matched layers (PML)
as the absorbing boundary condition. A Gaussian opti-
cal pulse, covering the whole frequency-range-of-interest,
is launched at the input port A. Power monitors were
placed at each of the other three poits (B, C, D) to
collect the transmitted spectral power density after Fourier-
transformation. All of the transmitted spectral power den-
sities were normalized to the incident light spectral power
density from input Port A,

Shown in Figure 1(c) are the normalized transmission
spectra for three output ports (B, C, D) in the single-ring
PCRRs. Note that, for a ring cavity withouw scatterers,
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a low drop efficiency with poor spectral selectivity was
obtained. By -simply introducing four scatterers, signifi-
cantly improved spectral selectivity with close to 100%
(>99%) drop efficiency can be achieved at the resonant
frequency (1555 nm in this case) as an-add-drop fil-
ter (ADF). Snapshots of the electric field distribution in
the ADF for through (off-resonance: A, = 1524 nm) and
drop (on-resonance: A, = 1555 nni) channels are shown
Figure 1(d). '

It is worth mentioning that the @ of this single-ring ADF
shown in Figure 1(c) is only ~130 (@ = Av/8A). where
A and 8A are the center wavelength and the linewidth
(FWHM]} of the drop channel, respectively. For optical
communication applications, it is desirable to have a much
higher @, on the order of 1500 or higher, to achieve a
linewidth of 1 nm or less. Theoretically the @ value for the
ideal single-ring (3 x 3) PCRR can be greater than (10°)."
Q) values greater than 2,000 were obtained experimentaily
in an air-hole-based hexagonal ring cavity laser.®® The dis-
crepancy between the ideal PCRR  and the ADF O is
mainly caused by the coupling strength L, in the coupling
sections between the Wi waveguide and PCRR ring. As
shown in Figure [(e), higher spectral selectivity can be
achieved with Q greater than 1,000 in single-ring PCRR-
based ADF by simply increasing the L, (from L. =0a in
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Fig. 2. The effect of surrounding periods d and L on the drop efticiency and spectral-selectivity (quality factor Q): (a} Normalized wansmission
on drop channel D for L =9¢ and d = 14a; {b} Drop efficiency and spectral quality factor on drop channel D whend changes with fixed L = Ba:
{c) Normalized transmission on drop channel D for L = 284 and 4 = 4a; and (d) Drop efficiency. and spectral quaiity factor on drop channel D when

L changes with fixed d = da.
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(a) ' (b)

Fig. 3. The electric field pailcrns of PCRR cavity degenerale hexapole
modes al A = 13576 nm: (a) HEX,,, and (b) HEX,,.

Fig. 1{c) to L. = la in Fig. 1{e)). However, the dropping
efficiency decreased at the same time, from 100% to 80%.

To achieve both high drop efficiency (>98%) and high
spectral-selectivity, further optimization process can be
considered, such as the coupling section engineering (e.g.,
the size of coupling rods and scatterers and location adjust-
ment), the surrounding periods ¢ and L, as defined in
Figures 1(a, ¢). For example, the impacts of the sur-
rounding periods 4 and L on the drop efficiency and
spectral-linewidth (quality factor Q) are investigated with
the results shown in Figures 2{a, b) and (c. d), respectively.
Examples of normal transmission on channel D (drop
channel) is shown in Figures 2(a and ¢), with the drop
efficiency and quality factor plots shown in Figures 2(b
and d). While the tmpact of the surrounding period d

on the drop efficiency is negligible for d greater than,

4a (Fig. 2(b)). spectral selectivity does increase with the
increase of 4, due to the improved confinement. On the
other hand, both the dropping efficiency and guality factor
Q increases significantly with the increase of the surround-
ing period L (Fig. 2(d}).

The principle of the add/drop properties in PCRRs can
be explained with the mode superposition principles.” As
we know, when a cavity supports degenerate modes and
possesses a mirror symmetry with respect 1o the plane per-
pendicular or parallel to the waveguides, it is feasible to

~obtain an add-drop filter.”*** This 3 x 3 PCRR supports

two degenerate hexapole modes namely HEX, and HEX,,,
with 90-degree phase difference as illustrated in Figure 3.
where HEX,, mode is even with respect to the perpendic-
ular plane and odd with respect 1o the parallel plane of
waveguide, while HEX,, mode is odd with respect to the
perpendicufar plane and even with respect to the parallel
plane. At resonance, the resonant field coupies to the drop
and the input channel guides. The ring cavity power that
couples back into the input guide does so in antjphase with
respect to the imput signal, resulting in cancellation at the
throughput port and makirnig complete power transfer from
the input to the drop port possible. Based on this mode
superposition principle, .we can achieve even smaller ring
with the same silicon rod, e.g., 2 x 2 PCRR and 2 x 3 race-
track PCRR, as shown in Figure 4, where the L/d values
are 4a/9a and 15a/28a, respectively. For easy compari-
son, we only discuss the performance of the 3 x3 PCRR
(Fig. 1(a)) in the following sections.

2.2, Dual-Ring PCRRs

By cascading and coupling multiple resonators, the ADF
transfer characteristics can be flexibly engineered. Forward
dropping can be achieved in dual ring configurations, sim-
ilar to the demonstrated schemes in the micro-ring based
optical add-drop multiplexers (OADMs). Here, based on
the basic building blocks of single-ring PCRRs, dual-
ring PCRR-based OADMSs were analyzed for both forward
dropping, as well as backward dropping, with the control
of mode symmetry and ring coupling.

Normalized transmission
Normalized transmission

r
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- ©
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17 12 b ] 0 AP B
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ML ST
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Fig. 4. Normalized transmission spectra of {a) 2 x 2 PCRR: (b} 2 x 3 racetrack PCRR where the top panels correspond to their intrinsic cavity resonunt

wavelengths.

1500
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For the weakly coupled dual ring PCRRs, as shown
in Figure 5, where the total length of bus waveguide
(L), surrcunding periods between ring resonator and bus
waveguide (d), coupling strength (L) and coupling peri-
ods (defined as the number of the shared dielectric rods),
were 28a, 4a, Oa and 24, respectively, backward dropping
was achieved. Comparing the backward dropping char-
acteristics shown in Figure 5(b), with the characteristics
obtained from single-ring PCRRs shown in Figure 1(c),
we found higher spectral selectivity was obtained with
higher @ value (approaching 260) for the dropping chan-
ne] in dual-ring ADFs. On the other hand, for the strong
coupling case, as shown in Figure 6, where the coupling
period increased to 4a, forward dropping was obtained.
Here the dropping channels switched to the other two
resonant-cavity modes with different symmetry properties
{at 1545 nm and 1561 nm). Note that this flexible design
of backward and forward dropping is one of the advances
in PCRRs. '

Based on aforementioned mode superposition, the
PCRR resonant coupling occurs due to the frequency and
phase matching between the propagating waveguide mode
and the PCRR resonant cavity mode. The coupling direc-
tion is mainly determined by the modal symmetry and the
relative modal coupling between the PCRRs. The direc-
tion is the same for the propagating wave in the waveg-
uide and the coupled wave inside PCRR. However, the
direction may be the same or reverse for the coupling
between PCRRs, depending upon the coupling strength
and the modal symmetry*® Both forward dropping and
backward dropping can be obtained depending upon the
mode-symmetry properties with respect to the coupling
configurations.

We attempted to understand this with the mode prop-
agation animation shown in Figure 7, which shows the
propagation directions for three different modes in dual-
ring PCRR ADFs. In Figure 7(a), the maximum coupling

efficiency occurs at A, = 1555 nm, along I'M direction,
with the field minimum “—” and field maximum *“+”
alternatively coupled. Modes propagate clockwise in both
PCRR rings, which results in backward-dropping. On the
other hand, a pair of doubly degenerate modes at A, =
1545 nm and A, = 1561 nm appeared to have maximum
coupling efficiency in the strongly coupled dual-ring cay-
ities, along I'X direction, where bBoth “even-mode-Tike"
{“+” to “+” in Fig. 7(b)) and “odd-mode-like” (*+ to
“—"1in Fig. 7(c)). The coupled mode in the second PCRR
ring cavity propagates” counter-clockwise, which leads to
the forward-dropping. This opens up additional design
flexibility with the desired or optimal coupling attained
simply by engineering the coupling strength and modal
engineering in the multi-PCRR based ADFs.

2.3. Estimates of Size Dependent Insertion Loss

In this section, the PCRR size-dependent loss character-
istics will be discussed. For traditional micro-strip ring
resonators the relationship between FSR and R is:%

A? A

FSR(AA) = =
(a4) (g —AZL).27R  n,-27R

(D

Moy
A
where A is the resonant wavelength, while n4 and n, are
the effective index and the group index of the ring, respec-
dvely. The group velocity can be further derived from
C C

T do/dk 2)

ng=U
3

where ¢ is the speed of light in vacuum, v, is the
group velocity, equal to dw/dk. We here attempted to
use the same Eq. (1) to analyze the spectral character-
istics of PCRR structures. The group velocity v, can
be obtained from the dispersion curve for the confined
defect mode in the single-line-defect bus waveguide® after
which the group index », is found. We first introduce an
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0.0 tinaa it
1500 1520 1

{a)

Fig. 5.

540 1560
Wavelength {nm)

1580

{b) (c)

Dual-ring PCRR ADFs for backward dropping (a} Schematic showing the weakly-coupled dual PCRR rings with coupling period of 2a; (b)

Normalized transmission spectra; {c) The field patterns of the electric lield disiribution for “through™ (off-resonance: A, = 1500 nm) and “backward
drop” (on-resonance: A, = 1555 nm) channels. Modified with permissicn from [31]. Z. Qiang et al., Opt. Express 15, 1823 (2007). © 2007, Optical

Soctety of America.
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Normalized transmission

0.0
1500 1520

1540 1560 1580 1600
Wavelength (nm)

(b} (c)

Fig. 6. Dual-ring PCRR ADFs for forward dropping (a) Schematic showing the strongly coupled dual PCRR rings with coupling period of da:
(b) Normalized transmission spectra; {c) The field patterns of the electric field distribution for two “forward drop™ channels (on-resonance: A, = 1545 nmn.
A; = 15601 nm). Modified with permlssmn from {31] Z. Qiang et al., Opr. Express 13, 1823 (2007). © 2007, Optlical Socicty of America.

effective radius concept for the PCRR structure based
upon the equivalent area concept, as shown in Figure 9(a)
(right), with

Ry=(m+ Va//7 (3)

where m is the number of dielectric rods or air holes
enclosed in the PCRR resonator (m = 3 for the structure
shown). By changing the m values, the effective radius
changes accordingly. Finally, we can get the free spectral
relationship of PCRRs by using the defined effective radius
and the derived group index in Eq. (1}.

The PCRR structure parameters of Figure 8(a) are the
same as previously discussed, that is, square-lattice sili-

con rod surrounded by air background with r/a = 0.185.°

For comparison, a two-dimensional single-ring silicon
micro-strip (“nano wires™) having similar configuration

™ direction

(b)

parameters are used to simulate the transmission and loss
properties, as shown in Figure 8(b), where the effective
index and group index are both equal to 2.44, with the
strip width and gap size of W =500 nm and ¢ = 100 nm,
respectively. The lengths of the waveguide buses are kept
the same for all cases in these two structures, which is
Ly =335 pm (or 624 for PCRR). In the size dependent
loss analysis, PCRR ADFs with different ring radius R
were investigated. Based on the discussions in Section 2.1,
to maintain high drop efficiency and spectral selectivity,
the coupling strength, L., was adjusted accordingly from
la for small ring sizes (e.g.. the one shown in Fig. 8(a)).
to 2a when the R of PCRR increased to 2.44 um and
greater {m > 7).

Numerical simulations were carried out for PCRR and
micro-strip-ring-resonator. Shown in Figure 9(a) are the

i TX direction I'X direction
+ = = l o = =

! : |
£+ - LR

Fig. 7. Comparison of backward- and forward-dropping with the animation movies shown the different modal propagation directions due to the
coupling difference and the moadal symmetry. The coupling field relations are lubeled with “+” and “—" signs for-either even or odd modal LOLlplll’l"
Moditied with permission from [31], Z. Qiang et al.,, Opt. Exprress 15, 1823 (2007). © 2007, Opncql Society of America.
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(a) Photonic crystal ring resonators -

e mEWraess

. W =500 nm I

Gap =100 nm
Mg =2.44

Fig. 8. (a) Schematic of photonic crystal ring resonaters with effective
radius R.; defined as shown in the right plot; (b) Micro-strip ring res-
onators and the associated radius R. Reprinted with permission from [34].
Z. Qiang et al., J. Nanophotenics 2, 023507 (2008). © (2008), SPIE.

normalized transmission spectra for three output ports
(B. C, D) in the single-ring PCRR. Close to 100%
- drop efficiency at the drop channel of 1557.5 nm was
obtained with a high spectral selectivity of @ greater than
1319 in the single ring PCRR based ADFs with 1.2-um

10 Ar LTI B
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UE, g 1.0 ]
s 06f oe ]
% 3 0.8 ]
B oal jes 9
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o 1552 1554 1556 1658 1560 15 5
=
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1400 1440 1480 1520 1560 1600
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T T T T T
< 10 e T N T 3
B || h \‘le
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{b}

Fig. 9. Speciral response of single ring add-drop filters based on
(a} PCRRs; (b) Micro-strip ring resonators; (c) The field patterns for
the corresponding drop channels with different ring sizes for PCRRs
and micro-strop ring resonators. Reprinted with permission from [34],
Z. Qiang et al.. J. Nanophotonics 2, 023507 (2008). © (2008), SPIE.

J. Nanosci. Nanotechnol. 10, 1495-1507, 2010

effective radius. We determined that the spectral perfor-
mance reported here is comparable to or better than that
of the micro-strip ring resonators with even large ring
radius (R =3 pm), as shown in Figure 9(b). The field
paiterns for the drop channels with different -ring sizes for
PCRRs and for the micro-strip ring resonators are shown
in Figure 9(c). From Figure 9{c), it is very obvious that
some energy will radiate out with 3-pm micro-strip ring
resonators. Therefore, the total normalized power at three
output ports (B4-C+1D)/A'is used to derive the total bend-
ing loss in the ADF devices with different ring radii, in
the unit of dB. It is worth mentioning that the total loss
in the ADF devices derived here includes both the bend-
ing loss associated with small ring-radius PCRRs as well
as the coupling loss between the waveguide buses and the
PCRRs. :

The size-dependent loss for single-ring ADFs based on
the PCRR and corresponding micro-strip ring resonators is
shown in Figure 10. The lower portion of loss in PCRRs
is shown in the inset of Figure 10 (a zoom-in view). As
expected, the bending loss increases drastically for ring
radii less than 5 pm in micro-strip ring resonaters. On the
other hand, we did not see any size dependent bending loss
in PCRRs, which is a great advantage of proposed PCRRs.
We believe the different loss behavior is due mainly to the
differences in the mode confinement mechanisms.’

The size-dependent free-spectral range (FSR) values
were investigated and compared for both PCRRs and
micro-strip ring resonators as shown in Figure 11. One
set of the data plotted in Figure 11(a} is derived from
the FDTD simulated spectral response curves, as shown in
Figure 9, for different radii. It is interesting to note thar the
change in FSR associated with effective radius in PCRRs
follows closely the FSR change for micro-strip-based ring
resonators. By using theoretical Eqs. (1) and (2), theoreti-
cal FSR values were obtained for each radius with different

1.0 T T L e A
3 a.10

E‘ b
=2 [ 0.08
@ [eX: N 8 A
S 0.06
=
T 06} 0.04 4
< -
@ A
a poz| o/ i
= a
g 04f 000 L 1
g 0 2 4 6 8 10 12 14 16
él R (pm}

0.2 - . R
_ﬁ 3 —C- Micro-ring
5] - ) —-5-- PGRRA

0.0 L E:‘-rE’T'*.aT‘:g}-?‘T‘H"T.’ e e e T

0 2 4 6 8 10 12 14 16

Effective ring radius R (um}

Fig. 10. Size dependent loss in PCRR and micro-strip-ring-resonator-
based ADFs. The low bending loss in PCRRs is shown in the inset.
Reprinted with permission from [34]; Z. Qiang et al., J. Nanophotonics
2, 023507 (2008). © {2008), SPIE. :
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150 : v T = : T =
(@) 1\ ¥ Microring by FDTD
= ) o PCRRbyFDTD
120} —— Thearetical microring| 1
= = — Theoretical FCRR
L E eor
-E .
%
- 60r
3or
0 . ' 1 s s 1 L

Ring radius {pm)

{b)

20 1

Group index

i5¢ 1

1540 1560 1580
Wavelength (nm)

1.0 —

1500 1520 1600

Fig. 11. (a) Size-dependent FSRs in micro-serip ring resonators and
PCRRs based on FDTD simulation and theory; (b) Group index in

PCRR structures based on the defect mode dispersion curve shown -

in Figure I(b). Modified with permissien from [34], Z. Qiang et al,
J. Nanophotonics 2, 023507 (2008). © (2008), SPIE.

resonator wavelength and the corresponding group index
shown in Figure 9(b). As shown in Figure 11(a), very good
agreement was obtained between theory and FDTD simu-
lation for both structures.

3. PCRR APPLICATIONS

As discussed above, PCRRs offer a potential substitute of
traditional micro-ring resonators due to their advantages
including flexible dropping scheme and size-independent
losses for ultra-compact ring sizes. In this section, we
will first conceptually provide nanophotonic applications:
N x N switching. Subsequently, we will briefly review a
hybrid polymer-silicon modulator based on PCRRs.

3.1. Nanophotonic Applications: NxN Switching

The small “footprint” of the PCRR allows dense integra-
tion, that is, closely packed arrays of ring devices. A prime
example of such integration is the N x N switch, which
is known as a “cross connect” or N x N “matrix switch”
(see Figs. 6 and 7 of Ref. [37]) In order to illustrate the

1504

Fig. 12. A 4 x 4 “permutation-matrix” swilch in silicon-on-insulater
based on dual ring PCRRs and line defect waveguides in a square fattice
PC structure.

potential of PCRRs for dense integration, we present here
the example of a 4 x 4 “permutation-matrix” switch in
silicon-on-insulator {a matrix discussed earlier for micro
strips’’}). The integration approach can be monolithic or
hybrid, and we shall focus here on the hybrid.- The dual-
ring approach is effective® and is assumed here. Starting
with an SOl wafer, the first constraction step would be
to define lithographically a set of line-defect and ring-
defect waveguides within a cubic PC lattice as shown
in Figure 12, The next siep would be to bond, at low
temperature, an array of active [1I-V semiconductor dual
rings, as shown in Figure 13, with these I11-V waveguided
PIN-diode gain media exactly aligned to the Si waveg-
uiding regions. The cross section of one ring of a pair
is shown in Figure 14, where the 1I-V ring guide is
evanescent-wave-coupled to the §i PC guide, giving 80%

B E T k.
1 g ; N i —
Cross-
section 1
2 —t
3 ve—p
prg——

Fig. 13.  Anarray of active 111-V semiconductor dual rings is bonded to
the 4 x 4 “permutation-matrix” switch in silicon-on-insulator, The clec-
trodes are shown for the switch control. ’
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Si waveguidé '
. AN Mode profile

P contact
M ¢
e 4
4
: EIIVmesa H #
N contact ’
« [ laﬁlﬁl .

i

Fig. 14. The cross section of ane ring of a pair is shown, where the
III-¥ sing guide is evancscent-wave-coupled to the Si PC guide.

of the fundamental mode in Si and 20% in the III-V
“active cladding.” '

The SITII-V hybrid in Figure 14 is unusual because it
differs from the prior-art in which the hybrid served as a
forward-biased gain medium for Iasing,” or as a reverse-
biased absorber for photodetection. ™ In the present switch-
ing case, the optical property of a ring-pair is altered—by
bias switching—from a high absorption condition to a con-
dition of optical gain. That is how the two switching states
of each 2 x 2 switch within the 4 x 4 are attained. The
OI-V presents strong absorption of light at zero PIN bias,
Then this cladding swings into a gain condition at forward
bias. In the resonant switching art, it is known that highly

Tap palymer cladding n = 1.78
Polymer/Si Rods PC n=1.78/3.48
Bottom polymer cladding n = 1.78

Output

Bottom polymer claddlng n=1. 78

‘ ITO contact Iayern 15

Glass subsirate n = 1.5

(@

absorbing rings will produce the low-loss “bar state™ of the
22, while gain within the rings provides the “cross state”
also having low insertion loss.¥ The example of Figure 13

shows three of the six 2 x 25 forward biased, with the other

three unbiased, leading to the four input-to-output pairings

shown in Figure 14.

Waveguides in PCs suffer from optical scattering loss
associated with wall roughness that is created during fab-
rication of the PC structure. This loss is “technological”
rather than fundamental ** If present-day PC processing-
and-smoothing techniques can be improved to the point
where the waveguide losses go below 1 dB/cm, then the
PCRRs described here will have performance superior to
that of microstrip resonators in the small-diameter range
of 4 to 10 A/n. )

3.2. Hybrid Silicon-Polymer Modulator

Recently, we theoretically demonstrate a functional poly-
mer modutator with embedded Si rods PCRR add-drop
filter configuration® as shown in Figure 13, where a dis-
ruptive silicon nanomembranes (SiNM) transter process™
is used to transfer the modulator structure onto the low
index ITO coated glass substrate. The vertical waveguiding
structure is the polymer filled Si rods PCRR core region
sandwiched in between the low index polymer cladding

Top metal contact Au 200 nm
E-O polymer core n =1.785-1.792; 600 nm
Sithin film n=348 _/3000m
EOponmercore n = 1.785-1.792; 600 nm
ITO contact/claddingin=1.5 500 nm
Glass/Quanz substrate (n = 1.5)
Top view
Si rods PC filled with EQ polymer
000 Q00000 C0O0O0
"0 0000000000 OD
COO0OO0CO000C0O0O0000Q0
In 'Out
OOOOOOOOOOVOOO
cC oo OO 0000
C.00C G, L. 00D 0O
C0O0C fcooo
o000 {0000
0000 tcooo
®looo DO —— 000 o
CcOoOCGCOo S O0OCO0000
a0 oo CCO0O0C00O0O0
000G Q0000000

EQ index modulation iop metal contact

Fig. 15. Hybrid integration of functional polymezs with Si PCRRs for RF photonic moedulators with ultra-compact sizes: 3D, cross-sectional and top
views of device structure based on Si PCRRs. Reprinted with permission from [?4] Z. Qiang et al., J. Nanophotonics 2, 023507 (2008). © (20u8).
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layers, The device design parameters vsed in our design is
also shown in ‘Figure 5. Electrical control is based on the
bottem transparent 1TO -electrode and the top high speed
électrode for. high speed (RF frequency or greater than
100-GHz): The ON/OFF modulator is done via [ree carrier

.injection/depletion induced index change, which leads to

the resonance shift, .

We assume the polymer index at zero bias voltage as
1785, based on the data fer high-index polymer materials
from Boston Applied Technology Inc. (BATE). For an opti-
cal modulator operating at the 1.55 pm telecommunication
window, the Si rod radius r and the lattice constant a
of the PC are set as 100 nm and 379 nm, respectively.
Based on above Eq. (3), the effective radius of ‘this
PCRR is only 2.687 pm, which reduces the complexity
of the RF/microwave electrode design because the optical-
microwave interaction region here is much less than the RF
wavelength—thus affording high modulation speed. The
optical channel signal propagating through W1 PC waveg-
uide can be modulated by controlling the index of the
coupled PCRR cavity region through electrical contact on
top. At the ON state of the modulator, light confined by
the PC structure travels along the W1 waveguide, while
al the OFF state, the PCRR is tuned to resonant at the
working frequency and no light passes through the W1
waveguide, By using 2D FDTD, we qualitatively identify
that very high spectral selectivity can be achieved for dif-
ferent indices of pelymers, as shown in Figure 16. For an
input signal of 1565.2 nm, the modulation depth is about
25 dB with virtually 0 dB insertion loss. The correspond-

ing propagation field patterns are shown in the inset, for -

ON (n =1.792) and OFF states. The drop channel wave-
length changes from 1565.2 nm for polymer index of 1.783

n=1.785 : 1.792

Normalized transmission (dB)

T S 1
1550 1565 1560

i565 1570 1575 1580 1585
Wavelength (nm}

Fig. 16. Simulated spectral tuning characteristics for a single channel
PC waveguide coupled with a single ring PCRRs embedded in an index
tunable functional polymer material. The propagaring field profites for
ON and OFF staics are shown in the inset for the channel with center
wavelength of 1565.2 nm at polymer indices of 1.805 and 1.783. respec-
tively. Modified with permission from [34], Z. Qiang et al., J. Nanopho-
tonics 2, 023507 (2008). © (2008}, Optical Society of America.
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{with zero bias voltage), to 1571.8 nm for polymer index
of 1.805 (with bias voltage of a few volts).

Note that it will be very easy to create a 2 x 2 EO spatial
routing switch by adding simply a second ring-coupled bus
waveguide on the right-hand side of the PCRR. This is an
identical line-defect guide that is parallel to the bus on the

left-hand side.

4. CONCLUSIONS

In conclusion, we have reviewed the progress of ring res-
onators. Emphasis has been on the principle and appli-
cations of ultra-compact photonic crystal ring resonators.
We prove there is no size dependent bending losses seen
in PCRR based structures. We also demonstrate that the
free spectral range in PCRRs follows similar relations
with effective ring radius and the dispersion related group
velocity. These findings make the PCRRs an alternative
to current micro-ring resonators for ultra-compact WDM
components and high density photonic integration.
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