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Abstract-We show experimentally the existence of defect
modes in mutually coupled microring resonator array
fabricated in silicon-on-insulator technology. The movements of
donor-like and acceptor-like modes are demonstrated for
various defect lengths and in a good agreement with earlier
theoretical prediction.

Microring resonator is an integrated-optic form of Fabry-
Perot etalon that is capable of realizing various active and
passive functionalities, such as filters, lasers, sensors, and
switches. These functionalities can be further extended by
integrating these resonators in array geometries for slow
light structure [1, 2] and high order filters [3-5]. In periodic
array geometries consisting of identical rings, there exists a
frequency band within which the light is not allowed to
propagate inside the structure. This is called a photonic
bandgap (PBG) mechanism which bears remarkable
resemblance to the electronic bandgap in solid state physics.
Similar to its electronic counterpart, introducing
irregularities (or defect) inside the structure may excite a
defect mode where light is localized near that defect. The
concept of defect mode is not new and has been
demonstrated in conventional photonic bandgap structures
[6], where usually the defect is in the form of a hole of
different size or a dislocation [7, 8]. However, the concept of
defect modes in periodic arrays of microring resonators has
not been extensively explored. This structure is somewhat
different because of the hybrid properties of photonic
bandgap and resonators. Previously we have theoretically
demonstrated the existence of defect modes in such hybrid
structures [9], and in this paper we present for the first time
the experimental realization of the defect modes, verifying
the existence of acceptor and donor modes, in microring
resonator  arrays fabricated in  silicon-on-insulator
technology.

As shown in Fig. 1, our configuration consists of series
of mutually coupled microring resonators with a defect ring
at the center of the structure. The defect in our configuration
takes the form of a ring with different size. The relative size
of the defect ring from the regular rings (Ap=Lpgrect/Lcav)
determines the type of ‘doping’ in the structure. The
introduction of a larger (smaller) defect ring is analogous to
doping a donor (acceptor) energy level in electronic band
structure.
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Fig. 1. (Top) The schematic of a defect mode configuration in a ring
resonator periodic array, and (bottom) the FDTD simulated field distribution
in and near the defect ring when a Gaussian pulse is injected from an input
waveguide.

The detailed model for such an optical structure has been
presented in [9]. In the absence of the defect ring (kp=1), it is
shown that such a configuration exhibits a photonic band
structure given by the dispersion characteristics

coskA =(ljsin[wn%%], (1)
t C

where ¢ is the amplitude coupling coefficient between
adjacent rings, c is the speed of light in vacuum, Lcay is the
ring circumference, n.; is the effective index of the
waveguide, k is the Bloch wavevector, and A=Lcavy/2 is the
period of the unit cell. This type of periodic structure is

sometimes referred to as coupled resonator optical
waveguide (CROW).
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Fig. 2. The band structure of CROW.



Fig. 2 shows the dispersion relation of a typical CROW
structure of a particular resonances orders (m= ®/A®gsg).
When the resonators are on resonance, the cavity modes
from individual rings interact and create a continuous band
centralized at resonance (w/Awgsg=m) and the light
propagation is allowed in the structure with the group
velocity proportional to the coupling factor (f). When the
resonators are off resonance, the Bloch wavevector k&
becomes imaginary and a photonic bandgap is formed
centered at the anti-resonance frequency (@w/A®gsg=m+1/2).
The light then is reflected from the structure in the bandgap
region. The difference between this hybrid structure and the
conventional PBG is the fact that the bandgap develops
faster because the resonator resonantly enhances the
reflection in each cells. Thus, fewer numbers of cells are
needed to have the same bandgap properties.

Similar to in solid state electronics, the curvature of the
continuous band (¢’ @/dk?) determines the type of the band in
that the positive (negative) curvature is analogous to the
conduction (valence) band in electronics. As one can see in
Fig. 2, there is always a pair of conduction and valence
bands for every resonance order. If one introduces a defect
ring inside the structures, then it is possible to have strong
light localization in the vicinity of such defect. The lower
panel of Fig. 1 shows the finite difference time domain
simulation of the defect mode field. The light is strongly
localized near the defect ring and the amplitude of the
circulating light decays with distance from the defect. This is
because the defect modes are located within the bandgap and
has an imaginary Bloch wavevector along the structure (see
Fig. 2). The type of defect mode depends on the type of
‘doping’ that is introduced. If the defect ring is a smaller
ring, then an acceptor-like mode is excited from the valence
band (VB). Similarly, if the defect ring is larger, then a
donor-like mode will be excited from the conduction band
(CB). In the finite structure, the Q factor of the defect
resonance depends on its relative location from the
continuous bands. The Q is higher when the resonance is
farther from the continuous bands due to stronger reflection
from the periodic sub-arrays. The reflection is nearly 100%
at the center of the bandgap for finite structures, thus
theoretically can give near infinite Q factors. However, in
the presence of loss the amplitude of high Q resonance is
quickly degraded.

In order to experimentally demonstrate the existence and
dispersion of these defect modes, we designed a set of
mutually coupled microring arrays, each with 4 identical
rings and one defect ring at the center (see Fig. 3). The
number of rings is maintained low to limit the effect of loss
in the measurement. The devices were fabricated using deep-
UV (DUV) CMOS process in silicon-on-insulator (SOI)
technology [10]. The waveguide width is 450nm and the
silicon core thickness is 200nm. The ring radius is 8um. The
couplings between the rings and between the input
waveguide and the ring are introduced by racetrack coupling
of length Lc=6pm, which is designed to give a fairly large
coupling in order to ease the defect mode excitation. Finally,
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to demonstrate the existence of donor and acceptor modes,
we varied the defect ring sizes such that the defect parameter
ranges from kp=0.7 to kp=2. The defect sizes are varied by
adjusting the extension length (L) and defect radius (Rp) in
the defect ring, as shown in Fig. 3.
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Fig. 3. The fabricated devices showing the defect ring in the center of the 4-
ring array coupled to two bus waveguides. The defect parameter kp is
controlled by varying L and Rp.

In the measurements, the device is excited with a
broadband source, and coupling into the optical waveguide is
facilitated via a second order grating that has been integrated
with the device. The fiber is butt-coupled to the grating 10°
off vertical. The coupling efficiency has a Gaussian spectral
profile with a bandwidth of about 30nm. The output is
passed through a 90:10 splitter, where 10% power goes to a
fiber power meter (FPM) for alignment purpose and the rest
goes to an optical spectrum analyzer (OSA) for
normalization of the spectrum.

First, we show the traces of donor-like modes in Fig. 4,
which plots the measured Drop transmissions for increasing
defect size. The defect modes are the resonances located
within the bandgap region. For clarity the transmissions for
different defect modes are offset by -20dB. As the insertion
loss is still high, to make the results clearer, we filtered out
the underlying noises by setting a lower transmission
threshold of -15dB. The photonic bandgap is then identified
from the low and flat transmission band as indicated in the
shaded gray region. The continuous transmission region with
shorter wavelength is the conduction band (CB) and that
with the longer wavelength is the valence band (VB). When
the defect ring is only slightly different from the other rings
(kp~1), one can observe a defect mode (labeled 1) very close
to the conduction band edge. When kp is progressively
increased, mode 1 begins to move from CB to VB. At
kp~1.7, a second donor mode (mode 2) emerges near the CB
edge, and it moves in the same direction along with mode 1.
Finally, in the last graph where kp~2 we see yet another
mode (mode 3) being excited and emerging near the CB.



"CB" Bandgap "/B"
4>

0 : ; -

(1)

|

ky~1.0

A
=
2

rg ‘

kD~1 321

{5

k ~1.578 M

60l D

k_ ~1.707

<

-100

Offset Drop Transmission (in dB)
&
o
J ;
S

k. ~1.867

-

S@
g022

-120 (3) (2)

kp~2.0
1514 1516 1518 1520 1522 1524 1526
wavelength (nm)

Fig. 4. Traces of how donor modes shift in wavelength with increasing
defect size.
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Fig. 5. Traces of acceptor (A) and donor (D) modes with varying kp.

Finally, we show the traces of both acceptor-like modes
and donor-like modes together in Fig. 5, which plots the
Drop transmissions from smaller (kp<1) to larger defect ring
size (kp>1). In solid state physics, an acceptor mode moves
from VB to CB when the acceptor level is increased. By
analogy, in our photonic structure, the acceptor mode should
move to the shorter wavelength with decreasing defect size
(kp<1). Note that this is to be distinguished from the
movement of the two donor modes in Fig. 4 that occurs for
kp>1. When kp~1, there exists two modes at the CB and VB
edges, and we address them as acceptor mode (A) and donor
mode (D), respectively. For kp<l (the smaller defect rings),
mode (A) shifts to shorter wavelength while mode (D) is no
longer observed. The opposite occurs for kp>1 (the larger
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defect rings).

In conclusion, we have demonstrated experimentally the
existence of defect modes in a ring-resonator array hybrid
structure. Furthermore, by observing the opposite movement
of the defect modes for larger and smaller defect ring sizes,
respectively, we confirm the existence of donor mode (D)
and acceptor mode (A) as we have predicted in Ref. [9]. In
addition, we have verified the unique ability of the hybrid
resonator photonic bandgap structure in generating the
photonic bandgap with very few number of unit cells, as is
apparent from our current fabricated devices that have only 4
unit cells. We observe that the Q of the defect resonance is
highest when it is located near the center of the photonic
bandgap, but the amplitude is also smallest because of the
accentuated effect of loss. In general, the Q can be
significantly enhanced by slightly increasing the number of
unit cells and reducing all the coupling coefficients.
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