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We present both theoretically and experimentally the existence of defect modes in side-coupled and mutually
coupled microresonator arrays. The qualitative difference between the two types of defect modes is investigated.
The Q factor of both defect modes for varying defect sizes is characterized, and an enhancement of ∼30× relative to
individual loaded resonators is demonstrated. The defect modes are then compared with coupled resonator–
induced transparency (CRIT), indicating that the defect modes based on side-coupled microresonator arrays
are actually the extension of the CRIT resonance in two-resonator structures. © 2012 Optical Society of America
OCIS codes: 130.3120, 230.4555.

1. INTRODUCTION
The study of coupled optical resonators has gained much attention because of its ability to provide an optical analog of
existing mechanisms in atomic systems without the need to
sustain their coherent properties in low temperature [1]. A notable example is in the optical mimicking of electromagnetically induced transparency (EIT) [2] based on a two-resonator
system, which results in the generation of ultrahigh Q resonance that can potentially be used for light-storing applications [3,4]. However, the generation of high Q resonance
using coupled resonators is not always based on an EIT-like
mechanism [5–9] but also is based on different interactions
between two resonators [10,11], between direct and indirect
resonant pathways [12,13], and on many resonator systems.
In a periodic array of optical resonators [14–17], the analog
can be extended in that the interaction between the resonators mimics the interaction between bound electrons in
a semiconductor, which in turn results in the formation of
continuous photonic bands with certain dispersion characteristics. Indeed, such a combination of photonic crystal and
resonator properties has enabled the coupled resonator configuration to be an interesting structure for slow-light applications [16,18,19], high order filters [20–23], and nonlinear
frequency conversion [24]. Generally, there are two configurations by which resonators can be periodically arranged. In the
first type (Type I), the resonators are evenly spaced with each
other and side coupled with two common optical waveguide
buses. This is commonly known as the side-coupled integrated
spaced sequence of resonator (SCISSOR) [14]. In the second
type (Type II), identical resonators are mutually coupled to
one another, with the first and the last resonators directly
coupled to input and output waveguide buses. This structure
is commonly known as the coupled resonator optical waveguide (CROW) [16]. Recently, the concept of CROW has been
extended to an array of alternating resonators, where each
unit cell consists of two dissimilar resonators. It has been the-
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oretically shown that using the diatomic coupled resonator
waveguide [25], the drop port passband, and the delay spectra
can be engineered through small changes in the interresonator coupling or waveguide refractive indices.
The mutual coupling between resonators in Type II is functionally identical to semitransparent mirrors, which makes it
analogous to an array of mirror stacks, where each mirror represents the interface between adjacent resonators. Likewise,
for the Type I structure, the add-drop process in each resonator is analogous to the frequency dependent mirror, which
makes it functionally resembling distributed feedback structures, such as those in Bragg gratings. Thus, the interresonator
interactions, which are inherent in either Type I or Type II
structures, can be combined in a synergistic manner so as to
generate desired spectral characteristics. Examples can be
found when resonators with embedded discontinuity are periodically side coupled with a single bus waveguide [26], or
when resonators are side coupled with a single bus waveguide
embedded with an array of reflectors [27].
Similar to their conventional photonic crystal case [28], defect modes can be excited when irregularities are introduced
into an otherwise periodic array of resonators [29,30], which
translates to high Q resonance corresponding to strong light
localization within such a defect. In a coupled resonator array
structure, the defects are introduced in the way described in
Fig. 1. For the Type I structure, the defect may be introduced
in the form of dislocation, where the interresonator distance
at the center of the array is longer (or shorter). For the Type II
structure, the defect is introduced when the resonator at the
center of the array has a different size compared to the rest.
The defect is “donorlike” (“acceptorlike”) when the defect is
larger (smaller) than the size of the regular unit cell, which can
be the interresonator spacing (for Type I) or cavity length
(for Type II). Alternatively, active means can also be used
to introduce defects in resonator arrays, where positive (negative) refractive index perturbation gives rise to donorlike
© 2012 Optical Society of America
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This condition then determines the frequencies of the defect
mode. Normally the defect mode exists for m  0, for which
the defect modes for a symmetric structure (R1  R2  R)
follow the condition
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Fig. 1. (Color online) A single (point) defect embedded in a
(a) SCISSOR (Type I), and (b) CROW (Type II). (c) The Fabry–Perot
cavity formed by the defect and the two subarrays.

(acceptorlike) defects. The extensive treatment of defect
modes in coupled resonator configurations for both types
has been theoretically investigated in our previous work [29].
Thus far, the existence of defect modes based on the coupled
resonator structure has been experimentally demonstrated
for the Type II structure [31], but not for the Type I structure.
To a certain degree, it can be said that the Type I defect
mode structure presented in this paper is a topological extension of the two-resonator system for the EIT-like resonance
[5]. Such a topological extension also suggests that the field
distributions of the two seemingly different mechanisms are
related. The EIT-like resonance is the result of coherent interaction between two decaying optical fields originated from
the two resonators along the two side waveguides [5]. On the
other hand, the high-Q resonance in the Type I defect mode is
the result of light localization within the photonic bandgap region. In this paper, we experimentally characterize the defect
modes based on indirectly coupled (Type I) and mutually
coupled (Type II) resonator arrays, and explore the transition
from EIT-like resonance in the two-resonator system toward
the defect modes in the coupled resonator array.

2. CHARACTERISTICS OF DEFECT MODES
IN TYPE I AND TYPE II STRUCTURES
As shown in Fig. 1(c), any defect mode configurations can be
represented as a defect layer of thickness Ld sandwiched by
two subarrays functioning as frequency dependent mirrors,
where R1;2 and T 1;2 are the reflection and transmission coefficients of the respective subarrays. The definition of Ld depends on the defect mode configurations. For the Type I
structure, Ld is the interresonator spacing of the defect, while
for the Type II structure, Ld is half of the cavity length of the
defect resonator. The system transmission coefficient (T d ) is
found by totaling the transmitted waves:
X
T d  T 1 T 2 exp−iδd ∕2
R1 R2 exp−iδd m


T 1 T 2 exp−iδd ∕2
;
1 − R1 R2 exp−iδd 

(2)

where φR is the phase response of reflection from any type of
finite subarrays (Type I or Type II). In the case of infinite subarrays, the reflection of both types can be expressed by the
Bloch theorem [29]

2

T1
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(1)

where δd  2k0 neff Ld is the phase change accumulated in a
defect. The defect transmission is on-resonance when ϕR1 
ϕR2 − δd  m2π is satisfied, where m is the mode number.

m12
;
m11 − expikΛ

RII  −

p12
:
p11 − expikΛ

(3)

Here, k is the Bloch wave vector, Λ is the structure periodicity, and [m], [p] are the transfer matrix expressions for one
unit cell of Type I and Type II, respectively. The transfer matrix formalism for both types has been investigated in our previous work [17], and the detailed expression of [m] and [p] are
given in the Appendix.
Equation 2 is solved for the Type I configuration, and the
associated defect resonance frequency is mapped as a function of the normalized defect size (Ld ∕Lcav ) in Fig. 2(a).
The cavity length is defined as the circumference of the resonator, i.e., Lcav  2πR  2LC , where LC is the coupler length.
The interresonator spacing in the subarrays is fixed to half of
the cavity length, i.e., Λ  0.5Lcav , while the defect size is varied from 0.5Lcav (Ld  Λ) to 0.6Lcav (Ld  1.2Λ). The traces
of donorlike modes can be observed as the defect size is increased (Ld > Λ), where the modes move in the direction
from the upper continuous band (photonic conduction band)
to the lower continuous band (photonic valence band). In general, there are two donorlike modes in the Type I structure.
One donor mode starts to emerge from the photonic conduction band whenever the other mode reaches the center of the
photonic bandgap.
The defect transmission corresponding to Ld  0.52Lcav
(Ld  1.04Λ) is calculated using transfer matrix formalism
and is shown in Fig. 2(b), where each subarray has N  5 resonators. In this case, the coupling coefficient between each
resonator and bus waveguide is chosen to be r  0.85. Indeed,
the locations of defect resonance from finite case transfer matrix formalism are in good agreement with those calculated
from defect mode mapping based on Bloch modes. In general,
the Q factor increases when the defect mode is approaching
the midgap. This is to be expected since the subarray reflectivity is at maximum when the rings are on resonance (or at
the midgap). It should be noted that the trace is not continuous at Ld  0.5Lcav , suggesting the nonexistence of defect
modes. This is to be expected since at Ld  0.5Lcav the Type
I structure appears exactly as a SCISSOR structure, which has
2N  1 identical resonators. Thus, a defect mode cannot exist
by definition. Alternatively, from the perspective of defect
mode mapping, Ld  0.5Lcav corresponds to a situation where
the subarray reflectivity reaches unity, which then leads to infinite Q resonance, at least in the lossless case. In the presence
of slight cavity loss, such resonance is suppressed entirely.
The mapping of the Type II defect mode is shown in
Fig. 3(a), where the defect resonator size is increased from
1.0Lcav to 1.2Lcav . The trace of donorlike modes can be
observed, as expected. However, it should be noted that
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Fig. 2. (Color online) (a) Frequencies of the defect modes versus the
defect length for infinite Type I periodic structure. (b) Defect transmission jT d j2 for N  5, when Ld  0.52Lcav . The coupling coefficient
and the mode number are r  0.85 and m  10, respectively.

another donor mode starts to emerge only after the existing
donor mode makes a complete path from the upper to the lower conduction band. This means that there is only one excited
donor mode in the Type II structure, in contrast with the case
of the Type I structure, which has two excited donor modes.
This is attributed mainly to the nature of coupling between the
subarrays and the defect. In Type I the defect interacts with
the subarrays when the rings are on resonance, which means
the round-trip phase of the defect is significantly perturbed by
the resonant process of the subarrays. In addition, reflection
between the two subarrays readily imparts a 2π phase jump,
as evident from Eq. (2). This is equivalent to one resonance
order, and it is sufficient to excite another defect mode in
the Type I structure. On the other hand, in the Type II structure the defect interacts with subarrays when the rings are off
resonance where the phase is relatively frequency independent. Thus, the resonance condition of the defect in the Type
II structure is determined only by the defect.
The relationship of the Q factor to the defect resonance location is the same as that in Type I. However, in contrast to the
Type I defect mode, the Q factor of the Type II defect mode
does not go to infinity at the midgap. This is because the subarray reflectivity is always lower than unity in the finite-sized
subarrays, which is a consequence of the formation of the
photonic bandgap around the antiresonance of the resonators.
The photonic bandgap is better defined when more unit cells

Normalized frequency ( δ/2π)

Normalized Defect Transmission | T |2
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Photonic Bandgap
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are introduced into the subarrays, and the subarrays reflectivity approaches unity when the subarray is semi-infinite in size.
In the Type I structure, on the other hand, the subarray reflectivity is by nature resonance assisted, which by virtue of constructive interference may give unity reflection even in finite
size subarrays. Figure 3(b) shows the transmission of Type II
defect modes when the defect length is Ld  1.05Lcav and the
subarray consists of N  3 resonators with the interresonator
coupling coefficient of r  0.65.
Analogous to the Fabry–Perot etalon, by using Eq. (1) the
resonance linewidth for a defect mode can approximately
be given by ΔδFWHM  21 − R21 ∕R1 . Indeed, this shows the
dependence of the Q factor on subarray reflectivity, which
is a function of subarray size, defect mode detuning relative
to the midgap, and coupling coefficients. A closer detuning
toward the midgap and the introduction of more unit cells
within the subarrays increase the subarray reflectivity and
hence lead to a higher Q factor. Alternatively, the Q factor
can be increased when the coupling strength is increased (decreased) in Type I (Type II) structures. The field distribution
of the defect mode in both types is [29] Ad n 
x0 exp−nkΛ, where n signifies the nth unit cell from the defect and x0 is the field amplitude of the defect. Note that the
Bloch wave vector k is imaginary within the photonic band-
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Fig. 3. (Color online) (a) The resonant frequency of defect modes
versus normalized defect length Ld ∕Lcav . (b) Defect transmission
jT d j2 for N  3. The defect is a racetrack resonator whose cavity
length is Ld  1.05Lcav . The coupling coefficient and the mode number is r  0.65 and m  10, respectively.
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Fig. 4. (Color online) Absolute amplitude of the field distribution
calculated by FDTD for (a) Type I (Ld ∕Lcav  0.75) and (b) Type II
(Ld ∕Lcav  1.1).

gap, which means that the field decays as a function of n, indicating a constant amplitude (in the lossless system) within
one unit cell.
In numerical simulation, the field distribution corresponding to the defect mode in coupled resonator arrays with arbitrarily large subarrays cannot be obtained by normal external
excitation. This is because the light cannot penetrate into the
defect because of the strong reflection from the subarrays.
Thus, this limits the maximum obtainable Q factor in numerical simulation. In the Type I structure, for example, the reflection occurs by means of Bragg reflection, which comes from
constructive interference of decaying optical fields from each
resonator. The coupling strength between the resonator and
the waveguide bus therefore should be made fairly small to
make the incoming light penetrate the defect. In the Type
II structure, on the other hand, the light is strongly reflected
near the antiresonance. So the coupling strength should be
fairly strong to penetrate the defect ring. The external excitation, however, is sufficient for obtaining the defect transmission spectrum.
Hence, the defect mode field distribution can be obtained
only by internal excitation of the defect. In the finite difference time domain (FDTD) simulations, a Gaussian input pulse
is launched from the waveguide near the dislocation (for Type
I) or defect ring (for Type II), and the intracavity power is
monitored as a reference. The defect mode corresponds to
sharp and high contrast transmission within the photonic
bandgap region. The field distribution corresponding to such
a defect mode is obtained by iterative adjustment of the Gaussian pulse input frequency until convergence is met. Figure 4
shows the field distributions corresponding to Type I and
Type II defects, which show good agreement with those calculated by the Bloch theorem. In the Type I structure shown in
Fig. 4(a), the field amplitudes along the bus waveguides are
piecewise constant between two resonators. This agrees with
the fact that the eigenvector at a given Bloch wave vector is
defined as the set of field amplitudes along the waveguides.
The same agreement is found in the Type II structure shown
in Fig. 4(b), where the optical field amplitude is constant within each resonator but decays in the direction away from the
defect ring.

3. EXPERIMENTS
The experimental demonstration of our defect modes is carried out in silicon-on-insulator (SOI) technology using complementary metal oxide semiconductor (CMOS)–compatible
193 nm deep UV lithography [32]. The silicon waveguide core
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is 450 nm wide and 220 nm thick, while the buried oxide is
2 μm thick. The upper cladding is SiO2 deposited by plasma
enhanced chemical vapor deposition (PECVD) at 300 °C for
600 nm nominal thickness. The input and output interface
is facilitated by second order gratings, which are integrated
at both ends of the devices. The grating is of 70 nm etch depth
and 630 nm grating pitch. In this fabrication batch, the gratings
are made to be curved in shape so that the light is coupled and
focused simultaneously onto the submicron SOI waveguide.
Using this method, more compact grating couplers can be realized with about the same grating efficiency and lower modeconversion loss, which thus increases the device density on
the chip. The tunable laser used in this work is Santec TLS510 (1510 nm≤λ ≤ 1630 nm, and Δλ < 1 pm), while the light
detector is the fiber-based ILX FPM-8210.
In addition to the Type I and Type II defect mode structures
to be demonstrated in this paper, various basic structures
such as straight waveguides and racetrack ring resonators
were also fabricated in the same sample. Measurement of
straight waveguides of different lengths shows a waveguide
propagation loss of α ∼ 2.84 dB∕cm (for SiO2 cladding) and
grating coupling loss of ∼5 dB∕grating. In the design, the ring
cavity is optically excited by means of evanescent coupling
from the waveguide, where the gap separation between the
ring and the waveguide is 200 nm. The ring radius in all
our devices is fixed to 5 μm. As the coupling coefficient is dependent on both gap separation and coupler length, the racetrack geometry is employed in our resonator structures for the
purpose of obtaining easier control of coupling coefficients.
Ring resonators of racetrack geometry for different coupler
lengths are then characterized to obtain group index (ng ), cavity round-trip loss (a), and coupling coefficients (r). From the
cavity spectral range the group index is measured to be
ng ∼ 4.25. The cavity round-trip loss and coupling coefficients
are obtained from curve fitting of the drop spectra. The cavity
loss is found to be a ∼ 0.994 [33], and the coupling coefficient
as a function of coupler length (LC ) can be empirically
written as
r  cosπLC ∕2Lπ   ϕ0 

(4)

with Lπ as the beating length of the coupler and φ0 as the
lumped phase indicating the contribution of the curved waveguide in the racetrack resonator. The deduced Lπ and φ0 , for
200 nm gap and 5 μm ring radius, are 23.29 μm and 0.1957 rad,
respectively.
Figure 5 shows the coupling coefficients and loaded Q factor as a function of coupler length, where the experimentally
deduced Lπ and φ0 are used to calculate the coupling coefficients for arbitrary coupler lengths. The micrograph of the racetrack ring resonator and coupler are shown in the insets of
Fig. 5. The cavity finesse (F  ΔλFSR ∕Δλ) for a given coupling
coefficients (r) and cavity loss (a) is calculated by

F

p
π ar 2
;
1 − ar 2

(5)

which translates to the Q factor when multiplied by resonance
mode number (m  λ∕ΔλFSR  ng Lcav ∕λ)
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Fig. 5. (Color online) Relationship between coupler length (LC ), coupling coefficient (r), and Q factor (Q). The cavity loss is assumed to be
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ΔλFSR
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Δλ
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(6)

Likewise the intrinsic Q factor Qint is calculated by
Qint  mF int , where F int is the cavity finesse for unloaded resonator (r  1),
F int 

p
π a
:
1−a

(7)

The deduction of cavity round-trip loss determines the maximum limit of the measurable Q factor in our defect mode devices. The loaded Q factor of a resonance is always limited to
half of its intrinsic Q factor, Q  Qint ∕2. This corresponds to a
familiar critical coupling situation [34] and maximum intracavity intensity buildup. Note that the cavity loss deduced
from the racetrack resonator (a ∼ 0.994) is larger than that deduced from the propagation loss of straight waveguide
(a ∼ 0.998). This is because of the mode-conversion loss within the racetrack resonator, which is associated with the mode
overlap and index mismatch between the mode in the curved
section and that in the straight section [35,36]. Although the
mode-conversion loss can be avoided in point-coupling geometry, the coupling strength is generally small and makes
the external excitation of defect modes difficult. Thus, racetrack geometry is used in our experiments to have stronger
coupling strength at the expense of higher cavity loss. As denoted by the flat line in Fig. 5, the intrinsic Q factor is empirically calculated to be Qint ∼6 × 104 . This is lower than the
typical value of Qint ∼2 × 105 in the point-coupled ring resonator, which is rather expected because of the inherent modeconversion loss in the racetrack geometry.
A. Type I Defect Modes
The fabricated Type I defect mode structure consists of identical racetrack resonators periodically side coupled with two
common optical waveguides, with an elongated section at the
center (see Fig. 6). In SCISSOR, the photonic bandgap is
formed by two overlapping bandgaps originated from resona-

tors and the Bragg mechanism [14,17]. The resonator bandgap
is the strong reflection originated from the resonance property of an individual resonator, where the light is resonantly
tunneled from one waveguide to another. The Bragg gap, on
the other hand, arises from the constructive interference between decaying optical fields from each resonator. The Bragg
resonance, just as in other Bragg structures, is satisfied when
the periodicity Λ is an integer multiple of half wavelength,
neff Λ  mλ∕2. These two bandgaps overlap when Λ is exactly a multiple of half-cavity length (Λ  mLcav ∕2), and this
results in a broader reflection band. Indeed, this is one of the
salient features of the hybrid resonator photonic crystal structure, for which photonic bandgap can be realized in a fewer
number of unit cells.
In the Type I defect mode structure, it is important to overlap the resonator and the Bragg gaps. A slight nonoverlapping
of these bandgaps results in a very narrow spike, which has
been termed a coupled resonator–induced transparency
(CRIT) by another research group [37]. However, despite
the existence of narrow transparency in the slightly nonoverlapped bands, it should be noted that the location of such
transparency cannot be passively tuned and the Q factor
mainly depends on the degree of nonoverlapping between
the bands. More band nonoverlapping introduces a wider
band in the transparency and may also give split peaks. Such
splitting is, in fact, the inherent sidelobes of the Bragg mechanism, which comes from interresonator interference.
To ensure overlapping between Bragg and resonator gaps,
curved optical channels are introduced into the Type I structure, as shown in Fig. 6. In each unit cell the waveguide forms
an S bend (of π∕4 arc) with bending radius exactly the same as
the ring radius. Thus, the interresonator spacing is always
equal to half of the cavity length for any coupler length. The
other reason for using a curved waveguide in this work is to
reduce loss related to mode mismatch in the evanescent coupling. Figure 7 shows the transmission spectrum of the Type I
defect mode for different normalized defect sizes, which is defined by kd  Ld ∕Lcav . Here, each of the subarrays has four
unit cells. The photonic bandgap corresponds to very low

Fig. 6. (Color online) Optical micrograph of fabricated Type I defect
mode structures. The subarrays are designed to have (a) four and
(b) six unit cells. The defect is introduced by making the interresonator length longer than the regular ones. The optical waveguide is designed to be curved to prevent length mismatch between the
interresonator spacing and the cavity length.
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Fig. 7. (Color online) Offset dB through transmission of Type I defect modes for different normalized defect sizes (kd ). The subarray
cell number is N  4. The photonic bandgap is indicated by shaded
region.

transmission and is indicated by the shaded region in the spectrum. The coupler length is designed to be Lc  5 μm, which
gives a coupling coefficient of r ∼ 0.86 and a resonator loaded
Q factor of ∼103 (see Fig. 5). The defect lengths are 0.5 μm,
2.5 μm, 8.3 μm, 12.5 μm, and 21 μm, which correspond to normalized defect sizes of 0.512, 0.56, 0.7, 0.802, and 1.007,
respectively.
At kd ∼ 0.512, we can see that the transmission spectrum is
almost similar to that of SCISSOR (kd  0.5). When kd is about
0.5, there are three defect modes, of which two peaks are situated near the band edge and the other is near the midgap.
The two defect modes are clearly seen in the spectrum but not
for the third one. This is because of the very high-Q factor associated with unity reflection from the subarrays, which is entirely suppressed by the presence of loss. For other defect
lengths, defect modes at various locations within the photonic
bandgap can clearly be observed, with increasing Q factor (becoming progressively symmetrical in line shape) in defect
modes closer to the midgap. The plot of the Q factor of the
defect modes as a function of normalized detuning from
the midgap is shown in Fig. 8.
The Q factors are obtained from directly measuring the defect mode wavelength and its corresponding 3 dB linewidth
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(Q  λ∕Δλ), instead of from curve fitting the transmission
spectra. As expected, the Q factor increases as the detuning
toward the midgap decreases. The maximum Q factor obtainable from our structure is ∼3 × 10−4 , which suggests enhancement of ∼30× relative to the Q factor of the individual
resonator. The sensitivity of the Q factor with the detuning
is clearly evident in Fig. 8. A change of ∼0.1 in the normalized
detuning can readily decrease the Q factor by a factor of more
than 5. This sensitivity can be reduced by adding more unit
cells in the subarrays, as shown in the right panel of Fig. 8,
where each subarray size is increased to six unit cells.
As expected, the Q-factor dependence with normalized detuning has decreased, where a change of ∼0.1 in normalized
detuning decreases the Q factor by a factor of less than 2. This
is because the bandgap is better defined in the structure that
has more unit cells and corresponds to a much flatter reflection spectrum. However, this does not necessarily mean
that the Q factor for resonance near the midgap is higher. In
fact, the maximum Q factor for N  6 remains about the same
as in the case for N  4, which is ∼3 × 104 . Indeed, this is consistent with the previous measurement of Qint ∼6 × 104 from an
individual racetrack resonator, which suggests the maximum
obtainable loaded Q factor of ∼3 × 104 .
The transmission contrast of defect modes for N  4 and
N  6 are plotted against their corresponding Q factors in
Fig. 9. The transmission contrast is directly measured as
the ratio between the peak transmission and the highest background transmission. Generally, it can be observed that the
transmission contrast becomes higher at the increasing Q factor. This is quite different from what is usually the case, where
the effect of loss is more pronounced in higher Q and translates to lower transmission contrast. This is because in Type I
structures the transmission contrast is affected more by the
envelope effect of the background spectrum than by the cavity
loss. This can clearly be seen in the low-Q and low contrast
defect mode near the band edges (see Fig. 7). Furthermore, it
is also apparent that the transmission contrast for N  6 is
higher than that of N  4 at high Q values. This again is attributed to a better defined photonic bandgap in more unit cells,
which gives results to less envelope effect.
B. Type II Defect Modes
The Type II defect mode structure consists of mutually
coupled resonator arrays with an elongated resonator in
the center, where the subarrays of N  2 and N  3 unit cells
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Fig. 10. (Color online) Optical micrographs of the fabricated Type II
defect mode structures for N  2 and N  3.

are fabricated for each defect size (see Fig. 10). The cavity
length of the regular resonator is Lcav  2πR  2LC , where
LC is the coupler length and R is the ring radius. The defect
ring cavity length, on the other hand, is Ld  2πR
2LC  2L, where L is the elongation parameter. Both the ring
radius and the coupler length are fixed to 5 μm, while the elongation parameter L is adjusted from 0 μm to 20.7 μm to realize
a defect size from kd ∼ 1.0 (identical rings) to kd ∼ 2.0. The
transmission spectra of Type II defect modes corresponding
to different defect sizes are shown in Fig. 11, where the cases
for N  2 and N  3 are presented in left and right panels,
respectively.
The band structure of Type II structures follows that of
CROW, where the photonic bandgap is formed around the
antiresonance and depends inversely on the interresonator
coupling strengths [17]. This is clearly reflected in Fig. 11
at kd ∼ 1.0, when the Type II structure behaves as CROW.
The manifestation of the photonic bandgap can be observed
in the flat stop band in the transmission spectrum and is denoted within the shaded region. As kd is increased, we can see
that the defect mode moves farther from the band edge toward the midgap, indicating the movement of donorlike
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Fig. 12. (Color online) Contrast versus Q factor in Type II defect
mode for different units of subarrays. The Q factors are measured
in 0.005 nm wavelength resolution.

modes [31]. As expected, the Q factor increases as the defect
modes move toward the midgap, with progressively lower
transmission contrast.
Although the photonic bandgap is more pronounced for
N  3 (see the right panel of Fig. 11), the transmission contrasts are much lower compared to those for N  2 while the
Q factor remains relatively unchanged. Figure 12 shows the
plot of measured transmission contrasts as a function of measured Q factors for N  2 and N  3. The introduction of one
extra unit cell decreases the transmission contrast dramatically by ∼20 dB. On the other hand, the Q factor saturates
at ∼3.5 × 104 for N  3, which is again to be expected from
Qint ∼6 × 104 of our individual resonators. The maximum Q enhancement obtainable in the Type II structure is ∼35×.
It can be seen that the Q factor and transmission contrast
for Type II defect modes are inversely dependent on each
other, which is the opposite case of those for Type I defect
modes. This can be attributed to the complementary photonic
bandgap features of both Type I and Type II structures [17].
Since the interaction between resonators intensifies around
the resonance for Type I structures, the Type I defect modes
interact more with the background spectrum than do Type II
defect modes. This gives results in a decreased transmission
contrast in the Type I defect mode, especially near the band
edge because of the increased background spectrum. For
Type II structures, on the other hand, the photonic bandgap
occurs around the antiresonance, which means that there is
no interresonator interaction when a defect mode is formed.
As a result, the transmission contrast is relatively independent
from the background spectrum.

k ~ 1.8
d

k ~ 2.0
d

1545
1550
wavelength (nm)

Fig. 11. (Color online) Offset transmission of Type II defect mode
structure for different defect sizes and subarray unit cells. The elongation lengths corresponding to each defect size are 0 μm, 4.2 μm,
8.3 μm, 12.4 μm, 16.6 μm, and 20.7 μm, respectively.

4. COMPARISON WITH CRIT STRUCTURE
It is interesting to explore whether there is a relationship between the defect modes demonstrated above and those of
EIT-like (or CRIT) in the two-resonator structures. In the CRIT
structure, the transparency is realized by coherent interaction
of the two resonators having slightly different resonance
frequencies. The light is strongly localized within the spacing
between the two resonators [5,6], and the Q factor of the
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EIT-like (CRIT) mode

•••
(b)
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Type I Defect Mode

Fig. 13. (Color online) Resemblance between Type I defect mode
and EIT-like resonance. The dotted lines denote the field distributions.
The line thickness signifies the amplitudes.

transparency is inversely dependent on the resonance frequency detuning between the resonators. Therefore, the Q
factor approaches infinity, at least in theory, when the two
resonators are exactly identical [9]. On the other hand, in Type
I defect modes, the two subarrays provide high reflection and
strongly confine the light within the defect. All the resonators
are identical and the Q factor is theoretically infinite when
the defect resonance is exactly situated at the midgap, as a
consequence of unity reflection from the subarrays.
In terms of field distribution, the Type I defect mode bears
some degrees of similarity with EIT-like resonance. The case
of EIT-like resonance based on a two-resonator structure is
illustrated in Fig. 13(a), where the light is strongly localized
between two slightly detuned resonators and each of the resonators functions as frequency dependent mirrors [5,9]. On
the other hand, the field distribution of the Type I defect mode
consists of a cascade of overlapping field distributions that are
similar to those in EIT-like resonance, as illustrated in
Fig. 13(b). This is also confirmed by FDTD calculation in
Fig. 4(a), where the piecewise constant fields along the waveguide are very similar to the field distribution in an EIT-like
situation. Thus it can be said that the Type I defect mode
is an extension of EIT resonance. Another comparison can
be made in terms of amplitude response, where the Type I defect mode becomes increasingly similar to EIT-like resonance
as it moves toward the midgap. The rather asymmetric EITlike spectrum can be seen when kd ∼ 1.007, as shown in Fig. 7.
Therefore, at the increasing number of resonators, it can be
said that EIT-like resonance progressively transforms into
the Type I defect mode.
As of Type II defect modes, there is generally spectral similarity between the EIT-resonance and Type II defect modes
(see Fig. 11). However, Type II defect modes are not an
extension of EIT-like resonance in any way. The EIT-like resonance is heavily dependent on the background spectrum
(of the two resonators), while Type II defect mode is almost
independent of the background spectrum (see Fig. 12). This is
because the coherent interaction between resonators, which
is a prerequisite for EIT-like resonance, does not exist in Type
II structures when the defect modes are formed within the
photonic bandgap.

5. CONCLUSIONS
The study of defect modes in two types of coupled resonator
configurations has been presented in this paper. The first type
(Type I) is a periodic array of side-coupled identical resonators with two common waveguide buses, while the second
type (Type II) is a periodic array of mutually coupled resonators with the first and last resonators side coupled to wave-
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guide buses. The defect is introduced in the form of
interstitials (for Type I) and different ring sizes (for Type II).
By adopting simple Fabry–Perot analogy and using transfer
matrix formalism, the defect modes for both types can be
readily mapped as a function of normalized defect sizes. From
FDTD calculations, the field distributions corresponding to
defect modes have been obtained, where the field amplitude
is piecewise constant within the unit cell and decays as it
moves away from the defect. The numerically demonstrated
field distributions for Type I and Type II defect modes are in
excellent agreement with the eigenvectors derived from transfer matrix formalism.
The Type I and Type II defect mode structures are fabricated by the CMOS-compatible 193 nm deep ultraviolet lithography process in silicon-on-insulator technology. The
measurement of the Q factor shows that the Q progressively
increases as the defect mode moves toward the midgap, with
Q enhancement up to ∼30× (for Type I) and ∼35× (for Type II)
relative to the individual resonator. The maximum obtainable
Q factor is in the range of ∼3 × 104 , in agreement with ∼6 × 104
intrinsic Qfactor measured from the basic resonator structure.
The limitation of intrinsic Q has been shown to be caused by
resonator geometry, which imparts more loss in the coupling
region, limiting the round-trip loss factor up to a ∼ 0.994 (instead of a ∼ 0.998 when such coupling loss is absent).
The transmission contrasts of each defect mode are characterized and plotted as a function of measured Q factor for
both Type I and Type II defect modes. It is interesting to note
that the relationship between transmission contrast and Q factor for Type I defect modes is exactly the opposite of that of
the Type II counterparts, which is caused by the complementary photonic bandgap property inherent in both types. Comparison between the coupled resonator–based defect modes
and EIT-like resonance is also drawn, which suggests that the
Type I defect mode is actually an extension of EIT-like resonance. Such a resemblance, however, is not found in the Type
II defect mode.

APPENDIX A: TRANSFER MATRIX
FORMALISM FOR TYPE I AND TYPE II
MICRORESONATOR ARRAYS
The light propagation in resonator arrays resembles that in
layered media in many aspects. In the Type I structure the
light resonantly tunnels from one waveguide to another,
which makes it functionally identical to a frequency dependent mirror. The interresonator distance, on the other hand,
is analogous to the dielectric layer thickness in the multilayered media. In the Type II structure, the cross-coupling
and self-coupling coefficients between resonators are analogous to transmittance and reflectance at the interface between two dielectric media. Meanwhile, half of the
circumference of each resonator is analogous to individual dielectric layer thicknesses of the multilayered media. Therefore, with the preceding resemblances, it is quite expected
to see many similarities between our transfer matrix formalisms and those of layered media [38].
The unit cell of the Type I structure consists of a single resonator side coupled with two parallel bus waveguides, as
shown in Fig. 14(a). The transmission (T) and reflection
(R) of each unit cell, as denoted by the drop and through transmittances of a single ring resonator, can be expressed as
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T

r − ar exp−iδ
;
1 − ar 2 exp−iδ

R

−1 − r 2  exp−iδ∕2
;
1 − ar 2 exp−iδ

(A1)

where a is the round-trip cavity loss, r is the self-coupling
coefficient between ring resonator and waveguide, and δ 
k0 neff Lcav is the cavity round-trip phase. The field amplitudes
in the left  c a T and right  d b T planes of the unit cell can
be formulated in the following matrix:
 

1 1
d

b
T R

−R
T − R2
2

 
c
;
a

(A2)

where in the lossless case several corollaries can be derived:
(i) jR  Tj  1; (ii) R∕T is pure imaginary; and
(iii) T 2 − R2 ∕T  1∕T, which are useful in simplifying
the characteristic equation for band calculation [17]. The unit
cells are separated by LB , which introduces propagator matrix
 

 
0
d
exp−iδB 
c

:
0
expiδB  a n1
b n

(A3)

The interresonator distance LB is assumed to be sufficiently
large such that the direct coupling between resonators is
negligible. Thus, the transfer matrix in lossless case can be
described as
 
c
a


≡
n1




m11

m12

 
c

m21

m22

a

1
T
R
T

expiδB 
exp−iδB 

n

− TR expiδB 
1
T

exp−iδB 

 
c
:
a

(A4)

n

The unit cell for the Type II structure is a single resonator mutually coupled to its neighboring resonators, as shown in
Fig. 14(b). By relating the field amplitudes inside the resonator, an1  cn exp−iδ∕2, dn  bn1 exp−iδ∕2, the transfer
matrix can be written as
 
a
b


≡
n1

 
a

p11

p12

p21

p22
2

b

n

 
−
exp
−i 2δ
1
6
 p 4
 
i 1 − r 2 −r exp i δ
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 3
r exp −i 2δ  a 
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: (A5)
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