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The coupled resonator-induced transparency (CRIT) phenomenon, which is analogous to electromagnetically induced
transparency in atomic systems, can occur in an original integrated optical resonator system due to the coherent interference
of the coupled optical resonators. The system was composed of three ring resonators on silicon, each with the same cavity
size, and the optical coupling to the input and output ports was achieved using grating with a power coupling efficiency of
36%. A CRIT resonance whose spectrum shows a narrow transparency peak with a low group velocity was demonstrated.
The quality factor of the ring resonator can attain a value up to 6x 10%, and the harmonic wavelength can be controlled by
adjusting the temperature. The through and drop transmission spectra of the resonator are reconciled well with each other

and also consistent well with the theoretical analysis.
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1. Introduction

Recent findings have indicated that the phenomena anal-
ogous to electromagnetically induced transparency (EIT) in
atomic systems can also be found in whispering-gallery mode
resonators, commonly termed as coupled resonator-induced
transparency (CRIT).!!l In contrast to EIT in atomic systems,
CRIT is based on structural dispersion. Thus, the CRIT sys-
tem has many advantages: the available frequencies are not re-
stricted to intrinsic atomic transitions and the system has flexi-
bility in terms of the design space and is free from the Doppler
effect.l’! In a coupled resonant cavity,>=>! mutually indepen-
dent resonant states interact via the weak coupling effect be-
tween different cavities, thus changing the characteristics of
the entire resonant system and generating coupled resonator-
induced transparency.!® Their characteristics and potential for
use in complex and flexible configurations make these devices
particularly attractive for integrated optics or various appli-
cations in optical precursors, such as optical sensing,!”®! the
feedback cavity of a laser,®) optical filters,l!'>!!l and so on.
The CRIT effect of a resonator has a significant relationship
with the coupler insertion loss, the ring circumference, and
the multiples of the rings.[1%13]

In fact, CRIT mainly involves the control of the optical
resonator to reduce the resonance interference between the op-
tical circuit and the precise perimeter difference between cou-
pled resonant cavities.!'* In the structure design and prepa-
ration process, controlling the resonator’s perimeter differ-
ence requires an accurate complex calculation process with
advanced process requirements. So far, it is common to re-
port on CRIT double-ring resonators, such as a silicon dual-
coupled-ring resonator modulator based on push—pull cou-
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pling tunings,[!>! a silicon thermo-optic switch based on dual-
ring resonators, ' a ring-in-ring structure resonator,!'”! and
so on. The multi-ring structure is basically in the theoreti-
cal research stage, and the design, preparation, and testing of
a specific three-ring structure have not been reported.''®! In
this paper, we proposed a new three-ring cascade resonator
structure with the same cavity size which does not require pre-
cise calculation of the perimeter between the resonator cavi-
ties compared with other cascade structures, thereby greatly
reducing the difficulty of design and preparation. In addition,
because of multiple passes in the cavity, the structure could
obtain a high Q factor and provide a significant delay in the
time of light travel. The new three-ring cascade resonator is
significant for the optimization of the design of a micro-ring
resonator structure, the improvement of coupled resonator-
induced effects, and the shortening of the preparation period.

2. Theoretical analysis

Figure 1(a) shows the schematic illustration of the cou-
pled three-ring resonators. Figure 1(b) is a scanning-electron
micrograph of a three-ring resonator in this scheme. All
three micro-ring resonators are identical in geometry and have
center resonance wavelengths represented by Ay, Ay, and A3
(A3 # Aa# A3), respectively. g, is the gap between the micro-
ring resonators, and g is the gap between the bus waveguides
and the micro-ring resonators. k> is the power coupling co-
efficient between the bus waveguides and the micro-ring res-
onators, and k2 is the mutual power coupling coefficient be-
tween the micro-ring resonators. The propagation power loss
coefficient is kg per round-trip in each micro-ring resonator.
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Fig. 1. (color online) (a) Schematic illustration of a three-order coupled micro-ring resonator. (b) Scanning-electron micrograph of

the three-ring resonator.

With the development of coupled-mode-theory (CMT), it
can be shown that the add-drop response in the wavelength-
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where 51, 57, and s3 represent the normalized complex wave
field in a lumped coupled resonator system. The complex am-
plitude transmission is then expressed by Tinrough = 1 —S1 and
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Fig. 2. (color online) Transmission spectra as a function of the detuning
frequency from resonance (a) through a single-ring resonator and (b)
through a three-ring resonator.

domain parameters of a three-order micro-ring filter can be
obtained by solving the following matrix equation:

0 k2
S1 —
i kn x|sa| =271, (1)
iy 0
s
A—N (R4ky) } 0
FSR 4n

Tarop = —S3 for the through port and the drop port, respec-
tively. The corresponding power transmissions for the through
port and the drop port are ‘Tthrough ]2 and ’Tdmp

For applications in telecommunications, the time behav-

2 .
, respectively.

ior of the micro-ring, or alternatively the frequency response
to a time-varying signal, is of great importance. Since the filter
is a resonant filter, the delay depends on the frequency (wave-
length) with respect to the resonance. This dependence can be
conveniently described by the structural or quadratic disper-
sion D. This dispersion is the second derivative of the trans-
mission phase-response ¢(®) with respect to the frequency.
The normalized group delay 7, is the negative derivative of
the phase-response, with T being the inverse of the FSR:

d

Tn:_diwq)(w% 2
T d

D:—Cﬁ@l’g(a)). (3)

Figure 2(a) is the transmission spectrum of a single-ring
resonator. In Fig. 2(b), the dip in the transmission spectrum of
the single-ring resonator arises due to the destructive interfer-
ence between the two optical pathways. We consider this dip
to be an example of CRIT.!!”]

3. Fabrication and test

When the waveguide width is less than 600 nm, the trans-
mission waveguide is of the single-mode type, which can ef-
fectively reduce the transmission loss. With the increase in the
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width of the silicon-based optical waveguide, the effective re-
fractive index increases, while the intensity of the evanescent
wave in the light field is inversely proportional to the width
of the waveguide.?’! In addition, the width of the waveg-
uide is proportional to the effective refractive index of the
bended waveguide, and the effective refractive index and the
size of the bending radius are also closely related. The rela-
tionship between the effective refractive index and the bending
radius can be obtained by using the beam propagation method
(BPM), as shown in Fig. 3. Through the comprehensive con-
sideration of the theory and technology, we chose the waveg-
uide width to be 500 nm and the annular cavity radius to be
20 pm to increase the near-field coupling between the straight
waveguide and the annular cavity, thereby effectively reducing
the bending losses of the annular cavity.
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Fig. 3. The effective refractive index versus bending radius diagram by
using the beam propagation method.

Our devices were fabricated on a SOI wafer with a top
silicon layer thickness of 220 nm and a buried oxide thickness
of 1 pm. The optical waveguides and optical ring resonator
were fabricated in two steps. First, the positive photo-resist of
PMMA was spun on the SOI wafer and the pattern was written
using an electron-beam lithography (EBL) system via expo-
sure of the relevant regions using a 100-kV electron beam. The
residual photo-resist in the exposure area was removed, and
then, the developed graphic was used as a mask for dry etch-
ing. Second, inductively coupled-plasma (ICP) reactive-ion-
etch (RIE) was used to transfer the pattern and etch through
the 220-nm silicon layer.!*!!

The top-view microscope image of the fabricated device
is shown in Fig. 4. Figures 4(a) and 4(b) are the electron scan-
ning diagrams of the single-ring resonator and the three-ring
resonator, respectively, and the preparation process is exactly
the same. The device consists of a three-ring resonator with a
diameter of 20 um coupled to a pair of parallel silicon strip
waveguides. The waveguides and the rings have widths of
500 nm and 600 nm, respectively, and the distance between
the straight waveguide and the rings is 129 nm, with the rings
being tangent to each other.

The test platform was set up as shown in Fig. 5. The op-
tical signal is generated from a New Focus tunable laser with
1550 nm center wave length, and the laser is connected to an

erbium-doped fiber amplifier (EDFA) with a magnification of
50 times. A polarization controller is used before the input
of the single-mode optical fiber lens with 10.4 pum diameter
coupled to the waveguide to study the effects of different po-
larization states on the laser coupling efficiency of the grating.
The silicon waveguide grating enables the vertical coupling of
light into the SOI system; after transmission through the de-
vice, light is transferred to another vertical grating coupler to
recover the light to the output of the single mode lens fiber. [>]

During the test, a precise three-dimensional ad-
justable frame with adjustable accuracy of 2 nm was used to
fix the input and the output single-mode optical fibers, and the
sample was aligned and fixed relative to these fibers by using
an infrared CCD and a long focal distance microscope. Using
this setup, we could continuously monitor the optical route,
thereby easily performing the alignment of the single-mode

5.1231 The optical signal was converted to an elec-

fiber grating
trical signal by using a photoelectric converter, and then the
electrical signal was shown on an oscilloscope after being am-
plified by a signal amplifier. By repeating the test as shown in
Fig. 6, we obtained a grating coupler efficiency of 30% at the
wavelength of 1550 nm. After spin coating a uniform 500-nm

thick antireflection film onto the grating surface, the coupling

efficiency was improved to 36%.

$-4800 10.0kV 7.9mm x400 SE{U)

129 nm

Fig. 4. Scanning-electron micrographs of (a) a single-ring resonator, (b)
a three-ring resonator, (c) gap of 129 nm between the bus waveguide and
ring resonator, (d) nano-wave guide gratings.
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Fig. 5. (color online) Schematic of the test platform.
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Fig. 6. (color online) (a) Vertical nano-grating coupled input renderings, (b) output renderings, (c) test result curve, (d) comparing the

test results of coupling efficiency.

We used the platform to test the coupling induced trans-
parency effect of the coupled three-ring resonators.*! The
resonant peak of the single-ring resonator is observed to split
into two. The result presents a high-Q resonant mode when
the low-Q resonances of all ring resonators couple coherently.
Figure 7 shows the transmission spectra of two types of quasi-
TE modes of the device structure, where the red spectrum
denotes the response of a single-ring structure and the black
spectrum denotes the response of the three-ring cascade struc-
ture. When the three-ring resonators are out of resonance, light
passes through the waveguide without coupling with the ring
resonators, and the transmission is high at this moment. When
light is coupled into one of the ring resonators, the resonator
acts like a mirror reflecting the light from one ring resonator
into another. As seen from Fig. 7(b), due to the mutual in-
terference between the annular cavities of the three-ring res-
onators, which produces two transmission peaks, one of the
half-high widths of the resonance peaks is 0.0264 nm, cor-
responding to the quality factor Q being as high as 6 x 10%,
which is four times higher than that of the single-ring struc-
ture. The through and drop transmission spectra of the res-
onator are reconciled well with each other. These results are
of great significance for the silicon sensing field. It is worth
noting that a very small peak also appears on the single-ring
transmission line in Fig. 7(b). The peak is a kind of noise,
which is caused by the light path noise (such as scattering
noise, polarization noise, etc.) and circuit noise in the test

platform, but not the coupled resonator-induced transparency

(CRIT) mentioned in this paper.
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Fig. 7. (color online) Drop transmission spectra of single-ring and
three-ring resonators. Panel (b) is partly enlarged view of (a).
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Since the resonator produces optical power loss, some of
the power of loss is converted into heat energy, and the tem-
perature of the resonator is raised, thus affecting the refractive
index of the waveguide medium.!*! This change will cause
the drift of the resonant frequency, which will change the per-
formance of the device. In order to obtain the sensitivity of the
cascaded ring resonator to the temperature, a temperature tun-
ing experiment was carried out on the resonator of the three-
ring cascade structure. The test results are shown in Fig. 8, and
the curves of different colors represent different temperatures
of the resonance line. As can be seen from Fig. 8, the resonant
peak of this structure moves towards the direction of the large
wavelength with the increase of temperature, namely, the phe-
nomenon of red shift occurs. Through calculation and analysis
of the three-ring cascade resonator with temperature changing
in the relation of 0.16 nm/°C, the detuning of the resonance
wavelength could be controlled by changing the temperature.

0.35

— 20°
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Normalized transmission intensity
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=
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1
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0.05 A
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15;17.6 15418.0 15418.4 15;18.8
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Fig. 8. (color online) Three-ring cascade resonator temperature detuned
spectrum.

4. Conclusion

We analyzed the theory of an original three-ring resonator
and described the preparation process. The samples were
tested and analyzed, and the obtained coupling efficiency and
quality factor, along with the observation of CRIT, were well
validated. Compared with double-ring resonators in previous
reports (the transmission of the double-ring shows a dip with
a full width at half maximum of 0.077 nm, corresponding to a

quality factor of Q = 200001%1), the quality factor of the three-

ring resonators is three times higher than that of the double-
ring resonators, and the bandwidth is narrower. At the same
time, on the basis of ensuring the coupling efficiency and qual-
ity factor, the structure can efficiently reduce the difficulty of
design and preparation, which has a good feasibility. In sum-
mary, this system has many advantages and is suitable for the
systematic and precise study of fundamental physics and for
various applications of optical precursors.
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