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We report tunable two-stage self-coupled optical waveguide (SCOW) resonators composed of a pair of mirror-
imaged single SCOW resonators connected by a phase shifter in between. Experimental results show that the
coupled-resonator-induced-transparency and high-order bandstop filtering characteristics can be obtained in the
transmission spectra of the devices with two different configurations. The resonance spectrum can be tuned by
using either a p-i-p microheater or a p-i-n diode in the phase shifter. Our theoretical modeling based on the transfer
matrix method has a good agreement with the experimental results. © 2013 Optical Society of America
OCIS codes: 130.3120, 230.5750, 230.4555.

Silicon optical microresonators with high Q-factors and
low modal volumes are promising building blocks for
highly compact photonic integrated circuits (PICs) [1,2].
Various kinds of microresonator structures have been
proposed and used in today’s PICs, including microring,
microdisk, photonic crystal resonators, etc. [3]. A single
microresonator can be useful for a wide scope of appli-
cations, such as optical switching, filtering, buffering,
and quantum information processing [4]. Cascaded mi-
croresonators also take an important role in optical sig-
nal processing owing to the coherent interference effect
between microresonators [5]. In our previous work, we
proposed a self-coupled optical waveguide (SCOW) res-
onator, in which clockwise (CW) and counter-clockwise
(CCW) modes are coexcited, resulting in distinct reso-
nance features from conventional micro-resonators [6].
In this Letter, we report our experimental demonstra-

tion of two-stage SCOW resonators and show that the
coupled-resonator-induced-transparency (CRIT) and
high-order bandstop filtering feature can be achieved
by properly choosing the coupling coefficients of individ-
ual SCOW resonators. The corresponding resonance
spectra can be tuned by changing the phase in between
the SCOW resonators. CRIT, with the unique property
that a narrow transparency peak residing in a broader
absorption valley, can be utilized for coherent manipula-
tion of light, including optical buffering, filtering, biosens-
ing, switching, and routing [7,8]. On the other hand, high-
order optical bandstop filters can find rich applications in
wavelength division multiplexing and microwave-
photonic systems [9].
Figure 1(a) shows the scanning electron microscope

(SEM) image of our proposed device before clad with
an insulating oxide layer. The device consists of a pair of
mirror-imaged SCOW resonators connected by a phase
shifter in between. As the input light can be reflected
back by the SCOW resonator near its resonance wave-
length, an additional Fabry–Perot (FP) resonance can
be generated between the two SCOW resonators, which
can couple with and consequently tailor the resonance
spectrum. A variety of resonance spectra can be gener-
ated by tuning the two couplers and the phase shifter.
The coupling coefficients of the two couplers determine

the reflection of the SCOW resonator, and the phase
shifter determines the detuning between the SCOW
and FP resonances. Two types of phase shifters are used
in our devices. The first one is based on a lateral p-i-p
junction as shown in Fig. 1(c), where the waveguide itself
works as a resistor. As the intrinsic region has high re-
sistivity, heat will be generated when an electric current
flows through the p-i-p junction. The device has a large
tuning range since no extra loss is induced after heating
up. The other one is based on a lateral p-i-n junction as
shown in the Fig. 1(d). The refractive index of the rib
waveguide is varied through the free-carrier plasma
dispersion effect when a forward voltage is applied.
Compared to the p-i-p microheater, the p-i-n diode is only
suitable for small phase shift due to the excess optical
loss induced by the injected free carriers.

We fabricated our devices using a silicon-on-insulator
wafer with a 220 nm thick top silicon layer and a 2 μm
thick buried oxide layer. The fabrication process for
our devices has been described in our previous paper
[10]. Figure 1(b) shows the microscope image of the final
active device. The cross-sectional dimension of the sili-
con waveguide is 450 nm × 220 nm and the slab height
is 60 nm. The n� and p� regions are 4 μm wide, and each
has a separation of 0.6 μm from the waveguide sidewall.
The bending radii of outer ring and the inner bridge wave-
guides are 6 and 12 μm, respectively. The length of

Fig. 1. (Color online) (a) SEM image of the two-stage SCOW
resonators before upper-cladding. (b) Microscope image of the
final active device. (c) and (d) Cross-sectional view schematics
of the two phase shifters used in our devices: (c) p-i-p junction
and (d) p-i-n diode.
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the phase shifter is properly designed such that the
round-trip length of the FP resonator doubles that of
the individual SCOW resonator.
The transmission spectrum of the device is measured

using the Agilent loss and dispersion analyzer (86038B).
The measurements are all for transverse electric-
polarization. Inverse tapers with a tip width of 180 nm
are used at both ends of the devices to improve the cou-
pling efficiency.
Figures 2(a) and 2(b) show the measured transmission

spectra of the two-stage SCOW resonators with two sets
of couplers (coupling lengths Lc1 and Lc2) prior to tuning.
The coupling gap is 200 nm. The propagation loss of the
waveguides is about 3.5 dB∕cm. The total (fiber-to-fiber)
insertion loss is ∼16 dB. When Lc1 � 6 μm and
Lc2 � 10 μm, the transmission spectrum exhibits a CRIT
peak in a 0.6 nm wide opaque valley, as shown in
Fig. 2(a). The relatively wide opaque window is resulted
from the coexcitation of CW and CCW modes in the indi-
vidual SCOW resonators [6], which is different from the
microring resonator based CRIT [5]. The full-width-half-
maximum (FWHM) width of the CRIT peak is ∼55 pm,
corresponding to a quality (Q)-factor of 28,000. When
Lc1 � 8 μm and Lc2 � 12 μm, the transmission spectrum
exhibits a single sharp dip, as shown in Fig. 2(b). The
extinction ratio of the dip is ∼29 dB. The FWHM width
is ∼0.42 nm.
Figure 2(c) shows the evolution of the CRIT spectrum

when electric current is applied to the p-i-p resistor based
phase shifter. The voltage drop is in-situ monitored so
that the power consumption can be recorded. It can
be seen that the CRIT peak periodically moves in the
opaque valley and the peak intensity become lower when
it moves to the edges of the valley. Interestingly, the CRIT
peak disappears when the tuning power is around
4.50 mW. Note that the opaque window is also slightly

red-shifted due to the lateral diffusion of heat. From
the experimental results, we see that the CRIT peak
can be conveniently switched on/off by tuning the phase
of the connection waveguide. Such an effect could be uti-
lized for optical switch or routing if the optical signal is
carried by the original CRIT wavelength [8].

Figure 2(d) shows the evolution of the sharp dip with
the tuning power. The phase shifter used in this device is
based on a p-i-n junction. We can see that the bottom
shape of the resonance dip can be actively tailored. In
particular, when the tuning power is around 0.57 mW,
the bottom ripple is minimized to 1.1 dB. This feature
can be used to correct the fabrication induced phase er-
ror of the device working as a bandstop filter. As each
SCOW resonator has CW and CCW modes coexcited,
the filter constituted by the two-stage SCOW resonators
is essentially a fourth-order bandstop filter.

To explain the experimental results, we use the trans-
fer matrix method to theoretically model these devices.
The field forward (backward) transmission coefficient of
the individual SCOW resonators is ts1 (ts2). Because of
reciprocity, we have ts1 � ts2. The reflection coefficients
at the left and right ports of the first (second) SCOW res-
onator are rs1 (rs2) and rs2 (rs2), respectively. Note that
rs1 and rs2 are not necessarily equal. Their analytical
expressions are given by [6]
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where ϕ is the SCOW resonator round-trip phase shift, a
is the loss factor associated with the SCOW resonator, θb
is the phase shift associated with the bridge waveguide,
and ti and κi (i � 1, 2) denote, respectively, the transmis-
sion and coupling coefficients of the two couplers of the
individual SCOW resonators.

Figures 3(a) and 3(b) show the intensity transmission
and reflection spectra of a single SCOW resonator assum-
ing the coupling coefficients are κ21 � 0.650, κ22 � 0.890
and κ21 � 0.725, κ22 � 0.951, respectively. The resonator
loss factor is α � 0.988. θb is set to be �ϕ − π�∕6. The
parameters are chosen such that the modeled spectrum
and its evolution could maximally agree with the exper-
imental results. It can be seen that, with different cou-
pling coefficients, the transmission and reflection are
quite distinct, which leads to either a CRIT or a single
bandstop transmission spectrum of the two-stage SCOW
resonators. The light transfer through the two-stage
SCOW resonators can be expressed as

Fig. 2. (Color online) (a) and (b) Experimental transmission
spectra of the two-stage SCOW resonators without tuning.
(c) CRIT resonance spectra under various thermal powers.
(d) High-order bandstop filtering spectra under various electri-
cal powers. The coupling lengths in the individual resonator
are (a) and (c) Lc1 � 6 μm, Lc2 � 10 μm, and (b) and (d)
Lc1 � 8 μm, Lc2 � 12 μm. Curves in (c) and (d) are vertically
shifted for clarity.
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where E1 (E4) and E2 (E3) are the incoming and outgoing
electric-fields at the left (right) end, respectively, tc �
e−i�θp�Δθp� is the electric-field transmission through the
phase shifter, and θp and Δθp denote the initial phase
and phase change of the phase shifter, respectively. As-
suming light is only excited form the left port (E4 � 0),
the normalized electric-field transmission of the two-
stage SCOW resonators is given by

E3

E1
� ts1ts2tc

1 − r2s2t
2
c
: (5)

Figure 3(c) shows the intensity transmission spectrum
of the two-stage SCOW resonators when Δθp � π∕2 is in-
troduced to the phase shifter. θp is set to be �ϕ − π�∕3.
The individual SCOW resonator parameters are corre-
sponding to Fig. 3(a). The presence of the sharp CRIT
peak in the transmission spectrum suggests that the
SCOW and FP resonances are coincident [6]. The CRIT
peak is due to resonant tunneling via the FP resonance.
Figure 3(e) analyzes the effect of detuning between the
FP and SCOW resonances. Only the evolution of the
CRIT peak is shown for clarity. Δθp is chosen to correlate
with the tuning power used in Fig. 2(c). We can see that
the CRIT peak periodically moves (with a period of
Δθp � π) in the opaque valley with the tuning phase.
When it moves toward the edges of the valley, the CRIT
peak screws and the peak intensity reduced. When Δθp is
far from 0.5π, for example, Δθp � 0.37π and 0.63π, which
means the SCOW and FP resonances shift far away from
each other, the CRIT peak moves into the edges of the
valley and becomes too weak to be discerned in the
opaque valley. This evolution trend is in good agreement
with our experimental observation in Fig. 2(c).
When the cascaded SCOW resonators are made up of

the individual SCOW resonators shown in Fig. 3(b) with,
Δθp � π∕2 the transmission spectrum exhibits a single
sharp dip with no apparent CRIT effect, as shown in
Fig. 3(d). The extinction ratio of the resonance dip is
above 34 dB. This is mainly due to the extremely low
on-resonance transmission (below −27 dB) of the
individual SCOW resonator [see Fig. 3(b)], and hereby
the FP resonance is relatively weak. Figure 3(f) shows
the modeled transmission spectra under various phase
shifts. It can be seen that the extinction ratio and the bot-
tom ripple can be tailored by the phase tuning, which is
also consistent with the experimental results in Fig. 2(d).
In conclusion, we presented the experimental demon-

stration of tunable two-stage SCOW resonators. CRIT
and high-order bandstop filtering features were obtained
by setting different coupling coefficients in the individual
SCOW resonators. The CRIT peak wavelength and inten-
sity can be tuned by the phase shifter, which can be used
for optical switches and routers. The stopband shape of
the high-order filtering spectrum can be tailored through
phase tuning, which can be used to correct fabrication
induced phase deviations.
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Fig. 3. (Color online) (a) and (b) Intensity transmission jtS1;2j2
and reflection jrS1;2j2 spectra of the two individual SCOW res-
onators. (c) and (d) Intensity transmission spectrum of the two-
stage coupled SCOW resonators. The coupling coefficients
in (a) and (c) are κ21 � 0.650, κ22 � 0.890 and in (b) and
(d) κ21 � 0.725, κ22 � 0.951. (e) CRIT spectra and (f) high-order
bandstop filtering spectra under various phase shifts. FSR is the
free spectral range of the SCOW resonator.
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