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We provide the first experimental observation of structure tuning of the electromagnetically induced
transparencylike spectrum in integrated on-chip optical resonator systems. The system consists of coupled
silicon ring resonators with 10 wm diameter on silicon, where the coherent interference between the two
coupled resonators is tuned. We measured a transparency-resonance mode with a quality factor of 11 800.
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Recent theoretical analysis of coupled microresonators
has revealed that coherent effects in coupled resonator
systems are remarkably similar to those in atoms [1-8].
Similar to the atomic systems, where electromagnetically
induced transparency (EIT) occurs due to quantum inter-
ference effects induced by coherently driving the atom
with an external laser [9,10], induced transparency can
also occur in a photonic resonator system where coherent
interference between two coupled resonators is instead
enforced by the geometry of a nanophotonic structure
[3,5]. In systems like the one demonstrated in [1], the O
of the system is limited by the higher-Q resonator, deter-
mined by the weak but nonzero coupling to the adjacent
waveguide as well as the loss due to scattering. In [6] it was
pointed out that for particular configurations of waveguides
side coupled to resonators, there exists an all-optical dark
state that can be asymptotically decoupled from the wave-
guide for proper tuning of the resonator frequencies. In
such a case the Q of the system is limited only by the
scattering losses of the system. The existence of such an
all-optical dark state, which gives rise to an EIT-like trans-
mission spectrum, is critical for on-chip coherent manipu-
lation of light at room temperatures, including the
capabilities of stopping, storing, and time reversing an
incident pulse [6]. The observation of an EIT-like spectrum
in a resonator system was reported in [11] in a compound
glass waveguide platform using relatively large resonators.
Here, we provide the first experimental observation of
structural tuning of the EIT-like spectrum in integrated
micron-size silicon optical resonator systems. Our results
demonstrate that the resonant interference required for
coherent manipulation of light can indeed be achieved
on-chip without the use of atomic resonance. Conse-
quently, many of the basic limitations on bandwidth and
decoherence that result from the fragility of the electronic
coherence may be fundamentally overcome. This work
therefore has broad implications for optical communica-
tions and quantum information processing.

A top-down microscope image of our experimental sys-
tem is shown in Fig. 1. The system consists of a pair of
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microring resonators coupled to parallel waveguides. Input
power enters the bottom waveguide in the direction labeled
“IN,” and transmitted power is measured farther along the
waveguide in the direction labeled |T(A)|?. Properly de-
signed, the system can exhibit an EIT-like transmission
spectrum: a narrow transparency peak in the center of a
broader transmission dip [4,11,12]. The characteristic
shape of the spectrum can be understood by first consider-
ing the effect of a single-ring resonator between parallel
waveguides. A single-ring transmission spectrum exhibits
a dip at the resonant wavelength of the ring, due to cou-
pling of input light into the counterclockwise mode of the
ring and back out into the left-going mode of the upper
waveguide. For brevity, we term this process ‘“‘reflection,”
since the output light, labeled as |R(A)|?, exits in the
opposite direction it entered. Putting two rings together
allows a resonance to form via multiple, constructively
interfering “‘reflections” between the rings, which we
will call a “transparency resonance.” By adjusting the
separation between the rings, the transparency resonance
can be made to coincide with the resonant wavelength of
the rings. The spectrum will then exhibit a narrow trans-
parency peak in the center of a broader transmission dip;
this is the EIT-like transmission spectrum. In practice, a
slight nonzero detuning of the two ring resonances is
preferred to prevent the degradation of the transparency
peak in the presence of loss.

Our device is fabricated on a silicon-on-insulator sub-
strate with a 3 um-thick buried oxide layer. The wave-
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FIG. 1 (color online). Microscope picture of the fabricated
microring-resonator system.
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guides and rings are defined using electron-beam lithogra-
phy followed by reactive ion plasma etching. The resulting
structure is covered by 3 um-thick SiO, upper cladding
deposited by plasma-enhanced chemical vapor deposition
[13], yielding silicon waveguides and rings surrounded on
all sides by oxide. Both the straight waveguides and the
waveguides forming the rings have a width of 450 nm and a
height of 250 nm. Nanotapers are used at both ends of the
input waveguide to ensure low-loss coupling between op-
tical fiber and waveguide. The center-to-center (CTC)
distance between the straight waveguide and the rings (d)
is 610 nm, and the CTC distance between the rings (s) is
15.69 pm. The diameters of the rings are 10 wm, where a
slight difference in perimeter between the two rings (8 nm)
is introduced to detune the ring resonances by ~0.4 nm.
The transmission spectra of the device are measured using
a tunable laser. At the input side, light from the tunable
laser is coupled through a tapered lensed fiber to the nano-
taper. At the output side, light is collimated using a lens and
sent to a detector through a polarizer. Figure 2(a) shows the
normalized power transmission spectrum for the quasi-TM
mode (dominant electric field perpendicular to the sub-
strate) of the device. The characteristic EIT-like line shape
is apparent. The FWHM of the transparency peak is
~0.13 nm, corresponding to a quality factor of Q. =
11 800. The quality factor of the transparency resonance
O, is much higher than the loaded quality factor of each
individual ring resonator [4], which is ~1000 as will be
shown later. For the quasi-TE mode, the detuning between
the two ring resonances is larger than the width of each
individual ring resonance (~0.15 nm); therefore the EIT-
like spectrum is not observed.

To test the dependence of the transparency resonance on
the separation between the rings, additional devices with
varying separations s from 15.71 to 15.77 um were fab-
ricated and measured. The black, solid curves labeled (b)
through (e) in Fig. 2 show the transmission spectra. For
clarity, each successive curve is offset by —0.5 units.
Because of slight variations in fabrication, the center wave-
length of the overall line shape shifts slightly (<=1 nm).
From the figure, it is seen that devices with increased
values of s exhibit less symmetric line shapes with signifi-
cantly broader central peaks. The pronounced narrowing of
the central peak for the optimum ring separation of
curve (a) provides strong indication of the coherent, reso-
nant interaction between the two rings. Moreover, we
directly imaged the optical mode at the transparency-
resonance wavelength by collecting the top-scattered light
from the optimal device, as shown in Fig. 3. One can
clearly see the strong optical excitation of both rings, as
well as constructive interference in the waveguide regions
between the rings. Note that the waveguide on the upper
right side is illuminated by a strong scattering point on the
ring resonator close by. Light does not propagate through
that waveguide.
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FIG. 2 (color). Experimental transmission spectra (black, solid
line) and theoretical fits (red, dashed line) for the microring-
resonator system of Fig. 1. Curves (a)—(e) correspond to five
different devices with varying ring separations s. Successive
curves have been offset by —0.5 units for clarity. (a) s =
15.69 um. (b) s=1571 pm. (c) s = 1573 um. (d) s=
15.75 pm. (e) s = 15.77 pm.

The experimental transmission spectra are well ex-
plained by a theoretical model. The power transmission
[4] can be written as

ltatg] 2 1
IT(WP = ( ) G
Pl aaditsing

where t, and tp are complex transmission coefficients for

resonator A and B respectively, given by
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where w, p is the resonant frequency of resonator A or B;
® = 21rc/ A. vy is the amplitude radiative-loss rate, related
to the radiative quality factor as y = 7¢/QraqAg. Y, is the
total waveguide-ring amplitude-coupling rate due to decay
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FIG. 3. Optical mode at the EIT-like transparency-resonance
imaged by collecting the top-scattered light at the transparency
peak A.

into both lower and upper waveguides; vy, = mc/Q.Ag. s
and rp are the complex reflection coefficients, given by
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0 is one-half the round-trip phase accumulated in the
waveguides: § = 1 Arg[r,rpe 2P, where B(w) is the
waveguide dispersion relationship. Equation (1) has the
form of transmission through a Fabry-Perot cavity [14],
but with frequency-dependent, resonant mirrors whose
transmission and reflection coefficients are given by
Egs. (2) and (3).

The red, dashed lines in Figs. 2(a)—2(e) show the theo-
retical fits. The waveguide dispersion relation was ob-
tained by direct numerical solution [15], using the ex-
perimental dimensions of the waveguide cross section, a
refractive index of 3.45 for silicon, and a refractive index
of 1.46 for the silicon oxide cladding: B(w)=1.4X
1077 nm™'s @ — 8.9 X 1073 nm~!. The ring resonance
wavelengths A, and Az were found from the minima of the
transmission spectra. The remaining parameters were fit in
the following manner. Q. was adjusted (between 975 and
1025) to fit the background shape of the wide transmission
dip. The nominal length s(= 15.7 um) was tuned by a
small amount As (between 0.09 and 0.10 wm) to obtain the
right shape of the narrow, central peak, and last, Q.4 was
adjusted (between 25 000 and 35 000) to fit the amplitude
of the center peak.

To systematically understand the trends shown in
Fig. 2, we write the transmission as a product of two
terms: |[T(A)|* = Pu(MH(A), where P, = [ltatgl/
(1 = lrargP?  and  HQA) = 1/11 + 4[{lrargl/(1 -
|rargl)]?sin®6]. P,.. represents the maximum possible
transmitted power through the waveguide-resonator sys-
tem. For a Fabry-Perot cavity, this quantity would be
independent of wavelength. For our system, it exhibits

dips at the resonance wavelengths of the rings and a local
maximum at the center wavelength A,. H determines the
wavelength of the transparency resonance (A.). Similar to
a Fabry-Perot cavity, H is maximized when the round-trip
phase (260) is a multiple of 277. When A, and A coincide,
the resulting transmission spectrum exhibits a narrow,
symmetric peak. As the two wavelengths shift away from
each other, broadened, asymmetric line shapes are ob-
served. This trend is seen in Fig. 2, where Ay and A, are
indicated by blue and green arrows, respectively. We note
that curve (d) exhibits a sizeable central peak height de-
spite a relatively large misalignment between Ay and A;
this is due to the comparatively large detuning of the two
ring resonances in this particular device. Overall, the loss
of the EIT-like line shape as the two wavelengths separate
provides direct experimental evidence of coherent interac-
tions between the rings.

In conclusion we show experimentally the existence of a
dark state with an EIT-like properties in an on-chip device.
The observed effect precisely demonstrates the required
interference scheme that satisfies the optimal conditions
for on-chip all-optical slowing and stopping of light [6]. In
addition, the capability for creating such transparency
resonance, and for controlling the linewidth of such reso-
nance through tuning, is important for applications such as
tunable bandwidth filter, as well as for switching and non-
linear optics applications. By tuning the resonator system,
the system would enable applications for on-chip optical
interconnects and optical processing, where light storage
and nonlinear components [16] could be achieved using
micron-sized integrated silicon devices [17].
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