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We experimentally demonstrated that the characteristics of the coherent interaction between two
waveguide-coupled resonators can be drastically tuned by changing the propagation phase in the
waveguide. In particular, the transmission line shape can be tuned between an electromagnetically
induced transparency like optical resonance and a flat-top reflection filter. © 2010 American
Institute of Physics. �doi:10.1063/1.3486686�

There has been substantial recent interest in studying
coherent interaction and interference between nano-optical
resonators. Such studies have led to the experimental dem-
onstrations of all-optical analogs to electromagnetically in-
duced transparency �EIT�1,2 and super-radiance effects.3 Ef-
forts along this direction are of fundamental interests since
they point to the important conceptual link between atomic
physics and nanophotonics. In addition, from a practical
point of view, coherent interaction between resonators is im-
portant for applications in a large number of on-chip device
applications for communications,4 sensing,5 and information
processing.6

In this letter, we consider a photonic-crystal structure in
which two resonators are side-coupled to a waveguide �Fig.
1�, and experimentally demonstrate that the characteristics of
coherent interaction between the two resonators can be dras-
tically tuned by changing the refractive index of the wave-
guide. As a result, the transmission line shape can be tuned
from a flat-top band-reflection filter to an EIT-like line shape
and vice versa. Both line shapes are of substantial impor-
tance in practical applications. The flat-top band-reflection
filter, which reflects a narrow range of wavelengths while
letting other wavelengths pass through, is a higher-order fil-
ter as compared to the regular Lorentzian line shape com-
monly observed in photonic-crystal-resonator filters. This fil-
ter line shape is important for achieving low interchannel
cross-talk in wavelength-division multiplexing and robust-
ness against fluctuations in input-signal wavelength in com-
munication applications.7,8 The EIT-like optical resonance,
on the other hand, renders an integrated optical system trans-
parent at an otherwise highly reflective wavelength. The po-
tential for slowing,9,10 stopping,11 and time-reversing of light
pulses12 on chip in such a system has profound impact for
both fundamental science and application in optical commu-
nication. Our results on tuning therefore experimentally
demonstrate substantial reconfigurability as enabled by co-
herent resonant interactions in these structures. Moreover, in
our results, while the EIT line shape has an exact atomic
physics analog, the flat-top reflection filter does not. Demon-
strating the tuning between these two effects thus indicates

some of the unique richness in nanophotonic resonances.
The waveguide-microcavity system in Fig. 1 exhibits

various line shapes of transmission spectra depending on the
resonant frequency detuning between the two cavities and
the propagation phase in the waveguide between them. In
coupled mode theory, the normalized power transmission
spectrum is13
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where tA,B��� and rA,B��� are amplitude transmission and
reflection coefficients for resonator A, B as follows:
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Here, �A,B is the resonant frequency of the resonator A or B,
�i is the intrinsic-loss rate, related to the intrinsic quality
factor Qint by �i=�c /Qint�o, �c is the waveguide-cavity cou-
pling rate, related to the coupling quality factor Qc by �c

=�c /Qc�o, ���� is the total phase accumulated as light goes
through a round trip by reflection from both microcavities
and propagation in the waveguide ����=�A���+�B���
+�wg���, where �A,B��� is the phase associated with the
reflection by the coupled microcavity A or B, �A,B���
=arg�rA,B����, and �wg��� is the round-trip propagation
phase in the waveguide, �wg���=−2����L, where ���� is
the waveguide dispersion relation and L is the spacing be-
tween the cavities.

For simplicity we assume two intrinsically lossless reso-
nators with the same coupling rate to a waveguide as fol-
lows: �A,B

i =0 and �A,B
c =�. Coherent interaction between the

two resonators occurs only when the two resonators have
similar resonant frequencies. In such a case, the transmission
line shape is strongly dependent on the propagation phasea�Electronic mail: panjun@stanford.edu.
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�wg in the waveguide. As an illustration, we consider in Fig.
2 the cases of �A,B=�0	 �
� /2�, where the reflection phases
from the two resonators cancel at �0. When �wg��0�=2n�,
the system is therefore on resonance at �0, resulting in a
transparency resonance peak at �0. When �wg��0�
= �2n+1��, the transparency resonance condition is no
longer satisfied. The structure instead behaves as a flat-top
reflection filter, which features a much sharper transition be-
tween transmission and reflection compared with the single-
resonance Lorentzian line shape. As 
�→0, the transmis-
sion spectrum in fact can be simplified as �T�2→ ���−�0�4 /
��−�0�4+4�4� which represents a maximum-flat line shape
that is of great interest for communication applications.

Motivated by the preceding analysis, we designed a
photonic-crystal structure in a suspended silicon membrane
with thickness of 320 nm. �Fig. 1� The periodic region con-
sisted of a triangular lattice of air holes with the lattice con-
stant a=386 nm, and a hole radius of 116 nm. A single-line-
defect waveguide was created by filling one row of air holes.
Each resonator was generated by filling five consecutive
holes parallel to the waveguide. The nearest hole on either
side of the resonator was shifted outward by 77 nm to in-
crease the intrinsic quality factor.14 The waveguide-resonator

coupling occurred through a barrier of three rows of holes.
Between the resonator and the waveguide, the radii of the six
holes along the side of the resonator and the rows of holes
along the side of the waveguide were reduced to 102 nm to
enhance the waveguide-cavity coupling. The propagation-
phase shift was achieved by laser-pumped thermal tuning on
the waveguide. The two resonators were separated by 140a
in the horizontal direction �L in Fig. 1�.

Devices were fabricated on silicon on insulator wafers.
The structures were first patterned on poly�methyl methacry-
late� by e-beam lithography and transferred to the silicon
layer by reactive ion etching. A 1-�m-thick oxide upper
cladding was deposited surrounding the strip waveguide. The
photonic-crystal membrane was subsequently released by
hydrofluoric acid. Finally, the devices were diced from the
wafers and the waveguide facets were polished for coupling.

In order to improve coupling and minimize reflections,
we incorporated inverse tapers at the ends of the strip
waveguide.15 The width of the strip waveguide in the inverse
taper regions gradually decreased from 400 to 150 nm lin-
early toward the edge of the chip over a distance of 50 �m.
In the transmission spectra shown in Fig. 3 that will be dis-
cussed in more details below, there are only very weak
Fabry–Perot oscillations due to the improved impedance
matching at interfaces. The reduction in Fabry–Perot reflec-
tions is crucial in order to unambiguously demonstrate the
predicted effects that arise from the interference between the
two resonators only.

Prior to any tuning, the device exhibited an EIT-like
transmission spectrum in Fig. 3�a� featuring a narrow trans-
parency peak in a broad spectral region that had very little
transmission. In the subsequent tuning experiments, we fo-
cused Ar-ion laser beam with a wavelength of 514 nm into a
spot of 2–3 �m in diameter �roughly the circled region in
Fig. 1�, and gradually increased the pumping power. The
heated region however was substantially larger than the laser
spot size due to thermal conductance. At a pumping power of
1.4 mW �Fig. 3�b��, the spectrum represented a cleaner EIT-

FIG. 1. SEM images of the fabricated device. �a� Top view of the photonic-
crystal structure with two cavities side-coupled to one waveguide. �b� Mag-
nified view of the microcavity CB. The circle approximately corresponds to
the size of the focal spot of the pumping laser. The actual heated region
however is substantially larger due to thermal conductance.
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FIG. 2. Graphical illustration of results computed with coupled mode
theory. In plotting the curves, we assume two intrinsically lossless resona-
tors with the same coupling rate to a waveguide as follows: �A,B

i =0 and
�A,B

c =�. The resonance frequencies are detuned at an arbitrary small num-
ber, �A,B=�0	 �
� /2�, and here we let 
�=0.8�. We also assume that the
waveguide has a linear dispersion relation �wg���=−0.2��−�0 /��+ �̂. �a�
EIT-like transmission spectrum when �wg��0�=2n�. �b� Flat-top reflection
filter when �wg��0�= �2n+1��.
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FIG. 3. �Color online� Experimental transmission spectra �blue solid line�
and theoretical fits �red dashed line� of the photonic-crystal system of Fig. 1,
with a pump laser beam incident on the waveguide near the midpoint be-
tween the two microcavities. Curves �a�–�d� correspond to different pump
powers. In particular, curves �a�, �b�, and �d� exhibit a line shape analogous
to EIT. Curve �c� exhibits a flat-top reflection response.
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like spectrum as compared with Fig. 3�a�; it featured a trans-
parency peak with a higher peak transmission and a near-
symmetric line shape. At a pumping power of 5.3 mW, in
Fig. 3�c�, the EIT-peak disappeared, and we instead observed
a flat-top reflection response. At a pumping power of 11.2
mW, the EIT peak was recovered �Fig. 3�d��. Therefore the
experiment has demonstrated the tuning between the EIT and
the flat-top response line shapes.

The experimental spectra shown in Fig. 3 are well ex-
plained theoretically by Eqs. �1�–�3� with the fitting param-
eters in Table I. In the experiments, the focused laser beam
heats up a portion of the photonic crystal waveguide and the
refractive index of silicon increases with temperature by
1.85�10−4 /K at 1.55 �m.16 The increase in the refractive
index pulls the frequency of the guided modes downwards in
the band diagram and thereby changes the propagation phase
in the waveguide. We assume that the waveguide propaga-
tion phase has a linear form �wg���=
�+�0, with 
=−6.0
�10−12 s as determined from the finite-difference time-
domain simulation. We further assume that the slope of
guided mode band diagram does not change substantially
due to the tuning so that 
 remains the same, and we vary �0
to fit the spectra at different tuning powers. Other fitting
parameters in Table I are the resonant wavelengths �A,B, the
intrinsic quality factors Qint,A and Qint,B, and the waveguide-
resonator coupling quality factors Qc,A and Qc,B. The theo-
retical fit agrees excellently with the experimental measure-
ment.

As an important observation from Table I, all figures are
fitted by the same set of quality factors. Moreover, both the
resonant wavelengths of the two cavities redshift due to the
thermal tuning. The detuning between them, however, is kept
small enough so that the detuning does not alter the charac-
teristic of the transmission line shape. The change in the line
shape, instead, comes almost entirely from the change in the
propagation phase �0. In the spectrum of Fig. 3�c�, the
round-trip phase at the center of the low-transmission range
is close to �2n+1��, which is indeed the condition for the
flat-top reflection response. On the other hand, the round-trip
waveguide phase at transparency peak in Figs. 3�a�, 3�b�, and
3�d� are all very close to 2n�, the condition of constructive
interference in order to generate the EIT-like optical reso-
nance.

A key effect of the EIT-like resonance is the excess
group delay.17 We consider the case of Fig. 3�b� and infer the

group delay of the system from the parameters obtained from
the theoretical fit. The EIT resonance corresponds to a peak
delay of 19 ps, which significantly exceeds the maximum
delay of 10 ps as obtained by the sum of the contributions
from the two individual resonances and the propagation in
the waveguide.

In conclusion, we report the switch of transmission spec-
trum in a photonic-crystal system between an optical analog
to EIT and a flat-top reflection filter. The results demonstrate
the substantial flexibility for such photonic-crystal based on-
chip devices. Moreover, we have demonstrated that the line
shape variation is a result of the change in the propagation
phase between the two resonators only, which provides a
strong evidence of the coherent nature of the resonant inter-
action between on-chip resonators.

This work was supported in part by the Slow Light pro-
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TABLE I. The parameters used in Eqs. �1�–�3� to fit the experimental curves in Fig. 3. The second column is
the power of the laser beam that is delivered to the sample. In the remaining columns the subscripts A or B label
the two resonators. �A,B are the resonant wavelengths. Qint,A and Qint,B are the intrinsic quality factors. Qc,A and
Qc,B are the waveguide-resonator coupling quality factors. �0 is a parameter that determines the waveguide
propagation phase �wg���=
�+�0, where 
=−6.0�10−12 s is calculated by the finite-difference time-domain
simulation.

Figures
Power
�mW�

�A

�nm�
�B

�nm� Qint,A Qint,B Qc,A Qc,B �0 /�

3�a� 0 1580.02 1580.28 13 000 13 000 3900 2200 2524.08
3�b� 1.4 1580.03 1580.29 13 000 13 000 3900 2200 2523.99
3�c� 5.3 1580.09 1580.45 13 000 13 000 3900 2200 2522.76
3�d� 11.2 1580.17 1580.62 13 000 13 000 3900 2200 2521.52
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