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Abstract�We present experimental and theoretical studies of
coupled resonances in multiple silicon photonic crystal cavities
in an all-optical classical analogy to electromagnetically induced
transparency. Multiple implementation schemes are demonstrated,
such as two (in various con�gurations), and four cavities. The pho-
tonic crystal cavities are embedded in 2-D photonic crystal slabs
and designed in the overcoupled regime. Our observations include
measured transparency resonance lifetimes more than three times
the single-cavity lifetimes, Fano-like lineshapes, and stepwise res-
onance control through multiple aligned external optical pump
beams. All observed schemes are analyzed rigorously through
�nite-difference time-domain simulations and the coupled-mode
formalism. Our experimental and theoretical results are applica-
ble to optical pulse trapping and all-optical dynamical storage of
light in the solid state.

Index Terms�Electromagnetically induced transparency, opti-
cal cavities, photonic crystals, slow light.

I. INTRODUCTION

PHOTONIC crystal nanocavities in 2-D photonic crys-
tal slabs with remarkably high quality factors (Q) and

wavelength-scale modal volumes (Vm ) have been achieved re-
cently [1], [2]. The strong photon localization and long pho-
ton lifetimes in these high-Q/Vm photonic crystal nanocavities
point to enhanced light�matter interactions, such as thermo-
optic nonlinearity and bistability [3], [4], Raman lasing [5],
[6], digital resonance tuning [7], and cavity quantum electro-
dynamics [8] in silicon nanophotonics. In-plane-type devices in
2-D photonic crystal slabs have been realized with high-Q/Vm
photonic crystal nanocavities, such as channel drop �lters [9],
Fano interference [4], and dynamic control of the Q factor of
nanocavities [10].
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The all-optical analog to electromagnetically induced trans-
parency (EIT) [11] in 2-D photonic crystal cavities with dynam-
ical tuning has been proposed toward trapping photons, time re-
versal, and even ultimately stopping light beyond the previously
conceived delay�bandwidth limit [12]�[14]. Using a photonic
crystal waveguide side-coupled to cavities system, this phe-
nomenon has been rigorously examined theoretically [15], [16].
Recently, theoretical analyses in coupled whispering-gallery-
mode resonators have revealed the analogy between the coherent
effects in the classical system and EIT in an atomic system [17],
[18]. EIT-like effects were examined experimentally in coupled
whispering-gallery mode resonators, such as ultrahigh-Q sil-
ica microspheres [19], [20] and microring resonators [21]�[24],
with observations of slow group velocities and storing light on-
chip beyond the static bandwidth limit.

In EIT, the quantum destructive interference between tran-
sitions to a common energy level in atoms has led to a sharp
cancellation of absorption in the medium [11], resulting in phe-
nomena such as freezing light [25] and dynamical storage of
light in a solid-state system [26]. Fig. 1(a) illustrates the physics
of EIT in a three-level lambda-type scheme, which involves
two distinct polarization-sensitive resonances, �p and �c . The
atomic transitions from |1� to |3� and |2� to |3� de�ne the absorp-
tion of the probe laser �eld with frequency �p and the control
laser �eld with frequency �c , respectively. The destructive in-
terference between the two absorption amplitudes, including
different excitation pathways from |1�-|3� directly and from
|1�-|3�-|2�-|3� indirectly, leads to an EIT transparent window
between two dressed states |3d� and |2d�. Similar to atomic sys-
tems, where the interference is driven by a coherent laser �eld,
EIT-like effects can be remarkably observed through classical
means. For optical analog to EIT, as described in Fig. 1(b), each
optical resonance with frequency of �A and �B from two op-
tical resonators is analog to the transitions between the energy
levels in the atomic EIT system. The coupling strength �c be-
tween the two resonators acts as the control laser �eld, which is
determined by the frequency detuning (�A � �B ). The coherent
interference between two optical pathways will introduce EIT
transparency region between two resonances �A and �B .

Here, we present detailed experimental observations of all-
optical analog to EIT in coherently coupled standing wave pho-
tonic crystal cavities, with deterministic resonance- and phase
tuning through thermo-optic tuning method. This furthers from
our initial results shown in [27], with zero-separation (L = 0)
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Fig. 1. (a) In three-level Lambda-type scheme, the destructive interference
between the probe absorption amplitudes leads to EIT. The laser �elds can drive
population from |1�-|3� directly or from |1�-|3�-|2�-|3� indirectly. These two
probability amplitudes for the different excitation pathways interfere destruc-
tively to create an EIT transparent window between two dressed states |3d� and
|2d�. (b) In optical analog to EIT, each optical resonance with frequency of �A
and �B from two optical resonators is analog to the transitions between the
energy levels in the atomic EIT system. The coupling strength �c between the
two resonators acts as the control laser �eld. The coherent interference between
two optical pathways will introduce an EIT-like transparency region between
two resonances �A and �B .

between cavities, four cavity designs and initial measurements,
and detailed numerical simulations to support our measure-
ments. Our results demonstrate EIT-like transparency resonance
lifetimes more than three times the single-cavity lifetime, cavity
resonance tuning, and a full-range control in phase (0 to �). The
coupled photonic crystal cavities through a single �bus� waveg-
uide for coherent light manipulation overcome much of the
limitations on decoherence and bandwidth in atomic systems,
allowing applications toward on-chip optical pulse trapping and
all-optical dynamical storage of light.

II. DESIGN OF OPTICAL EIT-LIKE SYSTEM

The optical EIT-like system (Fig. 2) consists of a photonic
crystal waveguide side-coupled to two, three, or more high in-
trinsic quality factor (Q) photonic crystal cavities. Each cavity
consists of three missing air holes (L3) in an air-bridge trian-
gular lattice photonic crystal slab with thickness of 0.6a and
the radius of air holes is 0.29a, where the lattice period a =
420 nm, such as examined in [12] and [28]. Each cavity has
the nearest neighbor holes at the cavity edge that are shifted
(S1) by 0.15a to tune the radiation mode �eld for increased
intrinsic Q factors [29]. In order to optimize the in-plane op-
tical couplings between the L3 cavity and the photonic crystal
waveguide, the coupling quality factor Qc , the intrinsic qual-
ity factor Qint , and the total quality factor Qtot as a function
of the number of lattice layers in-between is developed with
full 3D �nite-difference time-domain (FDTD) numerical simu-
lations (MEEP software developed in MIT) [30]. Q is directly
calculated from the total energy in the cavity and the power
outputted from the cavity [31]. The calculated modal volume is

Fig. 2. (a) Schematic of optical EIT-like system including a waveguide side-
coupled to two or more cavities. (b) Example SEM of two photonic crystal L3
cavities side-coupled to a single photonic crystal waveguide. Each cavity has
the nearest neighbour holes at the cavity edge tuned by S1 = 0.15a to suppress
the vertical radiation loss by more than an order of magnitude compared to the
coupling rate. The green spots indicate two focused pump laser beams used for
thermo-optic tuning. (c) Cross-section SEM to illustrate suspended membrane
samples on all our measurements. Scale bar: 200 nm.

Fig. 3. (a) The Qint , Qv , and Qtot as a function of the number of lattice
layers between the L3 cavity and the photonic crystal waveguide calculated
with 3-D FDTD method. (b) Ey �eld of the fundamental mode of single L3
cavity for waveguide-to-cavity separation of three lattice layers. Inset: k-space
amplitudes for single L3 cavity, illustrating high radiation Q factor. (c) Ey -�eld
intensity of the coupled two-cavity transparency mode at midslab.

� 0.74 cubic wavelengths [(�/n)3 ]. As shown in Fig. 3(a), for
a single tuned (s1 = 0.15a) L3 cavity coupled to the photonic
crystal waveguide, Qc has a strong dependence on the number of
lattice layers between the cavity and the waveguide, while Qint
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