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Wemeasure the group delay in an on-chip photonic-crystal device with two resonators side coupled to a waveguide.
We demonstrate that such a group delay can be controlled by tuning either the propagation phase of the waveguide
or the frequency of the resonators. © 2011 Optical Society of America
OCIS codes: 130.3120, 230.5298, 230.4555, 200.4490.

There has been substantial recent interest in mapping co-
herent effects of atomic systems into on-chip microreso-
nator systems [1–7]. Whereas the coherent effects in
atomic systems occur due to the quantum interference
induced by coherently driving the atom with an external
laser, the coherent interference between coupled resona-
tors is enforced by the geometry of the nanophotonic
structure. As compared to atomic systems, these micro-
resonator systems are compatible with on-chip integra-
tion and room-temperature operation and are tunable
over a wide optical communication wavelength range.
In particular, there have been significant developments
in demonstrating the all-optical analogue to electromag-
netically induced transparency (EIT). In EIT, the narrow
transparency peak in the transmission spectrum is asso-
ciated with a large group delay, which has been experi-
mentally measured in a two-microresonator system [8].
As a static system, such a two-microresonator system
is fundamentally limited by the delay–bandwidth product
constraint—the maximum achievable delay is inversely
proportional to the operating bandwidth [9]. On the other
hand, in an EIT-like system, there is an opportunity to
overcome such a delay–bandwidth product constraint
by dynamic tuning [10]. Therefore, fully characterizing
the group delay spectrum, as well as demonstrating
the control of such a group delay, is an important step
forward in developing dynamic photonic systems.
In this Letter, we experimentally demonstrate the con-

trol of the group delay in a photonic-crystal (PC) device
consisting of two microresonators side coupled to a
waveguide (Fig. 1). We demonstrate a tuning of the group
delay between 5 and 16 ps in this device. When the peak
delay is 16 ps, the delay of the device is above 8ps over a
bandwidth of 20GHz. In particular, we demonstrate that
the group delay in this device can be controlled by tuning
either the propagation phase of the waveguide or the fre-
quency of the resonators.
A scanning electron microscope (SEM) image of the

top view of our PC structure is shown in Fig. 1(a).

The system consists of two resonators side coupled to
an optical PC waveguide. The center-to-center separation
of the resonators was L ¼ 140a, where a ¼ 386 nm was
the nearest-neighbor hole separation (lattice constant).
Details on the fabrication process are given in Ref. [6].
When properly designed, the system can exhibit an
EIT-like transmission spectrum, as discussed in Ref. [11].

Figure 2 shows the experimental setup used to mea-
sure the group delay of our PC device [Fig. 1] by the mod-
ulation phase shift method. A cw signal from a tunable
laser source is directed into a component analyzer, which
performs electro-optic modulation of its intensity at a fre-
quency ωm=2π. The modulation frequency is swept from
0.05 to 5GHz. Spectral broadening due to this modulation
is small compared to the device EIT spectral features.
The modulated light’s TE component is focused into the
inverse taper of the silicon strip waveguide. At the output
of the PC device, light is collected by a lensed single-
mode fiber, and 10% of this collected power is directed

Fig. 1. SEM images of the fabricated device. (a) Top view of
the photonic-crystal structure with two resonators (indicated
by arrows) side coupled to a waveguide, (b) magnified view
of the region around the left PC resonator. The tuning laser
position is also indicated by dashed white circles for both
the EIT-like (left circle) and far detuned (right circle) cases.
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onto a calibrated Ge photodetector for transmission
amplitude measurements. The remaining 90% of the col-
lected power is amplified by an L-band erbium-doped fi-
ber amplifier (EDFA) and directed to the input of the
component analyzer, which measures both the in-phase
iI and quadrature iQ components of the photocurrent
generated by the detected signal at a frequency ωm. From
the phase shiftΦðω;ωmÞ ¼ tan−1ðiQ=iIÞ ¼ ωmτGDðωÞ, the
group delay τGDðωÞ ¼ ∂Φ=∂ωm of the PC device can be
determined with an accuracy of about 1 ps, as limited
by the noise level of the optical detector.
Controlling of the device’s group delay is carried out

thermo-optically by either tuning the propagation phase
of the waveguide or detuning the PC resonators’ resonant
frequencies, using a 532 nm green laser focused to a
10 μm diameter spot size on the PC device [11].
Figure 3 shows the transmission and relative group de-

lay spectra for three different tuning conditions. Prior to
any temperature tuning, the detuning between the two
resonators is 0:35 nm. In Figs. 3(a)–3(d), we focus the la-
ser spot close to the center of the whole device in order
to dynamically tune the propagation phase in the wave-
guide. In the case of Figs. 3(a) and 3(b), the system’s
round-trip phase is ∼2nπ (where n is an integer) resulting
in an EIT-like transmission spectrum [Fig. 3(a)]. The cor-
responding measured relative group delay [Fig. 3(b)] has
a maximum value of 16 ps around the EIT-like transpar-
ency peak. This value exceeds the sum of delays from the
waveguide and the resonators by a factor of 4. Having
such excess delay indicates that the resonators do inter-
fere and, therefore, that the physics here is different from
the resonator system in Ref. [12]. In Figs. 3(c) and 3(d),
the round-trip phase is tuned away from 2nπ, resulting in
a more asymmetric transmission spectrum [Fig. 3(c)]
with a maximum relative group delay value of 12 ps
[Fig. 3(d)]. We next dynamically detune the resonant fre-
quency difference between the PC resonators to >1 nm
by aiming the laser spot closer to one of the resonators

(Fig. 1). In this far detuned case, the maximum relative
group delay is 5 ps [Fig. 3(f)].

The experimental transmission and group delay spectra
in Fig. 3 arewell described using coupledmode theory [4].
The field transmission of the system can be written as

tðωÞ ¼ tAðωÞtBðωÞ exp½jβðωÞL�
1 − rAðωÞrBðωÞ exp½j2βðωÞL�

; ð1Þ

where tA;B and rA;B are the transmission and reflection
coefficients, respectively, for resonator A or B, given by
the following equations:

tA;BðωÞ ¼
jðω − ωA;BÞ − γA;B

jðω − ωA;BÞ − ðγcA;B þ γA;BÞ
; ð2Þ

rA;BðωÞ ¼
γcA;B

jðω − ωA;BÞ − ðγcA;B þ γA;BÞ
; ð3Þ

where ωA;B is the resonant frequency of resonator A or B.
γA;B is its amplitude intrinsic loss rate, related to the intrin-
sic quality factorQintA;B as γA;B ¼ ωA;B=2QintA;B, and γcA;B is
the amplitude resonator–waveguide coupling rate, related
to the coupling quality factorQcA;B as γcA;B ¼ ωA;B=2QcA;B.
From Eq. (1), the system group delay is

Fig. 2. (Color online) Optical time-delay measurement setup.
The dotted black lines, triple blue lines, and single red line re-
present the RF coaxial cables, polarization-maintaining fibers,
and single-mode fibers, respectively.

Fig. 3. (Color online) Transmission spectrum (left) and rela-
tive group delay spectrum (right) of the PC device for three dif-
ferent tuning conditions. (a), (c), (e) Experimental data (solid
black line) and the theoretical fits (dashed blue line) of the
transmission spectrum, (b), (d), (f) experimental data (circles)
and the theoretical fit (solid blue line) of the relative group
delay spectrum.
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τGDðωÞ ¼
dArg½tðωÞ�

dω ¼ jrAðωÞrBðωÞjτGD;RTðωÞðjrAðωÞrBðωÞj − cos½θðωÞ�Þ − djrAðωÞrBðωÞj
dω sin½θðωÞ�

−jrAðωÞrBðωÞj2 − 1þ 2jrAðωÞrBðωÞj cos½θðωÞ�
þ τGD;DPðωÞ; ð4Þ

where θðωÞ ¼ Arg½rAðωÞ� þ Arg½rBðωÞ� þ 2βðωÞL is the
round-trip phase in the system, τGD;RTðωÞ ¼ dθðωÞ=dω is
the round-trip group delay in the system, and τGD;DPðωÞ ¼
dArg½tAðωÞ�=dωþ dArg½tBðωÞ�=dωþ LdβðωÞ=dω is the
“direct-path” group delay through the system. The system
relative group delay is obtained from Eq. (4) as follows:

ΔτGDðωÞ ¼ τGDðωÞ − τ0GD;DP; ð5Þ
where τ0GD;DP ¼ τGD;DPðωÞ is the constant system group
delay value in the frequency region far away from the re-
sonators’ resonances where the reflections rA and rB in
Eq. (4) are 0.
At the peak of the EIT-like transmission spectrum, the

round-trip phase θðω0Þ is 2nπ and the system group delay
[Eq. (4)] becomes τGDðω0Þ ¼ τGD;RTξþ τGD;DP, where
ξ ¼ jrArBj=ð1 − jrArBjÞ. In this system, the dark state
(i.e., the high-Q resonance) is the Fabry–Perot resonance
between the resonators, while the low-Q resonances are
the resonators themselves. The coupling between them
gives rise to the EIT-like effect.
The dashed and solid blue lines in Fig. 3 show the the-

oretical fits for the transmission spectrum [Eq. (1)] and
relative group delay spectrum [Eqs. (4) and (5)]. In the
plots, the dispersion for the waveguide was obtained
from direct numerical simulation of the waveguide:
βðωÞ ¼ 5:6 × 10−8m−1 s ω − 7:3 × 107 m−1. The resonance
frequencies ωA and ωB were found from the minima in
the transmission spectra, and the remaining parameters
were fitted using the transmission spectra in the follow-
ing manner.QcA;B was adjusted between 1600 and 4700 to
fit the background wide transmission dip, and QintA;B was
adjusted between 11,000 and 32,000 to fit the amplitude
of the central peak. The waveguide length was adjusted
between 54:04 μm and 54:14 μm to fit the shape of the
central peak. These adjustments in the parameters be-
tween the plots in Fig. 3 are due to the effects of the ther-
mo-optical tuning of the propagation phase of the
waveguide and the PC resonators’ resonant frequencies
that were performed in the experiments.
In the case of Fig. 3(b), the relative group delay of the

system is enhanced by the first term in Eq. (4) for the
wavelength region where there are multiple construc-
tively interfering reflections between the resonators
(i.e., round-trip phase θðωÞ ≈ 2nπ), and the measured
maximum relative group delay exceeds the minimum
group delay of the system [τGD;DP in Eq. (4)] by a factor
of 4. As for the far detuned case of Fig. 3(f), there is very
little coherent interaction between resonators for all
wavelengths, and the group delay of the system is mainly
due to the direct-path delay, τGD;DPðωÞ.

In conclusion, we have experimentally demonstrated
two methods of controlling the group delay in an on-chip
PC resonator system. By dynamically tuning the propaga-
tion phase of the waveguide, we demonstrated relative
group delay control between 12 ps and 16 ps. Alterna-
tively, by dynamically tuning the resonant frequencies
of the PC resonators, we were able to control the relative
group delay between 5 ps and 16 ps. Our work on the
above two ways of controlling the group delay is an im-
portant step toward the realization of a dynamic light
trapping system [10]. Although the thermo-optical tuning
method used in our experiments can only have modula-
tion rates of up to ∼1MHz, faster modulation rates, great-
er than 20GHz, can be achieved using the fully integrated
carrier injection/removal tuning methods discussed in
Refs. [13,14].
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