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Storing light on-chip, which requires that the speed of light
be significantly slowed down, is crucial for enabling photonic
circuits on-chip. Ultraslow propagation’~ and even stopping**
of light have been demonstrated using the electromagnetically
induced transparency effect in atomic systems*® and the
coherent population oscillation effect in solid-state systems?.
The wavelengths and bandwidths of light in such devices are
tightly constrained by the property of the material absorption
lines, which limits their application in information technologies.
Various slow-light devices based on photonic structures have
also been demonstrated®'’; however, these devices suffer a
fundamental trade-off between the transmission bandwidth
and the optical delay. It has been shown theoretically' " that
stopping light on-chip and thereby breaking the fundamental
link between the delay and the bandwidth can be achieved by
ultrafast tuning of photonic structures. Using this mechanism,
here we report the first demonstration of storing light using
photonic structures on-chip, with storage times longer than the
bandwidth-determined photon lifetime of the static device. The
release time of the pulse is externally controlled.

The optical delay in a passive photonic structure is
fundamentally limited by the bandwidth of the structure; to break
this limit, dynamic tuning of the optical structure needs to be used.
This can be understood by considering an optical resonator coupled
to an adjacent waveguide. In such a structure, light coupled into the
resonator from the waveguide will continuously couple back into
the waveguide and travel forward. To hold the light in the resonator
indefinitely, the resonator has to be completely decoupled from the
waveguide. However, by definition, it is impossible to couple light
into the completely decoupled resonator. Therefore, storing light
using resonators requires the following steps: (1) coupling light
from the waveguide into a resonator with a high optical coupling
to the waveguide (we call this an open cavity); (2) storing light
inside the resonator by dynamically tuning the coupling between
the resonator and the waveguide to zero (we call it a closed cavity)
while light is inside the resonator; and (3) releasing the stored light,
by dynamically tuning the coupling between the resonator and the
waveguide back to a high value so that the cavity is open again.
The key to this operation is the ultrafast tuneability of the coupling
between an optical cavity and an optical waveguide with a tuning
time much shorter than the photon lifetime of the cavity.

Tuning of an integrated optical cavity in a timescale below
nanoseconds is usually achieved through tuning the refractive
index of the material forming the cavity. However, in traditional
resonator structures, tuning the refractive index usually results
in a wavelength shift of the resonance and only a minor change

406

in the resonator’s coupling to the adjacent waveguides. Here, to
externally control the coupling of a resonator, we use the device
shown in Fig. la, which holds a high-quality-factor (Q) resonant
mode owing to the coherent interference between two low-Q ring-
resonator modes”'**~'. This high-Q mode circulates in both ring
resonators following the direction of the dashed arrows in Fig. 1a,
and will be called the supermode hereafter. The coupling of this
supermode and the adjacent waveguides is determined by the
detuning between the two ring resonators™’, which depends on
the refractive index of the silicon forming each ring. The smaller
the detuning, the lower the coupling. If the two ring resonances
are identical, the supermode can be completely isolated from the
waveguide, forming a closed cavity. We have recently showed fast
tuning of the resonant wavelength of silicon resonators'’™"* through
the free-carrier dispersion effect®. Using the same mechanism, we
can now dynamically tune the coupling of the supermode, which
enables the storage of light on-chip.

The structure shown in Fig. 1a was fabricated on a silicon-on-
insulator platform®. The radius of each ring resonator is 7 um. The
centre-to-centre distance between the two ring resonators is 22 um.
Therefore, the total length of the device is less than 40 um.

Figure 1b—g shows the measured spectra and waveforms at the
three stages of the storing and releasing operations. Figure 1b
shows the transmission spectrum of the structure in the initial state
of the device. The detuning between the two ring resonances is
Ay — Ay = 0.35nm, where A, and A are the resonant wavelengths
of rings A and B respectively. The full-width at half-maximum
bandwidth of the supermode is ~0.09nm, corresponding to
~11 GHz. This state of the resonator, with relatively high input
bandwidth, is used as the open-cavity state to couple light into the
cavity. A 14 ps gaussian pulse, with the centre wavelength aligned
with the supermode peak, is sent into the device. If no dynamic
tuning of the cavity occurs, light leaks out of the cavity continuously
as it couples into the cavity. Figure le shows the waveform of
the output pulse where the tail of the output pulse follows an
exponential delay curve (the dashed line) with a time constant of
18.6 ps, determined by the photon lifetime of this open cavity.

To close the cavity and store the pulse, the two ring resonators
are tuned into resonance in a timescale shorter than the open-
cavity photon lifetime, by injecting a 1.5 ps optical control pulse
at a wavelength of 415nm on top of ring A. This control pulse
is absorbed by the silicon ring, generates free carriers and blue-
shifts A, owing to the free-carrier dispersion effect in silicon'®*.
The measured transmission spectrum of the closed cavity is shown
as circles in Fig. 1c. The sharp peak from the supermode is absent in
the spectrum. This is because the supermode is decoupled from the
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Figure 1 The device structure and the storing light operation. a, Top-view microscopic picture of the fabricated device. The device dimensions and the direction of the
light travelling in the device are shown. b—d, Transmission spectra for the three stages of the storing and releasing operations: spectrum of the open cavity (b); spectrum of
the closed cavity after the first control pulse (c); spectrum of the reopened cavity after the second control pulse (d). The circles are the measured data and the dashed lines
show the spectra fitted to a theoretical model. e-g, Measured output waveforms for the three stages of the storing and releasing operations: output waveform without
dynamic tuning (e), the dashed line is an exponential fit to the tail of the output pulse; output waveform with the first control pulse at 89 ps, which closes the cavity (f); output
waveform with the first control pulse at 89 ps and the second control pulse at 130 ps (g). h+j, Simulated dynamics of the output optical power and the intracavity optical
power: without dynamic tuning (h); with the control pulse at 89 ps (i); with the first control pulse at 89 ps and the second control pulse at 130 ps (j).

waveguide, which implies that we cannot observe its existence from
the transmission of the waveguide. The waveform of the output
signal is shown in Fig. 1f, where the injection time of the control
(t =89 ps) is marked by an arrow. It can be seen that the output
power drops to almost zero once the cavity is closed by the control
pulse. This drop in transmission occurs because the optical power is
now stored inside the cavity, instead of leaking out. The cavity can
be kept in the closed state for hundreds of picoseconds before the
generated carriers recombine and the ring resonance shifts back to
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its original state, because the carrier lifetime in these ring resonators
is measured to be 700 ps. Refreshing control pulses with a time
interval of less than 700 ps can be used to maintain the carrier
density in ring A, if a longer storage time is needed.

To release the stopped light following a given delay, we can
reopen the cavity using another control pulse on top of ring B,
and blue-shift its resonance. Following this second control pulse,
the two ring resonances are again detuned from each other, and
the supermode reappears on the transmission spectrum (Fig. 1d).
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Figure 2 Output waveforms with different storage times. The first control pulse is fixed at 89 ps. The storage time is determined by the timing of the second control pulse
for releasing the stored light. a, Releasing at 102 ps; storage time = 13 ps. b, Releasing at 130 ps; storage time = 41 ps. ¢, Releasing at 158 ps; storage time = 69 ps.

d, Releasing at 186 ps; storage time = 97 ps.

Figure 1g shows the waveform of the output signal when the second
control pulse is delayed by 41 ps from the first control pulse, where
41ps is the storage time. It can be seen that a released pulse
appears after the second control pulse. The timing of the release
of light is completely determined externally, by the timing of the
second control pulse. Figure 2 shows the output waveforms when
the delay between the second control pulse and the first control
pulse (storage time) is varied over a span of 84 ps. It can be seen
that the timing of the released pulses can indeed be tuned with the
delay of the second control pulse. Note that the supermode peak
in Fig. 1d has less transmission than the original supermode peak
in Fig. 1b because of the extra free-carrier absorption loss® in the
reopened cavity.

The spectra of the device in all three stages are fitted with
a frequency-domain model’, and are shown as dashed lines in
Fig. 1b—d. The parameters of the device’, including the intrinsic
Q(=143,000) and coupling Q of the ring resonators, the free-
carrier absorption loss and the resonant wavelengths, 4,, Az and
Aw> at each stage are obtained from the fittings. These parameters
are used in a time-domain dynamic model based on the transfer-
matrix method to simulate the optical power inside the resonators
and the output optical power, when the tuning scheme is the same
as that in the experiment. The results are shown in Fig. 1h—j. It can
be seen that the measured waveforms agree well with the simulated
ones, except that the measured waveform has a longer transition
time and some ripples after sharp transitions due to the imperfect
detector response, which is not present in the simulation. From
Fig. 1h, it can be seen that the intracavity optical power and the
output pulse decay at the same rate, indicating that the decay
time of the output pulse shown in Fig. le is indeed equal to the
photon lifetime of the open cavity. Figure 1i shows that, when
the cavity is closed, the output power of the device immediately
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drops to zero, and the decay rate of the intracavity optical power
reduces compared with that of the open cavity, because the cavity is
decoupled from the waveguides.

For a completely closed cavity, light could be stored inside the
cavity indefinitely if the cavity was lossless. In the experiment, the
stored optical energy continuously drops owing to both scattering
loss characterized by the intrinsic Q of the cavity and extra loss
from the free-carrier absorption effect. Note that these losses can
be overcome by optimizing the fabrication process®' and the tuning
process™. The squares in Fig. 3 show the experimentally measured
relationship between the peak power of the released pulse and
the storage time. These squares can be fitted very well with an
exponential decay curve (the solid line), which agrees well with
the simulated intracavity power decay curve of the closed cavity
shown in Fig. 1i. The time constant of the decay curve in Fig. 3,
which is measured to be 43.3 ps, is the photon lifetime of the
closed cavity. Despite the extra loss from the free-carrier absorption
effect, the photon lifetime of the closed cavity is longer than
that of the open cavity (18.6ps), enabling the storage time to
overcome the traditional delay-bandwidth product limit. Note that
part of the input light leaks into the output waveguide before the
cavity is closed, which is independent of the releasing time and is
shown as initial peaks in Fig. 2. This is due to the limited optical
path length of the device, whereas theoretical studies show no such
leakage in multiple cascaded cavities''.

The storing of light operation shown here is associated with
a bandwidth compression of the light">. When the resonator is
adiabatically tuned, the spectral property of the light that is
circulating in the resonator during the tuning process follows the
spectral property of the resonance mode*?*. In this experiment,
when the cavity is closed, and the linewidth of the supermode
is compressed, the linewidth of the light stored in the closed
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Figure 3 The temporal decay of optical energy stored in the cavity. The squares
are the measured peak powers of the released pulses with different storage times.
The solid line is an exponential decay curve with a time constant of 43.3 ps fitted to
the squares, which is proportional to the temporal decay of the optical energy in the
closed cavity. The dashed line is the tail of the output waveform of the device
without any control pulse, which is proportional to the temporal decay of the optical
energy in the open cavity.

cavity is also compressed”’. When the cavity is reopened, the
supermode wavelength, Ay, is blue-shifted from the original
resonant wavelength, A,,. Therefore, the released pulse from the
reopened cavity centres at A, blue-shifted from the input pulse
wavelength. We can compare the spectrum of the released pulse
and that of the input pulse by comparing the spectra following
different release times. The spectra measured following a longer
storage time will have a smaller signature of the stored pulse owing
to the losses in the closed cavity. Figure 4 shows the spectra of
output signals with storage times of 35 ps (solid line) and 108 ps
(dashed line), measured with an optical spectrum analyser. We can
identify on the solid line a peak at A, associated with the released
pulse, which is blue-shifted from the main peak associated with
the leaked input pulse. Note that to tune and to compress the
bandwidth of the light without scattering to other resonant modes
of the rings, the tuning of the ring needs to be adiabatic, that is,
the tuning time needs to be much longer than 1/Aw (ref. 24),
where Aw is the difference in angular frequency between resonant
modes. For the device measured here, the free-spectral range is
12.1 nm, corresponding to 1/ Aw = 100 fs. The tuning time in the
experiment is ~1.5 ps, much longer than 1/ Aw.

When the cavity is closed and the bandwidth of the light
is compressed, the cavity mode stores the energy and the phase
of the input optical pulse, but not the shape of the pulse. The
spectral and temporal shape of the released pulse is determined by
the property of the reopened cavity. This is evident from Fig. 1j,
where the released pulse has an exponential tail determined by the
photon lifetime of the reopened cavity. To store the shape of an
optical input, or to store multiple pulses, we would need to cascade
multiple pairs of ring resonators'™".

Finally, with our recent demonstration of fast electro-optic
tuning of the ring resonances with built-in p—i—n junctions'?,
electrically controlled storage of light could be achieved. When the
cavity closure is carried out by carrier extraction, the storage time
is limited only by the intrinsic Q of the individual ring resonator,
completely independent of the input bandwidth of the device.
With the recent demonstration of Q ~ 4.8 x 10° in a silicon ring
resonator”, a storage time of several nanoseconds is possible, while
the input bandwidth is kept over 10 GHz.
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Figure 4 The spectra of the optical output. The spectra when the storage time is
35 ps (green solid line) and 108 ps (black dashed line).

METHODS

The resonances of ring resonators are tuned using control pulses injected
out-of-plane. 1.5 ps optical pulses at a wavelength of 830 nm with a repetition
rate of 76 MHz are generated by a Ti:sapphire mode-locked laser. These pulses
are split using a beam splitter. One output is used to pump an optical
parametrical oscillator to generate the probe pulses at ~1,547 nm. The other
output is used to pump a beta-barium borate crystal for second-harmonic
generation. The second-harmonic generation output at a wavelength of 415 nm
is further split into two beams of control pulses, one is synchronized to the
probe pulse to close the cavity, the other, with a tuneable delay, is used as the
second control to reopen the cavity.

Both control beams are coupled into short optical fibres (~1 m long). The
other ends of the fibres are cleaved and aimed at the two rings from ~45°
out-of-plane, and are brought very close to the device. Therefore, the spot size
of each control beam is close to the size of the 10 um fibre core. Each control
pulse is absorbed by silicon and generates free carriers in the ring and
blue-shifts the resonant wavelength of the ring. The energy of each control
pulse is ~13 pJ. From the resonance shift, we estimate that ~0.8 p]J is absorbed
by the silicon ring.

The output of the optical parametrical oscillator is coupled into a
single-mode optical fibre and sent through a 0.25 nm grating filter, from which
the 14 ps gaussian probe pulses are obtained. The probe pulses are set to the
quasi-transverse-magnetic polarization and are sent into the silicon waveguide
through a tapered lens fibre with a mode-field diameter of 3.8 um. The output
from the silicon waveguide is coupled back into the single-mode optical fibre
using a lens and a fibre collimator. The silicon waveguide is Z-shaped with a
total length of ~7 mm. Both the straight waveguides and the curved waveguide
forming the rings have a height of 250 nm and a width of 560 nm. Nanotapers®
with a tip width of 80 nm are used in each side of the waveguide to reduce the
coupling loss between the optical fibre and the waveguide. The fibre-to-fibre
insertion loss of the device (at the wavelengths away from the ring resonances)
is ~7 dB. Half of the output optical signal is sent to a fast detector with a 15 ps
rise and fall time and a sampling oscilloscope to record the time-domain traces
shown in Figs 1le-g and 2. The other half of the output optical signal is sent to
an optical spectrum analyser with a nominal resolution of 0.07 nm to record
the spectra shown in Fig. 4.

To measure the transmission spectra of the device before and after each
control pulse, a continuous-wave probe light generated by a tuneable laser is
sent into the device. The time-domain traces of the output optical power are
recorded by the fast detector and the sampling oscilloscope. Three time spans
are selected out from the traces, which are the time before the first control
pulse, the time 50-80 ps after the first control pulse and the time 50-100 ps after
the second control pulse (the delay between the second and the first control
pulse is ~90 ps in this measurement). For each wavelength, the average output
power in these three time spans is used to plot the data points in the spectra in
Fig. 1b—d, respectively. These time spans are chosen to minimize the artefacts
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from the detector response and the carrier recombination. However, as can be
seen from Fig. 1f, the detector response shows small but long-lived ripples after
a sharp transition. These ripples cause a slight distortion of the measured
spectra in Fig. 1c,d at the original supermode peak wavelength (4, in Fig. 1b).

Received 15 November 2006; accepted 29 March 2007; published 22 April 2007.
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