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We demonstrate ultrafast delay tuning of a slow-light pulse with a response time <10 ps. This is

achieved using two types of slow light: dispersion-compensated slow light for the signal pulse, and low-

dispersion slow light to enhance nonlinear effects of the control pulse. These two types of slow light are

generated simultaneously in Si lattice-shifted photonic crystal waveguides, arising from flat and straight

photonic bands, respectively. The control pulse blueshifts the signal pulse spectrum, through dynamic

tuning caused by the plasma effect of two-photon-absorption-induced carriers. This changes the delay by

up to 10 ps only when the two pulses overlap within the waveguide and enables ultrafast tuning that is not

limited by the carrier lifetime. Using this, we succeeded in tuning the delay of one target pulse within a

pulse train with 12 ps intervals.
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Photonic crystal waveguides (PCWs) generate slow light
because of the small slope of the photonic band d!=dk [1].
Slow light enhances light-matter interactions and enables
the miniaturization of photonic devices. Some modified
PCWs produce a straight band, which we refer to as a low-
dispersion (LD) slow-light band [2–4]. This compresses
the propagating pulse in space and enhances nonlinearities
[5–7]. We have proposed and studied lattice-shifted PCW
(LSPCW) as such a modified PCW and observed large
two-photon absorption (TPA), self-phase modulation, and
four-wave mixing (FWM) in Si-based devices at wave-
lengths �� 1550 nm [5,7]. For large lattice shifts, a flat
band also appears at another frequency, which generates
narrow-band slow-light, giving a long delay. When an
index chirp is formed along the LSPCW, the flat-band
frequency is shifted with position and its delay is averaged.
This also allows short pulses to propagate as dispersion-
compensated (DC) slow light whose bandwidth and delay
are controlled by the chirp range [8]. Tunable delays
<100 ps have been obtained by the thermo-optic (TO)
effect, while its switching response time is as long as the
10 �s order [9,10]. In this Letter, we report that the two
types of slow light, LD and DC, are generated simulta-
neously in the LSPCW, and that ultrafast delay tuning of
the DC slow light (signal pulse) is possible by using the
TPA-induced carrier plasma effect, which is enhanced by
the LD slow light (control pulse). The carrier plasma effect
is much faster than the TO effect. However, its response is
usually limited by the carrier lifetime of sub-ns to ns order
and is still too slow for many applications. Our method
breaks this limit and allows a response time <10 ps. Even
though the tuning range is narrower than that of the TO
effect, such a fast response is applicable to the retiming of
high-speed optical signals, for example.

Let us explain the principle in more detail. Figure 1
summarizes the fabricated LSPCW, index chirp in Si
and calculated bands (see Supplemental Material for the
device structure, fabrication, and band calculation [11]).
The chirp, preformed by, for example, sloped heating,
shifts the band frequency but does not change the band
shape significantly provided that the chirp range is small.
Therefore, for pulses with a spectrum overlapping with and
narrower than the LD band, the same low-group velocity
and low dispersion are maintained even with the chirp. On
the other hand, the flat band (blue line) shifted by the chirp
gives an averaged delay in the DC band, and the total group
velocity dispersion (GVD) is canceled by the opposite
GVD characteristics sandwiching the flat band. A larger
chirp expands the DC band while reducing the averaged
delay. When the incident LD pulses are intensified, the
TPA-induced carrier plasma effect occurs. Since the pulse
decays during the propagation owing to any losses, the
carrier plasma effect is also sloped. This modifies the chirp
profile and hence the delay of the DC pulse. Now we use
the condition that the LD pulse propagates faster than the
DC pulse. If the LD pulse is incident first and generates
carriers, the delay changes simply, as mentioned above,
within the carrier lifetime (we call it the static tuning). On
the other hand, if their order is reversed and they overlap
temporarily in the waveguide, carriers generated within the
overlap duration cause adiabatic wavelength conversion
[12–17] in the DC pulse (dynamic tuning) simultaneously
with modifying the chirp. This results in a larger change of
the delay. So far, the delay tuning through the wavelength
conversion (FWM) and GVD in fibers has been reported
[18]. Our method, on the other hand, completely achieves
this on a chip based on the dynamic tuning and slow-light

engineering. It does not require a large �ð3Þ but an efficient
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carrier plasma effect, and it achieves a much higher effi-
ciency. Moreover, the ultrafast delay tuning is possible,
because the overlap duration is independent of the carrier
lifetime but can be preset by the device length and also
controlled externally by the incident timing of the two
pulses.

In the following, we show some experimental results.
Figure 2 shows the measured transmission and group delay
spectra of fabricated LSPCW, where the chirp was not
formed intentionally but some nonuniformity in the device
might form a slight chirp. At the DC band, a dip and peak
appear in these spectra, respectively. The dip is because of
losses enhanced by the slow-light effect at the DC band.
The LD band also appears on the long wavelength side. In
the delay tuning experiment, we preformed the index chirp
by heating the center of the LSPCW so that the delay peak
at the DC band is moderated further. We generated a 4.9 ps

wide signal pulse and 2.4 ps wide control pulse at the DC
and LD bands, respectively, and launched on the LSPCW
after tuning the incident timing. Then, we measured the
waveform and spectrum of the output signal pulse (see
Supplemental Material for the detail of the measurement
[11]). Figure 3(a) shows the waveforms of the signal pulse
at different incident timings of the control pulse,�tc, while
Fig. 3(b) plots the temporal peaks of the waveforms that
correspond to the delay of the signal pulse, �ts. We can
see two regimes: (i) at �tc <�1 ps, a small positive
�ts occurs, and its dependence on �tc is small; and
(ii) at �1 � �tc � 9 ps, �ts decreases significantly and
depends strongly on �tc. In both regimes, the pulse
shape is almost maintained, although slight distortion and
splitting are observed in (ii).
In regime (i), small �ts is observed even at �tc <

�100 ps. Since the control pulse already exits from the
LSPCW when the signal pulse enters, the delay in (i)
should be because of the TPA-induced carriers already
existing and remaining in the LSPCW. This is confirmed
from the behavior of �ts at different signal wavelengths
and the change of the output signal pulse spectrum, as
shown in Fig. 4. The delay in (i) changes with the wave-
length and switches from positive to negative on the long
wavelength side. The output spectrum [A corresponds to (i)
in Fig. 4(b)] shows little changes with and without the
control pulse; only the spectral intensity decreases with
the control pulse because of the free carrier absorption.
To summarize these results, the delay versus spectral peak
characteristics are plotted with and without the control
pulse as open and closed circles, respectively, at various
input wavelengths, as shown in Fig. 5(a). Here, closed
circles are lying on the original group delay spectrum
(solid line), while open circles should be on the changed
group delay spectrum (the dashed line can be drawn so as
to pass through open circles). It is seen that, with the
control pulse, the delay spectrum blueshifts and expands
slightly, while the signal spectrum does not change at all.
This blueshift makes �ts positive at shorter wavelengths
and negative at longer wavelengths. Let us go back to
Fig. 3(b). j�tcj that reduces �ts to 1=e of its maximum
should give the carrier lifetime. It is estimated to be 120 ps,
which is similar to 100 ps in a Si photonic crystal nano-
cavity [19], explained to be dominated by carrier diffusion.
In regime (ii), on the other hand, a large negative �ts up

to�10 ps occurs within the narrow range of �tc in Fig. 3,
but it turns positive on the long wavelength side in
Fig. 4(a). The behaviors arise from the blueshift in the
signal spectrum [B corresponds to (ii) in Fig. 4(b)]. The
same summary as for (i) can be plotted for (ii), as shown in
Fig. 5(b). In contrast to (a), the group delay spectrum does
not change, while circular plots blueshift along the group
delay spectrum. One possible reason for the blueshift is
cross-phase modulation, which occurs when the control
pulse overtakes the signal pulse. However, that caused in

FIG. 2 (color online). Light propagation characteristics of the
fabricated LSPCW for TE-like polarization. (a) Transmission
spectrum, normalized by that of a Si wire waveguide with the
same length. (b) Group delay and group index (ng) spectra with a

wavelength resolution of 0.6 nm. ng at the delay peak and at the

center of LD band are 65 and 35, respectively.

FIG. 1 (color online). LSPCW and slow light. (a) Scanning
electron micrograph of the device fabricated by CMOS-
compatible process and schematic of the two slow-light pulses.
(b) Index chirp in Si. (c) Calculated photonic bands for
transverse-electric-like (TE-like) polarization, assuming the
index chirp in (b). Blue dots on bands indicate that the GVD
of DC slow-light changes from positive (left), zero (center), to
negative (right).
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terms of �ð3Þ is fundamentally small, and its spectral red-
and blueshifts occurring at the rising- and falling-edges of
the control pulse, respectively, almost cancel each other.
Therefore, the main reason should be the dynamic tuning.
At the moment that the two0 pulses overlap, the signal
pulse spectrum blueshifts together with the delay spec-
trum, but this does not change the delay of the pulse.
Rather, the delay changes when the signal pulse goes
forward slightly and enters the next section whose delay

spectrum is not yet changed by the dynamic tuning; the
delay decreases (increases) when the pulse wavelength is
shorter (longer) than the delay peak. Repeating this process
finally gives a large negative (positive) �ts, the blueshift
in the signal pulse, and no explicit change of the group
delay spectrum, as depicted in Fig. 5(b). These effects are
maximized when the two pulses overlap near the input end
of the LSPCW where the control pulse has the maximum
power. In fact, the largest �ts in (ii) occurs within the gray

FIG. 3 (color online). Observed delay tuning. (a) Cross-correlation traces of output signal pulse at different �tc. Here, �tc ¼ 0
corresponds to the control and signal pulses being incident simultaneously, and �tc > 0 is when the control pulse is incident later. For
the delay �ts of the signal pulse, the pulse peak without the control pulse is used for reference. (b) �ts versus �tc characteristics.

FIG. 4 (color online). Dependence of delay tuning on signal pulse wavelength. (a) �ts versus �tc characteristics. Gray zones depict
the timing that the control and signal pulses overlap at the input end. (b) Spectra of the output signal pulse. A–C correspond to the
points indicated in (a).
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zone satisfying this condition, as shown in Fig. 4(a). Since
the two pulses have different temporal widths, the overlap
is partial and the blueshift is nonuniform, leading to some
distortion and splitting in the pulse. When the control pulse
is incident too late, it cannot overtake the signal pulse in
the LSPCW. Therefore, the delay and spectrum in C of
Fig. 4 do not change at �tc > 10 ps. It is seen from these
considerations that the response time can be shortened
by shortening the LSPCW and the overlapping duration.
Moreover, j�tsj can be increased by intensifying the con-
trol pulse. In fact, we observed that the maximum j�tsj
is tuned in the range of 3:5–11 ps when the intensity is
changed by 5 dB.We can also increase j�tsj by broadening
the control pulse and elongating the LSPCW, while in this
case, the switching becomes slower.

By using the fast response, we can tune the delay of one
target pulse in a pulse train with an interval over 10 ps.
To demonstrate this, we prepared a train of four pulses
with a 12� 1 ps interval using a Si photonics circuit (see
Supplemental Material for the details of this circuit [11]).
The circuit is inserted in the optical path for producing the
signal pulse, and the delay tuning is observed, as shown in
Fig. 6. Here, intensities of all pulses are normalized so that
the delay is more visible. (If they are not normalized, the
intensity of the delayed pulse is reduced by�20% because
of the free carrier absorption and pulse distortion.) The
delay of the target pulse is reduced by 2:0–2:6 ps using
regime (ii) by adjusting �tc. The delay of the pulse next to
the target increases slightly (< 1 ps) because of regime (i).

This increase can be minimized by optimizing the wave-
length, as can be seen in Fig. 4(a).Meanwhile, the change of
the delay in regime (ii) suggests that, when the signal pulse
is incident behind and ahead of a reference timing [center of
the gray zone in Fig. 4(a)], its delay decreases and increases,
respectively, andminimizes the time lag from the reference.
This means that it can be applied for the retiming of a
disordered signal pulse train when the control pulse is
continuously incident as a clock.
In conclusion, we succeeded in tuning the delay of the

signal pulse all optically using two types of slow light in
the LSPCW. Here, the TPA-induced carrier plasma effect
gives rise to the dynamic tuning, resulting in the ultrafast
delay tuning that is not limited by the carrier lifetime but
instead by the device length and the incident timing of the
control pulse. Integrating the LSPCWwith heaters and p-n
diodes, using a CMOS-compatible process, we can control
externally not only the delay characteristics but also the
target wavelength and dispersion [10]. Therefore, flexible
delay tuning of ps pulses will be possible using an all
in-line setup, which is suitable for practical applications
such as the retiming of optical signals.
This work was partly supported by the FIRST Program
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FIG. 5 (color online). Summary of the delay and spectrum of
the signal pulse with and without control pulse (circles) and
group delay spectrum of LSPCW with preformed index chirp
(solid line). Closed and open arrows suggest the behaviors of
signal pulse and group delay spectrum, respectively. (a) Static
tuning in regime (i). Open circles are plotted for �tc ¼ �10 ps.
Dashed line is drawn so as to pass through open circles.
(b) Dynamic tuning in regime (ii). Open circles are plotted for
�tc ¼ 0 ps.

FIG. 6 (color online). Selective delay tuning of one target
pulse in a pulse train. Light and dark colored lines show
normalized correlation traces of output pulses observed with
and without control pulse, respectively. The basis of the lateral
axis is the same as for �tc. Pulse position is evaluated as the
center between the half maxima.
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