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Abstract: We have studied wideband dispersion-free slow light in
photonic crystal waveguides and other photonic nanostructures, which
allows tunable delays in short optical pulses and the enhancement of
light-matter interaction. This paper demonstrates the state-of-the-art
devices fabricated by CMOS-compatible process, where compact de-
vices of 200—400 um lengths are integrated with Si photonics compo-
nents and controlled by DC and AC electronics. They are applied for
dispersion controllers, optical correlators, DQPSK receivers, retiming
of pulse train, two-photon absorption photo-diodes and Mach-Zehnder
modulators.
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1 Introduction

Slow light is light with a group velocity vy much smaller than that in vacuum
c. The group index ng denoting the slowdown factor of optical pulses is
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defined by ng = ¢/vg, and is given by
ng = c(dk/dw) =n + w(An/Aw) = An/(Aw/w) when ng>n (1)

where k is the wave number, w is the frequency and n is the material or
modal index. Eq. (1) indicates that slow light is generated by the large
first order dispersion in some anomalous media and photonic nanostructures.
However, since An cannot be higher than 1 in any cases, Eq. (1) also suggests
that a large ng is obtainable in a particularly small Aw; in other words, ng
and Aw are trade-off. In addition, the large first order dispersion is often
accompanied by large higher-order dispersions [1], which expand and deform
the pulses severely and hampers the wide range of applications of slow light.

Based on such backgrounds, we have studied wideband dispersion-free
slow light in photonic nanostructures and particularly photonic crystal (PC)
waveguides [2]. Nanostructures consisting of high-index-contrast media achieve
a large An over 0.1 and allow wider design flexibility for suppressing higher
order dispersions. In this paper, we give an overview of nanostructure-based
slow light and its applications. In the next section, we first summarize ex-
pected effects and potential applications. In Section 3, we discuss dispersion-
free slow light and some structures. In Section 4, we describe the device
fabrication using Si CMOS- compatible process, one of the recent progress
toward large-scale integrations of slow light devices. In Sections 5, we show
some applications demonstrated to date. Note that we omit the fundamen-
tals of PCs and standard PC line-defect waveguides. For further studies on
these matters, please refer to [3, 4].

2 Expectations and applications

The ng-Aw constraint is essential for any slow light, provided that the op-
tical spectrum is conserved during the propagation. Therefore, one should
know the maximum ng expected for one’s target bandwidth. Let us assume
common values n = 3 and An = 0.2 in photonic nanostructures at wave-
lengths A ~ 1.55 um. If slow light is applied to 100-Gbps non-return-to-zero
(NRZ) signals, for example, the relative bandwidth is Aw/w = 0.00052 and
ng derived from Eq. (1) is ~ 380 (its enhancement factor ¢ against ng ~ 4.2
in Si wire waveguides [5] is 90). If it is applied to Gaussian pulses with a
full-width at half maximum (FWHM) of 1ps, Aw/w = 0.0023 and n, = 90
(& = 21). If the full C-band operation at A = 1.530 — 1.565 ym is neces-
sary, Aw/w = 0.023 and n, = 12 ({ = 2.9). In earlier studies, huge ng
over 10* were focused and investigated, although their bandwidths were very
narrow. As compared to them, the above wideband ng appears to be small,
but still the above n, with sufficient bandwidths are advantageous in many
applications. From more practical points of view, n, > 100 is difficult to
use because it causes a large loss. As slow light enhances the interaction
with the structure, the scattering loss due to the structural disordering is
expected to increase linearly with ng. It has been indicated, however, that
ng > 40 accelerates the scattering into backward slow modes, resulting in
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the ng>-dependent loss [6, 7]. The threshold ng between the ng and ng? de-
pendences can be increased by reducing the disordering, while at present,
ng < 40 (£ < 10) is a reasonable value for avoiding the severer loss.

Figure 1 summarizes possible applications of slow light. They are catego-
rized into those using tunable delays and enhanced light-matter interaction.
Tunable delays have been anticipated to achieve optical buffer memories in
next era photonic networks. However, they are still challenging targets as
they require a long buffering time of over 1 us, which corresponds to a prop-
agation length of 7.5m with ny, = 40. Such long propagation cannot be
obtained with a moderate loss. There are other more realistic applications
of tunable delays. Retiming and multi-/demulti-plexing (MUX/DEMUX) of
pulses do not require long delays but a tuning response time shorter than
pulse width. If the group velocity dispersion (GVD) is controllable, it can be
used for dispersion compensation. Even though the tuning response is slow,
the tunable delay makes the demodulation rate of differential quad-phase shift
keying (DQPSK) receivers to be variable. Arbitrary delay tuning in a multi-
branching circuit can conduct digital signal processing of short pulses such as
finite impulse response (FIR) filters. Those in arrayed waveguides allows effi-
cient phase array antennas at micro-/millimeter-wave frequencies. They will
also miniaturize and simplify the pump-probe and correlation measurement
systems, which are currently using mechanically tunable delay lines. On the
other hand, the enhanced light-matter interaction occurs due to the elongated
duration of light propagation as well as enhanced peak intensities of pulses.
They will increase various optical nonlinearities such as two-photon absorp-
tion (TPA), self-phase modulation (SPM) and four-wave mixing (FWM), and
improve the efficiency of phase modulation and optical amplification.

in DC slow light

Memory Re-Timing Dispersion  Coherent Receiver Pump-Probe
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Fig. 1. Possible applications of slow light.
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3 Dispersion-engineered slow light

The suppression of higher order dispersions is important for most applications
of slow light. There are two choices for this, i.e. dispersion-compensated
(DC) slow light [8, 9] and originally low-dispersion (LD) slow light [10, 11,
12, 13, 14], as shown in Fig. 2. The DC slow light is generated by a chirped
structure, in which some structural parameters are changed gradually so that
the photonic band is shifted smoothly. Let us consider a flat band ((dk/dw)~*
is zero) located on an inflection point (DC band) and shifted linearly in the
chirped structure. Then, the input optical pulse is first expanded by the first
dispersion. Each frequency component reaches the slow light condition of the
flat band at different position. Finally, the initial pulse shape is recovered
by the second dispersion. In this operation, the chirp range determines the
bandwidth of slow light and hence ng, on the basis of Eq. (1). This means
that the delay is enhanced or reduced by decreasing or increasing the chirp
range, respectively. As the internal pulse intensity is suppressed by the first
dispersion, optical nonlinearities are not enhanced as those in LD slow light.
The LD slow light is generated by a straight band with a small slope (LD
band). Pulses are compressed in space and their peak intensities are enhanced
by the ratio & and propagates without changing its waveform, resulting in
high nonlinearities. It is not suitable for tunable delays as the ng is fixed by
the slope of the straight band.

An example photonic nanostructure is the lattice-shifted PC waveguide
(LSPCW, Fig. 3(a)) [15, 16]. In a standard photonic crystal waveguide in
the PC slab consisting of hole arrays and a line defect, slow light only oc-
curs near the photonic band edge. In the LSPCW, the third rows of holes
from the line defect are shifted along the waveguide. Then it turns out to
exhibit a flat band at a high frequency and a straight band at lower fre-
quencies simultaneously (Fig. 3 (b)). Thus it can be used for generating DC
and LD slow light at different frequencies. Similar operation is obtainable in

Dispersion-Compensated (DC) Type Low-Dispersion (LD) Type
Spatially dispersed Spatially compressed
Tunable delay by chirping <===> Tunable delay is difficult

Low nonlinearity <=====> High nonlinearity

- N ™

PC waveguide & PC waveguide ¢
(LSPCW, PCCW etc) (LS-PCW, etc)

{Microrings,

All-pass
o e R °"°“'-
(Microrings) §

PC cavities)

Fig. 2. Schematic of two-types of dispersion-engineered
slow light pulse (upper panel) and photonic nanos-
tructures which generate them (lower panel).
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Fig. 3. LSPCW. (a) Top view of fabricated device and
parameters. (b) Photonic bands for different lat-
tice shift s.

many other PC waveguides, in which other holes are shifted in other direc-
tions and/or size-changed. However, they usually require the simultaneous
optimization of multiple parameters and sometimes smaller holes or smaller
inter-hole spacing. In the LSPCW, on the other hand, ns and target wave-
lengths are controlled independently by the lattice shift and unchanged hole
diameter, respectively, allowing large tolerance in the fabrication.

DC and LD slow light are also obtainable in cavities. For example, mi-
crorings individually coupled to a bus waveguide like all-pass filters (Fig. 2)
can be a DC structure [17, 18, 19]. Here, light propagating in the bus waveg-
uide is coupled with resonant rings. When the coupling is set to be so strong
as to dominate the photon lifetime, coupled light is delayed by the lifetime. If
rings have different resonant wavelengths, different wavelength light are de-
layed at different rings, similarly to the case of the chirped LSPCW. When
the number of rings are limited, their in-phase and out-of-phase conditions
form a complex transmission spectrum. But when the number is large, these
conditions are averaged and the transmission is flattened. Thus, wideband
slow light and tunable delays are available by controlling the resonant wave-
lengths by e.g. heating rings. On the other hand, the coupled resonator
optical waveguide (CROW) consisting of series-coupled rings (Fig. 2) can be
a LD structure [20]. It forms a pseudo straight band allowing the pulse prop-
agation. It enhances the nonlinearities, while tunable delays are difficult as
it requires the external control of the coupling strength between rings.

4 Fabrication by CMOS-compatible process

Si and related materials have often been used for PCs. In these years, CMOS-
compatible Si photonics foundry services have a big impact on their research
and development. Common foundries use 8” or 12” silicon-on- insulator (SOI)
wafers and stepper lithography at A = 248 or 193 nm whose resolution is 180
or 130 nm, respectively. Therefore, hole diameters over 200 nm are acceptable
in the process, and SiOs-cladded PC slabs are straightforward to fabricate.
Even air-bridge PC slabs often employed in PC devices for the strong optical
confinement, wide working spectrum and large ng of slow light have become
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available in the wafer scale although the process is complicated [16]. We can
now integrate PCs with Si photonics components such as wire waveguides,
microrings, spotsize converters (SSCs), gratings, heaters, pn diodes and epi-
taxial Ge photo-diodes (PDs) through more than 20 layer mask process, as
shown in Fig. 4. We usually dice the wafer into dies for the end-fire optical
coupling and mount each die on a printed circuit board to apply a DC bias to
each component. For the optical coupling, light from lensed fiber is coupled
to the SSC with a standard coupling loss of 2.5dB. The loss is determined
by the sharpness of the inverse taper buried in the SSC and can be reduced
to < 0.5dB if we can use state-of-the-art high-resolution lithography [21].

In the process with A = 248 nm lithography, the propagation loss of Si
wires and PC waveguides at n, < 6 are typically 3 and 10dB/cm, respec-
tively. The coupling loss between them is less than 1dB. Therefore, we can
launch light into PC waveguides with a 3—4dB loss. The loss increases in
proportion to ng at ng < 30. Therefore, the loss due to slow light can be
within 1 dB when we limit n, < 30, the device length L < 400 pm, and delays
up to 40ps. These values will be enhanced by employing higher resolution
lithography.

5 Demonstrations

5.1 Tunable delays and dispersion [22]

Figure 5 (a) shows the 320-um-long air-bridge LSPCW integrated with Si
wire access waveguides and seven pairs of side heaters. Even with no chirp-
ing, some structural disordering fluctuates the photonic band. Therefore,
slight heating some heaters compensates the disordering, uniforms the flat
band frequency, and forms a sharp delay peak. Further heating disorders the
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Fig. 5. LSPCW integrated with multi-heaters.
(a) Schematic and top view of fabricated device.
(b) Tunable delays. (c¢) Tunable GVD. In (b) and
(c), color squares depict heating powers at seven
pairs of heaters.

uniformity again and broadens the delay spectrum, maintaining its flat top.
In Fig. 5(b), the maximum tuning range of the delay is 56 ps. Such tunable
delays with a relatively slow tuning speed can be used as a delay scanner
in optical correlators. It has been demonstrated not with integrated heaters
but using local laser irradiation [23].

For Fig. 5(b), the device is linearly chirped locally. If the local chirp
has a quadratic distribution, the GVD is changed continuously, as shown in
Fig. 5 (c). Positive and negative quadric chirpings formed by the heating give
the negative and positive GVD, respectively. The tunable range from —10.2
to +17.5 ps/nm for 320 um length corresponds to huge GVD coefficients from
—31.9 to 54.7 us/nm/km. This tunable dispersion has been applied to com-
pressing pre-chirped optical pulses from 5.9 ps to 2.3 ps.

5.2 Symbol-rate variable DQPSK receiver [24]

DQPSK is a coherent modulation format that doubles the transmission speed
even without local light sources in receivers. Pre-coded signals are demod-
ulated by taking the difference between successive bits. For this, the input
signal is first divided into two arms, and one of them is delayed by one signal
bit. Then they are interfered in the 90° hybrid and detected by a pair of bal-
anced PDs. Figure 6 shows that all the components were integrated by the
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Fig. 6. Symbol-rate-variable DQPSK receiver.
(a) Schematic diagram. (b) Fabricated device

and input optical/output electrical signals at
7.4 Gbaud x 2ch.

CMOS-compatible process into a footprint of 2.5 x 0.8 mm?. Optical inten-
sities of the two arms are balanced by Mach-Zehnder interferometer (MZI)
variable optical attenuators (VOAs). The interference condition in the 90°
hybrid is optimized by heater phase shifters. Epitaxial Ge PDs are used as
the balanced PDs. The key component in this device is the tunable one-bit
delay line. Usually, DQPSK receives are used in the narrow range of symbol
rates determined by the one-bit delay line. The range of the symbol rates
are expanded by a tunable delay line. Here, the heater-controlled all-pass
microrings are used for tuning the delay from 100 to 150 ps. Adding a fixed
delay line, the one-bit delay is obtained for symbol rates from 7.4 —9.0 Gbaud.
Eye openings for I and Q channels as well as separated constellation patterns
were observed at bitrates of 14.8—18.0 Gbps

5.3 All optical ultrafast delay tuning [25]

The delay tuning shown above are driven by the heating whose response time
was measured to be 19 us for the air-bridge PC slab [23]. It is too slow for
retiming and MUX/DEMUZX of short pulses. For the fast delay tuning, we use
the LD slow light as the control pulse (Fig. 7 (a) and (b)). A high-intensity LD
pulse generates TPA in Si, inducing carrier plasma effects and the blue-shift
of the photonic band. When the DC signal pulse is incident on 200-pm-long
LSPCW later than the LD pulse, the delay of the DC pulse is increased by
the blue-shifted photonic band in the case of Fig. 7. Here, the response of
the delay tuning is limited by the carrier lifetime of 120 ps. When the DC
pulse is incident earlier, the LD pulse with a slightly higher v, overtakes the
DC pulse. At this moment, the DC pulse suffers the dynamic tuning of the
LD pulse [26, 27, 28] and the delay is reduced by 10 ps at maximum. Here,

10
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Fig. 7. Ultrafast delay tuning in LSPCW. At is the de-
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(a) Cross-correlation waveform of DC pulse.
(b) Ats versus At. characteristics. (c) Selective
delay tuning of one target pulse in high-speed
pulse train.

the response is not limited by the carrier lifetime but the overlap duration of
the two pulses and can be shorter than 10 ps. This allows the selective delay
tuning of one target pulse in high-speed pulse train (Fig. 7(c)). Here, the
pulse train of 12 ps interval was produced in a Si wire circuit and incident on
the LSPCW together with one LD pulse. The delay of the pulse overlapping
with the LD pulse in the LSPCW changes its delay. It was suggested that
the retiming DC signal pulses is possible by inserting LD pulses as a clock
and setting their timing appropriately.

5.4 TPA-enhanced PD [29]
The TPA occurs in a long Si waveguides when the optical intensity is high.
This has been applied for detecting long wavelength light in Si [30]. To reduce
the waveguide length and improve the responsivity, cavity-based TPA-PDs
were fabricated, while their bandwidths were too narrow to detect short
pulses [31, 32]. LD slow light is more suitable for high responsivity operation
with a sufficient bandwidth for short pulses. We fabricated pn-diode-loaded
LSPCW and observed the photocurrent (Fig. 8 (a), (b)). At a —3V bias, the
dark current was as low as 40 pA. The photocurrent was observed for average
optical powers from sub-pW to 1mW and corresponding pulse peak powers
from sub-10mW to sub-10 W. Except around upper and lower limits, the
responsivity is proportional to the square of the incident power, indicating the
TPA action. Higher ng improves the responsivity, and the theory including
the ng?-dependent TPA well explains the experiment.

The TPA-PD can be used as a detector in optical correlators. Figure 8 (c)
shows auto-correlation traces of pulses, which are in good agreement with
those obtained in commercial correlators. The TPA-PD is also applicable for
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Fig. 8. Si LSPCW TPA-PD at A\ ~ 1.55 mm.
(a) Schematic of the device. (b) Experimental
(circle) and theoretical (lines) response character-
istics. (c) Auto-correlation traces of pulses ob-
served with the PD (dots) and commercial corre-
lator (solid line).

detecting the dispersion in pulses. In linear PDs, the photocurrent is propor-
tional to the time-integral of the pulse, so independent of the dispersion. On
the other hand, the photocurrent from the TPA-PD is inversely proportional
to the pulse width.

5.5 Compact MIZI modulator [33, 34]
Optical modulators are one of the key components in Si-photonics-based
optical interconnects, and three kinds of modulators have been developed ac-
tively in these ten years, i.e. MZI-type, resonator-type and electro-absorption
(EA) type [35]. The MZI-type has a wide working spectrum but its size is of
millimeter order. The resonator-type is much smaller while its working spec-
trum is narrower than 1nm. The EA-type requires complicated processes
for epitaxy and fabricating waveguides and still has small advantage over the
other. Slow light is effective for limiting the working spectrum moderately
and reducing the size of the MZI-type. In Si MZI modulators, phase shifters
consisting of p(i)n-diodes change the phase of guided waves by A¢ = AkL
through the carrier plasma dispersion. In the slow light regime, Ak is en-
hanced by &, meaning that £-fold shorter device is possible. For the SiOs-clad
LSPCW, we can expect ng = 20—25 (£ ~ 6) with AX = 15nm at A ~ 1.55 um
as practical and realistic values. Conventional 1-mm-long phase shifters of rib
waveguides can be shorter than 200 ym with the LSPCW. Actually, we may
be able to expect further size reduction in high-speed modulators because
such short lengths L ~ 100 pym allow the modulators to operate as lumped
parameter devices at data rates of 10 Gbps order.

Figure 9 demonstrates such Si MZI LSPCW at 10 and 40 Gbps. We
fabricated two structures; with phase shifters in both arms (dual-type) and
with phase shifter in one arm (single). The eye opening was observed at
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10 Gbps in the 50-pm-long dual device over a wide spectrum of A\ = 12.5 nm,
and at 40 Gbps in the 90-um-long single device. Even though the error-free
operation is obtained in slightly longer devices, such markedly short devices
strongly demonstrate the advantage of slow light effect on the practical device
level.

(a2)

(b)
A=15449nm | |A=15488nm ||A=

AA=12.5nm, 10Gb/s

Fig. 9. Si MZI LSPCW modulators.
(a) Schematic of dual-type modulator and scan-
ning electron micrograph of fabricated LSPCW
with p+, p, n, n+ regions colored. (b) Eye pat-
terns at 10 Gbps with dual 50-pm-long LSPCW
phase shifters. (c) Eye pattern at 40 Gbps with
single 90-pm-long PC phase shifter.

6 Conclusions

Slow light was studied formerly as attractive physics that achieves huge ng.
However, we now realize that balancing ng, bandwidth and loss is essen-
tially important, and that moderate n, < 40 already gives rise to significant
advantages in various applications. With the rapid progress of Si CMOS-
compatible process, some devices such as MZI modulators are getting close

to the practical use.
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