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Abstract: Paradoxically, slow light promises to increase the speed of
telecommunications in novel photonic structures, such as coupled resonators
[1] and photonic crystals [2,3]. Apart from signal delays, the key
consequence of slowing light down is the enhancement of light-matter
interactions. Linear effects such as refractive index modulation scale
linearly with slowdown in photonic crystals [3], and nonlinear effects are
expected to scale with its square [4]. By directly observing the spatial
compression of an optical pulse, by factor 25, we confirm the mechanism
underlying this square scaling law. The key advantage of photonic
structures over other slow light concepts is the potentialy large bandwidth,
which is crucia for telecommunications [5]. Nevertheless, the slow light
previously observed in photonic crystals [2,3,6,7] has been very dispersive
and featured narrow bandwidth. We demonstrate slow light with a
bandwidth of 2.5 THz and a delay-bandwidth product of 30, which is an
order of magnitude larger than any reported so far.
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1. Design and fabrication

Our gtructures are based on a triangular lattice photonic crystal. By removing two rows of
holes, aline defect is formed that acts as a waveguide. Since the waveguide is two holes wide,
it isreferred to as “W2” type. Waveguides were realised in silicon-on-insulator (SOI) material
that consists of a 240 nm thick guiding layer on top of 2 um of SiO,. They were fabricated on
8-inch wafers using 193 nm deep-UV lithography [8]. Sidewall angles of 87-90° and good
etch floors were achieved as shown in Fig. 1.

a a a

Fig. 1. Top view and cross-section of the W2 waveguide used in the experiments. The lattice
period is 420 nm and the hole diameter is 235 nm (r/a=0.28).

Bandstructure calculations were used to establish the required design parameters. First,
calculations were performed in 2D using a plane-wave expansion method [9] for a photonic
crystal consisting of a triangular lattice with a normalised hole size of r/a = 0.28 and
polarisation in the plane of the dab, denoted as TE. We used 1024 plane waves and an
effective index of 2.83 for the dab. The resulting bandstructure is shown in Fig. 2. The key
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characteristic of a slow mode is its group velocity vy, which is given by the slope of the
dispersion curve in the bandstructure diagram, i.e. vy = dw/dk. Two figures of merit are
commonly used to describe slow modes, namely the speed of the mode with respect to the
speed of light in vacuum c, i.e. the group index ng with v4=co/ng, and the slowdown factor S,

which is defined as the ratio of the phase velocity over the group velocity, S=v¢/vg [1. S
appears to be the better figure of merit given that it focuses on the slow light effect itself by

normalising the group velocity to that obtained in the unstructured material. Note that Vo isto
a large extent fixed by the choice of material and waveguide cross-section. Overall, there are
four requirements on the slow mode we wish to use, namely a) operation below the light line,
b) a “flat” section of the dispersion curve, c) even symmetry and d) single-modedness.
Condition (@) is necessary because only modes below the light line are intrinsically loss-less,
as those above the light line can couple to radiation modes and are therefore “leaky”.
Regarding (b), the slope of the dispersion curve of the slow mode should not only be small,
but also constant over a given range. Otherwise, the higher order derivatives of the dispersion
curve lead to group velocity dispersion and third order dispersion, which distort the signal.
The term “flatband” is used to represent this quality. Most of the previous demonstrations of
slow light in photonic crystals [2,3,6,7] have violated this condition, athough some authors
have recognised the importance of adjusting the interplay between bandgap and total internal
reflection guiding in order to control higher order dispersion [10-12]. The even symmetry in
(c) is needed to facilitate coupling to an incoming waveguide mode, which is typically
Gaussian, and d) isrequired to avoid losses arising from intermode coupling to other modes.
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Fig. 2. Comparison of W2 bandstructure calculated by 2D plane wave expansion and 3D FDTD
calculation. The mode symmetries are indicated on the left (Hy field components) with the
numbers referring to the corresponding points on the bandstructure. Different coloured points
in the 3D calculation denote different modes. The light line for the silica cladding is indicated
by the dashed diagonal line. The slow light region of interest is highlighted by the oval.

The second order mode highlighted in Fig. 2 comes closest to meeting all of these
reguirements. Although it is not the only mode available in the frequency range around 0.27
c/a, our measurements confirm that it is alow-loss mode, so intermode coupling losses appear
low and violating condition (d) seems to have little consequence. What is particularly
noteworthy is that in the regime below the light line, i.e. between k=0.4 and 0.45, it features a
low group velocity as well as appearing rather straight, thus indicating low dispersion. In
order to confirm these properties, we conducted 3D bandstructure cal culations using the RSoft
FULLWAVE code with a grid size of A/20. The result of these calculations, shown by the
dots in Fig. 2, yielded a surprise. While there was a good match in the centre region for a
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frequency of 0.27 (wavelength of 1.55 pum), the bands deviated significantly elsewhere,
especially in the slow light regime. Please note that, since the 3D calculation agrees very well
with the measurement (Fig. 3), the assumptions used in the 2D calculation must be the reason
for this deviation. Slow modes cannot be thought of as purely planar modes in the slab, i.e.
they travel at “skewed” angles in the ray-optics picture. Therefore, they can no longer be
considered purely “TE” or “TM” and will therefore not be accurately described by the
idealised 2D bandstructure. 3D analysis therefore provides a much better representation of
these modes, which is confirmed by Fig 3. 3D analysis aso indicates the presence of a very
flatband regime below the lightline. Especially the portion of the band between k=0.40 and
k=0.45 appears to be very straight with little curvature. This section should therefore yield
dow light with low dispersion, i.e. “flatband slow light”, which is the desired characteristic.
The group velocity of the mode from the bandstructure is ¢/25, which corresponds to a
slowdown factor of approximately 12 given the effective (phase) index of n,=2.14 in the
waveguide. This phase index can be directly determined from the unfolded bandstructure, e.g.
at point k=0.6, v=0.28, and is different from the phase index used to approximate the slab in
the 2D calculation sinceit is specific to each photonic crystal mode.

2. Characterisation

Devices were characterised with a tuneable continuous wave laser in the wavelength range
from 1440 nm-1592 nm. This corresponds to a frequency range of 0.264-0.292 c/afor alattice
constant a of 420 nm. A phase-sensitive scanning near field optical microscope (PSNOM)
[13] was used to map the electric-field distribution of the light in the waveguide. These E-
field maps contain both the amplitude and the phase of the field. The wavevector of the light
can then be recovered by a Fourier transformation of the field distribution measured at each
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Fig. 3. Bandstructure obtained by PSNOM measurement with 3D FDTD calculation overlaid.
The FDTD points for the TE mode (blue dots) are identical to those shown in Fig. 2 and show
very good agreement with the measured data. The TM mode (black dots) can be identified at
k>0.43 2n/a by the fact that it has a weak interaction with the photonic crystal lattice, and
therefore does not show a clear stopband at the Brillouin zone band-edge, i.e. it appears as a
straight diagonal line. The dashed line represents the light line for air.

In this way, we reconstructed the bandstructure (v,k) of the W2 waveguide [14]. Fig. 3
shows the resulting bandstructure, with the 3D FDTD points of Fig. 2 overlaid. The TE bands
show perfect agreement, but there is also clear evidence for TM modes (magnetic field in the
plane of the slab). These are excited because of the asymmetric cladding (SO, bottom
cladding, air above), which means that TE and TM modes are not truly orthogonal and can
therefore interact.
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In order to study the slowdown factor, propagation loss, pulse compression and dispersion
in the slow light regime, we injected femtosecond pulses into the waveguide. Pulses were
centred at 1509 nm (1=0.278 c/a) and had a FWHM of 22 nm, dlightly exceeding the
bandwidth of the slow 2™ order mode below the light line. Using our near-field microscope,
we tracked the pulses as they propagated through the waveguide. The resulting pulse
evolution is shown in Fig. 4 (&), which shows the amplitude of the pulse along the waveguide
(each vertical line representing a pulse and thereby its position in the waveguide) as a function
of time (horizontal axis). We can clearly distinguish two dominant modes, namely arelatively
“fast” mode, identified as the zero order TM in fig. 3, and the slow mode of interest. A ssimple
comparison between these two modes can be used to assign a delay time-bandwidth product;
while the fast mode takes 4 ps to traverse the 160um long waveguide, the slow mode takes 16
ps. The difference of 12 ps, multiplied by the bandwidth of 2.5 THz, yields the product of 30.
This is by far the largest time-bandwidth product of any slow light system demonstrated so
far, asfurther discussed in table 2 below.
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Fig. 4. Tracing pulse propagation in the slow mode with fs pulses. (a) Experimental result of
tracing the pulses propagating in the waveguide. (b) Experimental result obtained by Fourier

filtering the slow mode. The Fourier filtering highlights the properties of the slow mode (c)
Simulated pulse propagation derived from the dispersion curve for comparison with (b).

The same picture was then also Fourier filtered in order to highlight the properties of the
dow mode in Fig. 4(b). The data was first Fourier transformed to yield all the wavevectors
present. The forward propagating wavevectors in the range of the slow mode 0.37<|k|<0.5
were then selectively backtransformed to obtain only the slow mode and to allow its study in
more detail. For comparison, we also used the measured bandstructure in Fig. 3 to simulate
the propagation of apulse. This can be seen in Fig. 4(c), where the pulse amplitude is depicted
as a function of waveguide position and time, in the same way as the experiment in Fig. 4(b).
From both images, we can make several important observations. First of all, the pulse does
not appear to broaden significantly, i.e. the main lobe maintains its apparent size over the
length of the waveguide. However, side-lobes appear on the trailing edge of the pulse. These
side-lobes are in part due to the limited bandwidth of the slow mode (19 nm compared to 22
nm FWHM of the pulse) but mainly due to higher order dispersion [7], an effect that is known
to occur in third-order-dispersive media [15]. In order to match the observed decay of the
peak of the main lobe in Figs 4(a) and 4(b), we included aloss coefficient 244 dB/cm into the
modelled result (Fig. 4(c)). At first sight, this appears rather higher than expected and
compares unfavourably against the best reported loss in comparable single line defect (*W1")
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waveguides of 14 dB/cm [8]. If we scale the loss linearly with the slowdown factor S=12,
however, we obtain a value of 244/12=20 dB/cm. This only differs by afactor of 1.4 fromthe
best result obtained for a “fast” mode, which can be explained by the intermode coupling
discussed previously. While this analysis is only indicative, given that different types of
waveguide are being compared and we cannot easily distinguish the different sources of loss,
it does suggest that linear scaling is the most likely functional dependence of the loss on
slowdown factor. The inverse square scaling of the loss with group velocity suggested by
other authors[16] therefore appears exaggerated.

We can also derive the group velocity of the pulse, its compression factor and dispersion.
The group velocity is estimated by fitting a straight line through the maxima of the pulses,
which yields a value of vy =c/25 . Pulse compression results from the fact that a pulse of a
given duration propagating in a slow light medium will be compressed in space, and this is
indeed what we observe with surprising precision. Near the entrance of the waveguide, we
observe a pulselength of 6.8 um (Fig. 5), which compares to the pulselength of 167 um of a
comparable pulse in free space. The corresponding compression factor of 167/6.8=24.5
closely matches the observed reduction of the group velocity by afactor 25.
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Fig.5. Slow pulse propagating near the entrance of the W2 waveguide, highlighting the
compression from 167 um for the equivalent cut-off spectrum down to 6.8 um for the
measured spectrum.

The dlight broadening of the pulse along the 160 um long waveguide (Fig. 4) can be
explained with dispersive broadening. In order to quantify this, we can derive values for the
second and third order dispersion from our measured bandstructure. These are summarised in
table 1 and show that both the second and third order dispersion is reduced by an order of
magnitude compared to a W1, while maintaining the same group velocity reduction.

Table 1. Comparison of second and third order dispersionin W1 and W2 waveguides. Data for W1 waveguides are
derived from [7].

Group index k-point [2n/a] | GVD [ps7km] TOD [ps7km]
W1[7] 25 0.383 1.73 %10’ 7.94% 10°
W2 [Thiswork] | 25 0.431 1.86x 10° 114 10°

This reduced dispersion is the main reason why in a W2, the slow light compression
dominates over dispersive broadening as already highlighted in Fig. 5. The fact that third-
order dispersion is nonzero aso explainsthe fringes observed in Fig. 4.
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3. Discussion and conclusion

The slowdown factor S forms a powerful addition to the photonic circuit designer’s toolkit:
Due to the increased interaction time, linear effects such as gain and refractive index
modulation scale linearly with S, yielding low power switches and modulators [3], whereas
nonlinear effects are expected to scale with & [4]. The physical mechanism behind this
additional enhancement of nonlinear effects is the spatial compression of alight pulse, which
leads to an increase in its energy per unit volume. By demonstrating pulse compression in
close agreement with the reduction in group velocity, we have verified this favourable scaling
law. This means that low power all-optical switches and modulators based on slow light are
indeed a redlistic prospect. For example, the slowdown factor of S=12 demonstrated here
would yield a switching power reduction by over two orders of magnitude. Please note that
this scaling law only applies to dielectric slow light structures; in slow light structures based
on atomic resonances, the energy is transferred instead to electronic excitations of the medium
rather than leading to an increase of the energy density of the mode.

These benefits can only be exploited, however, if the bandwidth of the slow light structure
exceeds the bandwidth of the signal. Thisis of particular concern if slow light structures areto
be used in future all-optical networks that are likely to operate at bandwidths well in excess of
100 GHz. Even though slowdown factors much exceeding the moderate value of S=12
reported here have been demonstrated in other systems, none have been able to redlise the
large bandwidth or bandwidth—delay product we have achieved (table 2).

Table 2. Comparison of arange of slow light systems.

System/parameter Slowdown Bandwidth Observed Delay- Tuning
factor B delay bandwidth
S=voivg product
Pb [17] 165 30 MHz 55 ns 17 dynamic
Population ~10k 2GHz <lns <1 dynamic
oscillations [18]
Stimulated Raman ~1 1THz 370fs 04 dynamic
scattering [19]
Thiswork 12 25THz 12 ps* 30 stetic

* Taken as the delay difference between the fast mode and the slow mode in Fig. 4 ().

Rather than pursuing large slowdown factors irrespective of bandwidth, it is then much
more prudent to balance bandwidth with slowdown factor. In the photonic crystal system, this
can be done within the restriction imposed by the size of the Brillouin zone and the light line
limitation. Increased slowdown factors therefore occur at the expense of reduced bandwidth,
but slowdown factors of 20-30 will clearly be possible with bandwidths exceeding 500 GHz.
Furthermore, the photonic crystal system as presented hereis static, i.e. there is no easy tuning
mechanism for the slowdown factor available. This indicates that the photonic crystal
approach is more suitable for applications in low power switches, modulators and nonlinear
devices rather than tuneable delay or optical memory.

Another issue for slow light devices is waveguide dispersion, as already demonstrated by
the dispersive broadening observed in W1 waveguides [7]. Our W2 design shows
improvements of an order of magnitude or more in terms of both second and third-order
dispersion compared to a standard W1, and we believe that this can be pushed further by more
sophisticated designs atering the waveguide parameters, such as individual hole size and
waveguide width [11,12]. While highlighting the potential of the “flatband slow light”
concept, this also emphasizes the need to design structures appropriately rather than operating
on the typically parabolic bands occurring near the band-edge of a periodic structure.
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In order to improve the device further and fully exploit the slow light regime, efficient
couplers need to be designed that alow efficient and broadband injection into slow modes.
Several schemes have been suggested, e.g. the use of adiabatic transitions [20]; aso, the
importance of the termination has been pointed out [21]. Neither of these schemes were
implemented in the present device and the design needs to be refined accordingly.
Furthermore, it is desirable to develop a design capable of single-mode operation, which can
be realised by reducing the waveguide width. Despite these obvious improvements, the
present scheme has clearly shown the powerful possibilities available with photonic crystals
that operate in the slow light regime.
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