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Switching light is one of the most fundamental functions of an optical circuit. As such, optical switches are
a major research topic in photonics, and many types of switches have been realized. Most optical switches
operate by imposing a phase shift between two sections of the device to direct light from one port to another,
or to switch it on and off, the major constraint being that typical refractive index changes are very small.
Conventional solutions address this issue by making long devices, thus increasing the footprint, or by using
resonant enhancement, thus reducing the bandwidth. We present a slow-light-enhanced optical switch that
is 36 times shorter than a conventional device for the same refractive index change and has a switching

length of 5.2 um. © 2008 Optical Society of America

OCIS codes: 130.4815, 130.5296, 230.4000, 230.5298.

A generic (nonmechanical) switch operates by inter-
ference between light that has propagated along two
different paths or in two modes. Switching occurs
when the relative path length of the light changes by
half a wavelength, corresponding to a phase differ-
ence of 7. Thus, for a device of length L, the refrac-
tive index change required to switch from one state to
another is given by AnL=\/2. Many switches are
based on this principle: for example, using controlled
birefringence, two-beam interference in a Mach—
Zehnder interferometer (MZI), multimode interfer-
ence in a directional coupler or Y-junction, or reso-
nant enhancement in cavities [1].

Slow light in photonic crystal waveguides adds a
degree of freedom to this equation. Slow light is simi-
lar to cavity enhancement, i.e., the optical path in-
side the device effectively increases while the physi-
cal size remains small [2], but it offers more
bandwidth [3]. To highlight the capability of slow
light enhancement, we refer to the MZI optical
switches reported by Vlasov et al. [4] and Gu et al. [5]
that operated with 8-10 times less power than a con-
ventional switch of similar size.

The device presented here uses a directional cou-
pler in closely spaced photonic crystal waveguides to
switch light and is based on a concept proposed by
Yamamoto et al. [6]. It exploits the fact that one of the
two supermodes of the directional coupler has a low
group velocity, which is the key design feature re-
sponsible for the short switching length. Figure 1
(top) shows the geometry; several sets of holes in the
central section have been modified to tune the disper-
sion properties of the supermodes, and hence the cou-
pling characteristics. Ridge waveguides at both ends
of the device provide access to an interface region
consisting of four rows of a slightly different photonic
crystal structure, designed to give a dispersion rela-
tion that enables efficient injection of light into the
device; this is especially important in the slow light
regime, where large coupling losses can occur [7,8].
The total size of the photonic crystal is approximately
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9 um X9 um, resulting in a footprint of less than
100 um?.

The dispersion of the central coupling region of the
switch is engineered by controlling the sizes of three
sets of holes, as illustrated in Fig. 1. The background
lattice consists of holes of radius ry=0.34a, where a
=430 nm is the lattice period. Between the
waveguides, the holes in the center row have a radius
r9=0.39a, and those in the rows immediately adja-
cent to the waveguide channel have r;=0.30a. The
holes in the second row of each waveguide also have
the larger radius ry. Figure 2 shows the dispersion
curves of the supermodes in the coupling section

Fig. 1. Scanning electron micrographs of the directional
coupler switch. Top, the coupler consists of two photonic
crystal waveguides made up of three regions: the central
directional coupler region of length 12¢ and input and out-
put regions each of length 4a. Bottom left, overview of the
structures: s-bends are used to prevent interactions be-
tween the access waveguides and provide sufficient spatial
separation at the facets to observe each output port. Bot-
tom right: detail of the three hole sizes used to engineer the
dispersion of the photonic crystal waveguides.
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Fig. 2. Dispersion curves of the upper (solid black) and
lower (dashed) modes of the central section of the device
(bottom axis). The corresponding coupling length is shown
as a gray curve (top axis). The dotted lines indicate the fre-
quency at which cross-coupling occurs in the switch of
length 12a.

(solid and dashed curves), calculated using the MIT
Photonic-Bands Package [9] with a sufficiently large
supercell to minimize interactions between adjacent
cells. The coupling length—the length at which the =
phase difference required for switching occurs—is a
function of the splitting of the two modes, L.=w/(k,
—k_), where k, and k_ are the propagation constants
of the two modes. The solid gray curve in Fig. 2 shows
the variation in L, with frequency for the designed
coupler, directly calculated from the dispersion
curves.

The key feature in Fig. 2 is the flat spot in the up-
per mode dispersion curve at normalized frequency
a/N=0.2736, where the coupling length changes rap-
idly from more than 20a to approximately 5a. A cou-
pler with this geometry and a length 5a¢a <L <20a is
thus expected to exhibit cross-coupling close to a/\
=0.2736. Moreover, the rapid change in L, results in
a sharp transition from the bar to the cross-state.
The switch shown in Fig. 1 has a coupling section of
length L=12a4=5.2 um, chosen to correspond to the
middle of the transition region shown in Fig. 2. In
practice, however, the first cross-coupling peak oc-
curs slightly below the transition frequency due to fi-
nite length effects that are not taken into account in
the band structure calculation. We note that the
switch proposed in [6] was designed to operate on ei-
ther side of the transition region to maximize the
bandwidth, whereas the present design sacrifices
some bandwidth to reduce the index change required
for switching.

The devices were fabricated using the same process
as in [10], except that the patterns were generated on
our Raith Elphy Plus/LEO 1530 electron-beam li-
thography system. Controlling the hole size is the
most critical aspect of the design. To this end, we fab-
ricate reference W1 waveguides with each of the
three hole sizes used in the coupler. By measuring
the cutoff wavelength of each waveguide, we can in-
fer the hole size to an accuracy of approximately 1%,
better than by scanning electron micrograph inspec-
tion. This feedback loop is used to optimize the li-
thography parameters and monitor the hole sizes in
the fabricated devices. While there is some variation

in the fabricated hole size with processing conditions,
the relative sizes do not change significantly.

Devices are characterized in an end-fire setup, us-
ing a broadband LED source. For a proof-of-principle
experiment, switching via the thermo-optic effect is
demonstrated by heating the optical stage supporting
the device. At near-infrared wavelengths, the
thermo-optic effect in silicon will produce a change in
refractive index of An=1.8x107* K1 [11].

Figures 3(a) and 3(b) show the transmission spec-
tra of both the bar (dashed black curve) and cross
(solid black curve) ports of the directional coupler,
normalized to the transmission of a typical 3 um
wide waveguide, for two different temperatures:
23°C [Fig. 3(a)] and 45°C [Fig. 3(b)]. The on-chip in-
sertion loss of the switch is approximately 1 dB,
which is comparable with that of a single W1 photo-
nic crystal waveguide. The extinction ratio, defined
as the ratio of power in the bar port to the power in
the cross port, is also shown (top) for both 23°C (solid
line) and 45°C (dashed line). The vertical gray line
indicates the operating wavelength of the switch, and
taking Fig. 3 as a whole illustrates the operational
principle.

In the initial state [Fig. 3(a)l, output is in the bar
port with an extinction ratio of —20.0 dB. By chang-
ing the refractive index of the silicon—we use the
thermo-optic effect, but it could be any other physical
mechanism—the spectrum shifts in wavelength
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Fig. 3. Spectral response of the device at (a) 23°C and (b)
45°C. (a) and (b) show the measured transmission spectra
of light from the bar port (dashed black curve) and the
cross-port (solid black curve). Also shown are numerical re-
sults calculated using a three-dimensional finite-difference
time-domain method (gray squares and curves). The mea-
sured extinction ratio is also shown (top) for 23°C (solid
line) and 45°C (dashed line). The vertical gray line indi-
cates the operating wavelength of the switch.
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while maintaining its shape (provided An<n),
switching the output into the cross port [Fig. 3(b)],
with an extinction ratio of 12.0 dB. Hence, switching
is achieved with a discrimination ratio exceeding
30 dB for an index change as small as 4.2 1073,

Figure 4 shows the power in the bar and cross
ports of the switch at the operating wavelength of
1575 nm as a function of temperature. As expected
from Fig. 3, the signal transfers from the bar to the
cross port for a temperature change of approximately
20°C. The two inset photos show the output facet of
the device at 23°C and 45°C, respectively, and al-
most perfect power transfer is observed.

Also shown in Figs. 3(a) and 3(b) are spectra calcu-
lated using a three-dimensional finite-difference
time-domain method. The simulation domain in-
cluded short lengths of ridge waveguide at either end
of the device but did not include the s-bends or the
extended access waveguides used in the experimen-
tal measurements. The numerical results presented
in this paper were calculated for ry=0.335a and a
membrane thickness of 225 nm—values chosen to
give the best fit to the measured data while staying
within the experimental uncertainties. The excellent
agreement between experimental and theoretical
spectra attests not only to the high fabrication qual-
ity of the devices but also to the accuracy with which
the hole sizes are controlled. Maintaining such con-
trol gives further scope for dispersion engineering in
photonic crystals for other applications [12,13].

The switching energy is an important parameter
and is largely a function of the device size and refrac-
tive index change required. Resonant cavity based
switches can provide ultralow switching energy given
their small modal volumes and sharp spectral re-
sponses. For example, switching in high-@ nanocavi-
ties has recently been reported for energies of
0.2-0.3 pJ [14]; however, the high quality factor of
the resonance also reduces the available bandwidth
considerably. In contrast, the MZI modulator demon-
strated by Vlasov et al. [4] offers more bandwidth but
also displays a higher switching energy of 200 pd,
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Fig. 4. Transmission through the bar port (open squares)
and cross-port (closed squares) as a function of tempera-
ture. The corresponding refractive index of silicon is shown
on the top axis. The left and right insets show images of the
end facet for the bar and cross-output states, respectively.

which is comparable with our device. The volume of
silicon that contains the supermodes of the direc-
tional coupler is approximately half that of the air-
bridge, i.e., 4.6 X 10718 m? (4.6 um?), and therefore its
heat capacity is approximately 8 pJ/K. Since switch-
ing occurs over a temperature difference of 23 K, the
switching energy is estimated as 200 pd.

Returning to the generic switching condition
(AnL=\/2) allows us to estimate the enhancement
afforded by the peculiar dispersion curves of the pho-
tonic crystal coupler (Fig. 2). For a conventional
switch, the AnL product is simply half the wave-
length, i.e., 1574/2=787 nm. For our switch, the
switching length is 12¢=5.2 um and the refractive
index change is An=4.2X1073, yielding a AnL prod-
uct of 22 nm, which is 36 times smaller than that of
the conventional device. The penalty of this enhance-
ment is a reduced bandwidth—here limited by the
smaller of the +5 dB extinction ratio widths (i.e.,
1.2 nm)—and yet the observed bandwidth is suffi-
cient to accommodate optical signals of order
100 GHz. As discussed above, the design is flexible
and allows the choice of different operating points to
suit individual requirements, for example, to match
the lower refractive index changes available with
electronic tuning. Overall, we have demonstrated a
truly microscale optical switch that breaks the AnL
product of conventional switches by a factor of 36.
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