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Thermo-optic photonic crystal light modulator
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A device concept is proposed for modulating light in silicon-based photonic crystal devices by using
highly localized high-temperature modulation of a compact device to vary the position of the cutoff

frequency in a photonic crystal waveguide and modulate light. The position of the cutoff frequency
can be varied by up to 60 nm at the telecommunication wavelength of 1550 nm by locally

increasing the temperature of the device. Modulators of a few to several micrometers in width can
be designed that can modulate light with extinction ratios up to 50 dB and low insertion loss.
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Photonic crystals offer the potential for developing ultr- around 10us, comparable to other silicon-based thermal
asmall optical circuits in future generation optical devices.modulators”
The large majority of the work in this area has necessarily A detailed spectroscopic analysis of linear waveguides
been focused on the realization of passive devices essentialiented in thel-K direction of a triangular lattice of air
to the operation of the basic technology. However, as th&oles in silicon reported a distinct cutoff range around the
technology continues to mature, increasing focus is now betelecommunication wavelength of 1550 nm, starting at
ing placed on the development of active devices. Lightaround 1510 nm and extending up to the upper band gap of
modulation is one key component of such devices. Althougfine device at 1580 ”,’J“-A modulator similar to this device
much of this work has been targeted at the direct implemen?¥@S developed by simulating the behavior of a 20-column-
tation of standard optical devices, most notably the MachWide linear waveguide oriented in theK direction near the

Zehnder interferometér® within photonic crystal systems, telecommunication wavelength by using two-dimensional

device concepts relying exclusively on the inherent properpmte-d|fference—t|me—doma|(f2D FDTD) analysis. The pho-

ties of the photonic crystal itself may offer significant advan—tonic crystal was designed using a triangular lattice with a
bn y Y« g . diameter of 180 nm and a lattice spacing of 320 nm. TE light
tages over simply using standard optical devices. This Lett

. . ) T mETwas input into the waveguide using a single frequency
discusses the potential for developing such a device in silis 5 ssian light source and the intensity of the output light
con at the telecommunication wavelength of 1550 nm.

. - X : . sensed by a detector placed at the output of the waveguide.
Thermal actuation of silicon microactuators using micro-The normalized intensity of light at the output was then plot-
electromechanical systemg¢MEMS)-based technologies tgq as a function of wavelength.
have routinely and reliably been used to cycle silicon up o Simulation results showing the intensity of the transmit-
700 to 800 °C on a regular basis for a number of yéafs. ted light at wavelengths ranging from 1200 to 1650 nm are
Although the maximum temperature of operation of any op-shown in Fig. 2a). The intensity of the transmitted light
tical device in silicon will ultimately be limited to around begins to fall abruptly at around 1510 nm and begins to rise
650 °C because of optical absorptithipcalized heating of again at around 1580 nm near the upper band gap of the
static photonic crystal devices up to these temperaturedevice. This is in almost exact agreement with the detailed
should still be capable of driving substantial changes in thespectroscopic data from Ref. 14 discussed above. The effect
refractive index through the thermo-optic effect. Since theof temperature on the position of the cutoff range was then
thermo-optic coefficient of silicon is approximately 2.4 simulated using these same dimensions at 235, 440, and
X 107* K~ over this temperature range, the refractive index650 °C, and the data shown in Figh2 The wavelength of
of silicon can be increased by up to 0.15 by increasing théhe cutoff frequency is increased by approximately 20, 40,
temperature of silicon to 650 o8 and 60 nm at these three different temperatures. These de-
Changes in the refractive index of this magnitude carVic€s gradually lose up to 5 dB of intensity before rapidly
cause a significant shift in the photonic crystal band structurd?!ling off at the cutoff frequency to around —40 dB. The
that can be used to modulate light by altering the cutoffNtensity ultimately begins to increase as th? wave!ength ap-
frequency®4in a photonic crystal linear waveguide. The proaches the upper band gap of the device. This type of

basic concept of such a device is shown in Fig. 1, where aRehavior clearly provides the capability of modulating light

optical modulator centered in the middle of the device hafgri;:r;nﬁg range of wavelengths by simply changing the

been designed to operate around the cutoff frequency. The
remainder of the waveguide is designed to minimize the loss
of light as it enters and leaves the waveguide. Light is modu-
lated by locally heating the device, shown in light blue, to

increase the temperature of the modulator in order to change
the cutoff frequency. Response times are expected to be

) - - - FIG. 1. (Color onling Schematic diagram of thermo-optic modulator show-
Electronic mail: mtinker@utdallas.edu ing a six-column-wide modulator subjected to localized heating.
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FIG. 2. (a) (Color online Output intensity vs wavelength across the photo-
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FIG. 4. (Color onling (a) Magnetic amplitude of light input into the modu-
lator shown in Fig. 1 at 25 °Qb) The magnetic amplitude with the modu-
lator heated to 440 °C.

the waveguide no longer continue to act as two highly reflec-
tive mirrors that constrain the flow of light to the waveguide
but begin to allow the light to penetrate into the photonic
crystal itself. However, at 650 °C, the transmission of light
is still strong at 1500 nm since the light is 60 nm farther
away from the upper band gap than at 25 °C. However, by
1550 nm the transmission of light also begins to weaken, and
by 1600 nm the device goes into strong cutoff. Note that
cutoff is typically very abrupt, suggesting that devices can be
designed using a much narrower width.

A device was designed to modulate light by varying the

cutoff frequency at the telecommunication wavelength of
1550 nm by using the design shown in Fig. 1. The six-
column-wide modulator in the center of the device was de-
The magnetic amplitude of the light transmitted within signed near the cutoff frequency with a lattice spacing of
these waveguides at both 25 and 650 °C is shown in Fig. 3 @20 nm and a diameter of 180 nm so that the device can be
1500, 1550, and 1600 nm in order to provide a clearer unmodulated by changing the cutoff frequency by the thermo-
derstanding of the operative mechanism behind the deviceyptic effect. The remainder of the waveguide was designed
At 25 °C, the transmission of light begins to weaken atysing a lattice spacing of 330 nm and a diameter of 180 nm
1500 nm as the light begins to spread out into the photonign order to minimize the additional loss of light down the rest
crystal as it approaches the upper band gap. By 1550 nm, th§t the waveguide. This necessarily slows down the group
device goes into strong cutoff as the extended modes can Rgyjocity of the light through the modulator relative to the
longer be supported within the waveguide, causing the lighfyaveguide during transmission since the light is closer to the
to be reflected back out of the waveguide at the input. Figytoff frequency in the modulator than in the rest of the
nally, by 1600 nm the light actually begins to penetrateyaveguide but otherwise should have no notable effect on
through the photonic crystal as it exceeds the band gap of thge operation of the device. The center of the device was

device. Consequently, the photonic crystals on each side gfgated to 440 °C within two columns widths of each side of

the modulator in order to simulate the highly localized heat-
ing of the device to modulate the light. The modulator itself
was only 1.92zm wide and the width of the heat effected
zone only 2.94um.

Simulation results shown in Fig. 4 clearly demonstrate
that this device strongly modulates light at the telecommuni-
cation wavelength of 1550 nm. Note the increased intensity
of the light in the modulator caused by the decrease in the
group velocity of the light as it passes through the modulator,
as shown in Fig. ). However, this has no adverse effects
on the modulation of the device as exemplified by the excel-
lent ON/OFF characteristics of this device. The extinction
ratio of this particular modulator is approximately 25 dB
with an insertion loss of 1 dB. Increasing the width of the
modulator to 12 columns wide increases the extinction ratio
to almost 50 dB with almost the same insertion loss. Note
that the insertion loss is significantly less here than that

(c) which would be estimated from the data acquired from the

25°C 650°C test devices shown in Fig. 2, suggesting that the insertion

FIG. 3. (Color online () Magnetic amplitude at 1500 nnfb) 1550 nm, loss Of, modulators embedded in photonic ,CryStal linear
and (c) 1600 nm at 25 and 650 °C. Light input from the left side of Waveguides may perform much better than in the test de-

waveguide. vices. A number of other devices were designed with high
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