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Optical Bistability in a Silicon Waveguide Distributed
Bragg Reflector Fabry–Pérot Resonator
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Abstract—We demonstrate optical bistability in a silicon waveguide Fabry–Pérot resonator formed by a pair of distributed Bragg
reflectors. In the bistable regime, the output power of the resonator
ceases to be uniquely determined by the input power because multiple powers within the cavity satisfy the resonance condition. Pulsating behavior is observed within the resonator output, and is
attributed to noise within the experimental setup driving the resonator between the multiple allowed output powers.
Index Terms—Fabry–Perot resonators, integrated optics, optical
bistability.

I. INTRODUCTION

B

ISTABILITY occurs in devices that are composed of a
material with nonlinear optical response. In the bistable
regime, the output power of the device ceases to be uniquely
determined by the input power because multiple powers within
the cavity satisfy the resonance condition. Bistable devices are
a versatile foundation for optical signal processing because
they display both nonlinearity and hysteresis. This allows for
the realization of photonic circuitry with functions including
switching, memory, combinatorial and sequential logic, and
modulation [1].
Bistable integrated photonic devices may be fabricated in a
number of ways. Periodically structured dielectric waveguides
[2] are an attractive solution because of their compact footprint
and high packing density. However, the range of applications
of this approach is limited due to high-power requirements. In
contrast, resonant cavities formed from photonic crystals [3] or
rings [4]–[7] are attractive because of their low-power requirements. Conversely, their application is limited due to their large
footprint and low packing density.
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Fig. 1. Top-down diagram of a Fabry–Pérot resonator created from a pair of
distributed Bragg reflectors in a strip waveguide. Note that the diagram is for
conceptual purposes and is not drawn to scale.

In this paper, we propose and demonstrate optical bistability
in a waveguide Fabry–Pérot resonator created from a pair of
distributed Bragg reflectors [8] within a strip waveguide (see
Fig. 1). This design has the advantage of maintaining the small
footprint and high packing density of a periodically structured
dielectric waveguide [9], while taking advantage of the reduced
power consumption featured in devices based on resonant cavities. The packing density advantage is especially significant in
applications that might require long cavity, small free spectral
range resonators for narrowband filtering [10]. At the opposite
extreme, Fabry–Perot topology is also appropriate for very short
cavities, since it does not suffer from bending loss that limits
the radius of resonant rings. Furthermore, due to the utilization
of distributed Bragg reflectors, the configuration presented here
is particularly attractive for wavelength selective applications
such as wavelength division multiplexing. Bragg reflectors can
also implement certain signal processing functions, including
broadband filtering and engineered dispersion [11], with little
effect on the device footprint. The implementation of signal processing functions using ring resonators often requires a cascade
of multiple rings [12], [13], significantly increasing the footprint. Therefore, the development of an experimental understanding of bistable behavior in this type of device is valuable.
II. EXPERIMENTAL DESIGN AND FABRICATION
The device is fabricated on a silicon-on-insulator (SOI) substrate with a 3 m buried oxide layer and a 250 nm top silicon
layer. The substrate is spin coated with hydrogen silsesquioxane
(HSQ) resist that is patterned via electron beam lithography, and
developed so that it forms a mask with the lateral dimensions of
the desired waveguide. The substrate then undergoes an inductively coupled plasma reactive ion etch process that removes
the silicon not protected by the HSQ mask. The patterned silicon is then cladded with a layer of silicon dioxide deposited
via plasma-enhanced chemical vapor deposition.
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Fig. 3. Experimental setup used to characterize the device. The details of the
components used may be found in the text.

Fig. 2. Scanning electron micrograph of an uncladded section of the SOI strip
waveguide distributed Bragg reflector employed in this experiment. Note that
the scale bar label is 200 nm.

The nominal dimensions of the silicon strip waveguide employed in this experiment are 500 nm width and 250 nm height.
The Bragg grating mirrors are formed by periodically modulating the waveguide width by
nm (see Fig. 2). The grating
period is 0.304 m, and the mirrors are 94 periods long. The
mirrors are separated by a distance of 200.225 m. Nanotaper
couplers are employed at both the input and output terminals of
the device [14].
Characterization of the device was performed using the experimental setup illustrated in Fig. 3. The laser source (Agilent model 81980A) is fiber coupled to a polarization scrambler,
a fiber polarizer, and a polarization-maintaining lensed fiber
oriented to excite the TE mode in the silicon waveguide. The
light transmitted through the sample is collected by a 0.4 NA
microscope objective (Lens 1 in Fig. 3) and imaged onto the
detector by two sequentially arranged 4F systems (lenses 1–2
and 3–4). An iris in the first focal plane eliminates stray light
from around the waveguide endpoint. A polarizer in the second
Fourier plane rejects any quasi-TM mode component that may
arise from imperfect alignment of the lensed fiber or from waveguide defects. The detector and power meter are Newport model
918D-IG-OD3 and 2931-C, respectively. The measurements are
automated by a computer which controls the laser source and
power meter. For the measurements in this paper, input laser
power refers to the power exiting the laser source, while transmission power refers to the power registered by the detector.
III. MEASUREMENT AND DISCUSSION
The device power transmission spectrum of the quasi-TE
mode (defined such that the electric field vector is parallel to
the substrate) within the stop band of the distributed Bragg
reflectors is shown in Fig. 4. The free spectral range of the transmission peaks is 1.33 nm. In the linear regime, the resonator has
a maximum peak-to-trough signal rejection of 23.3 dB around
the
nm resonance. The full-width at half-maximum
bandwidth of this resonance is
nm. The

Fig. 4. Transmission of the quasi-TE mode of the distributed Bragg reflector
Fabry–Pérot resonator.

Fig. 5. Power dependence of the transmission around the 1547 nm resonance
peak of the quasi-TE mode of the distributed Bragg reflector Fabry–Pérot
resonator.

quality factor corresponding to these measurements, defined as
, exceeds 19 000.
The power dependence of the transmission spectrum of the
quasi-TE mode around the 1547 nm resonance peak as a function of continuous wave input power is shown in Fig. 5. As the
input power is increased, the resonant peak becomes asymmetrical and displays an abrupt transition from the peak power. This
behavior is indicative of resonator bistability [4]–[6].
The effects that contribute to the power dependence of the
device resonance are the third-order material nonlinearity [15],
the free-carrier dispersion effect [16], the thermo-optic effect
[17], [18], and thermal expansion [18], [19] (both through altering the length of the resonant cavity and by altering the effective index through geometrical distortion of the waveguide).
It has been previously demonstrated that thermal effects dominate free-carrier dispersion by a wide margin for continuous
wave pumping in SOI waveguides [7]. This may be cursorily
verified by observing the direction of nonlinear index change.
Likewise, among the remaining effects, it can be shown that
the thermo-optic effect dominates both the material nonlinearity
[20] and thermal expansion [6].
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A theoretical model of the response of a silicon waveguide
Fabry–Pérot resonator is developed following those of prior authors [21], [22]. Of particular interest, the steady-state relationship between the input and output intensities of the resonator
may be expressed as
(1)

(2)
is the intensity input into the resonator,
is the inwhere
tensity transmitted by the resonator, is the mirror reflectance,
is the mirror transmittance, is the resonant cavity length,
is the net waveguide attenuation constant, is the propagation
constant of the guided radiation,
is the free space propagation constant, and
is the effective nonlinear index coefficient of the guided mode. To arrive at this equation, effects resulting from two photon absorption, free-carrier dispersion, and
thermal expansion are neglected. For the device at hand, these
approximations are justified.
Bistable behavior arises in the resonator response because,
under certain conditions, (1) yields multiple distinct solutions
for a given . The resonator can then switch randomly between these solutions under the influence of noise (both amplitude [4]–[7] and phase [23]). Experimental evidence of this
random switching behavior in the Fabry–Pérot resonator is presented in Fig. 6. The solid curve in the figure shows a model
of the device response following (1) and (2) with parameters
m,
dB/cm,
m
m , and
cm /W. Of these,
, and are extracted from the low-power
spectrum in Fig. 4, and is the known wavenumber of the laser
source. The thermo-optic effect is represented by
. To determine
, it is necessary to estimate the optical power inside the waveguide (which depends on the coupling efficiency),
the fraction of power that is absorbed and converted to heat, and
the rate of heat dissipation [20]. Here, the coupling loss is taken
to be
dB and the collection efficiency to be 92.4%. These
values are consistent what we typically observe in similar devices, and yield a good fit to the data in Fig. 6. The fitting of
data in Fig. 6 also yields the absorption coefficient
dB/cm and thermal dissipation time constant
s. It
is pertinent to note that the mechanisms of both absorption [24]
and heat dissipation [25] in on-chip waveguides are still the subjects of active research. The exact value of is also chosen for
best fit in Fig. 6. This value varies somewhat with the ambient
temperature between measurements and therefore cannot be obtained directly from the low-power spectrum in Fig. 4. Silicon
material properties used to compute
are
for the thermo-optic coefficient [6],
kg/cm for the
density of Si [7], 705 J/(kg K) for the thermal capacity of Si
[7], and
cm /W for the nonlinear index coefficient of
Si [15]. The nonlinearity of the SiO cladding is so small that it
is neglected in the analysis [6].
The sensitivity of the model to the waveguide parameters provides insight into the origin of the pulsating behavior of the device. The dominant nonlinearity within the experiment arises
from the thermo-optic effect, which is driven by absorption of

Fig. 6. Measurements and theoretical response of the transfer function of the
quasi-TE mode of the distributed Bragg reflector Fabry–Pérot resonator. Run 1
and Run 2 were made 8 min apart. Point-by-point measurements are taken at an
average rate of 0.77 Hz. The wavelength detuning from resonance of the model
is 0.15 nm.

the laser source and subsequent heating of the device. We attribute the switching between the two stable states on the hysteresis curve to the random variation of laser output that can
occur as the laser is being tuned from one power level to another
and its internal feedback controller is searching for an equilibrium. The laser operating manual does not provide specifications on transient power variation in the laser output, and due
to the bandwidth limitations of the measurement system we are
unable to perform this characterization. However, a compelling
argument can be made in favor of this attribution through the
elimination of other possible noise sources. We note that the
specified maximum drift in laser power when operated at constant output is
% per hour (typically much less), which is
insignificant and may be excluded as a source of switching.
In principle, drift in ambient temperature could also trigger a
switch. This may be excluded as a factor by observing the repeatability, both between subsequent runs and within the back
and forth sweeps of a single run, in Fig. 6. On the time scale
of the experiment, ambient temperature drift will be monotonic
in nature. Had any such drift occurred, it would have spoiled
the repeatability of the nonbistable portion of the data. Furthermore, as all of the measurements lie on the outside of the hysteresis loop, the source of switching must only occur in between
the point-by-point measurements. Had the switching occurred
during the detector integration time (
ms), it would have
resulted in data points that appear to lie within the hysteresis
loop. This is because the high-power and low-power portions
of the measurement would average to some intermediate power
value.
The anticipated magnitude of temperature changes is also too
small to trigger a switch. The maximum magnitude of thermal
drift observed in the laboratory environment is 0.1 C/min (typically much less). Since the thermo-optic coefficient of the waveguide effective index is approximately equal to that of silicon,
the maximum change in ambient temperature modifies the guide
effective index by
per minute. This is much less
than the
index difference in the resonator between
the high-power and low-power bistable states, and is trivial over
the point-by-point measurement time.
IV. CONCLUSION
In conclusion, we have demonstrated optical bistability in a
silicon waveguide distributed Bragg reflector Fabry–Pérot res-
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onator. The behavior arises primarily from the thermo-optic effect. At high input powers, evidence for pulsating behavior in
the resonator was observed. This behavior is attributed to noise
within the experimental setup driving the resonator between
bistable states. The device combines the small footprint and
high packing density associated with linear dielectric waveguides with the reduced power consumption associated with resonant structures. Productive areas of future research include performing a time-dependent stability analysis of the device. This
could be expected to produce strategies to mitigate instability,
and would be particularly attractive from a signal processing
perspective [10].
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