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Carrier-induced optical bistability in silicon ring
resonators
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We demonstrate optical bistability in a micrometer-sized silicon ring resonator based on the free-carrier dis-
persion effect in silicon. We measure the transfer function of the resonator showing a hysteresis loop with an
input optical power of less than 10 mW. The influence of the thermal optical effect, which is minimized in
the experiment by use of nanosecond pulses, is evaluated theoretically. Applications include sequential logic
operations for all-optical routing. © 2006 Optical Society of America
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Optical integration in silicon has shown great poten-
tial because of its compatibility with microelectron-
ics. Active optical devices have been demonstrated in
silicon.)™ We have shown both all- 0pt1cal and
electro-optical modulators, 3 using silicon ring resona-
tors based on the free-carrier dispersion effect in sili-
con. Combinational logic has been realized based on
all-optical switching with III-V semiconductor ring
resonators.”” However, applications such as all-
optical routing require the state of a switch to be con-
trolled by previous information (the header of a
packet, for example), and therefore combinational
logic is not sufficient. For these applications, the bi-
stability effect needs to be demonstrated so that se-
quential logic elements can be built. In silicon, opti-
cal bistability due to the thermal optical effect has
been observed.” However, the thermal effect is rela-
tively slow, with a microsecond transition time. Re-
cently, optical bistability based on the carrier effect
was also demonstrated by use of photonic crystal
cavities.® In this Letter we show experimental mea-
surement of the carrier-induced optical bistability ef-
fect in a silicon ring resonator with a nanosecond
transition time. Using a high-quality-factor ring reso-
nator, we obtain a bistability hysteresis loop with less
than 10 mW of input optical power. The influence of
the thermal effect on the carrier-induced bistability
effect is also analyzed.

The structure used in the experiment consists of a
silicon ring coupled to a straight waveguide, as
shown in the inset of Fig. 1. It is fabricated on a
silicon-on-insulator substrate with a 3 um buried ox-
ide layer by the process described in Ref. 9. The
waveguides that form the structure have a width of
450 nm and a height of 250 nm. The radius of the
ring is R=5 um. Nanotapers are used at both ends of
the Wavegulde to expand the mode diameter to
~5 um, ensuring low-loss coupling to optical fibers.?
At the input side, light is coupled through a tapered
lens fiber to the nanotaper. At the output side, light is
coupled into fiber from the nanotaper through a lens
and a collimator. The fiber-to-fiber insertion loss for
the quasi-TE mode (dominant electric field parallel to
the substrate) is measured to be 10.4 dB, which in-
cludes an input coupling loss of 2.7+0.2 dB, a wave-
guide transmission loss of 4.1+0.1 dB (8 mm long
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waveguide with a 5.1£0.1 dB/cm attenuation coeffi-
cient), and an output coupling loss of 3.6+0.4 dB. The
waveguide transmission loss was extracted from the
insertion losses of waveguides of different lengths.

Figure 1 shows the transmission spectrum about
the resonant wavelength of \y=1532.85 nm for the
quasi-TE mode. The spectrum shows a 14 dB drop of
transmission at the resonant wavelength when the
light in the waveguide is coupled to the ring and is
lost from scattering at the sidewalls of the ring. The
full width at half-maximum bandwidth of the reso-
nance is AApwgy=0.11 nm, corresponding to a qual-
ity factor, defined as @=M\o/ANpwmn, of 14,000. The
TM mode has different resonant wavelengths and
different values of Q.

The bistability effect is based on the carrler gen-
eration induced by two-photon absorptlon (TPA) in
the ring resonator. The generated free carriers induce
a decrease of refractive index of silicon and cause a
blueshift of the resonant spectrum of the ring resona-
tor. If the wavelength of the optical pulses is shorter
than the resonance when no free carriers are present,
this blueshift increases the optical coupling into the
ring, which increases the carrier generation in the
ring. The higher carrier generation in turn causes
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Fig. 1. Transmission spectrum of the ring resonator. Reso-
nant wavelength Ay and the wavelengths used in the fol-
lowing bistability measurements, A\; and \g, are marked by
arrows on the spectrum. Inset, top-view scanning-electron
microscopy image of the ring resonator.
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more blueshift of the resonance. This positive feed-
back process occurs until the blueshift induced by the
input power is large enough that the wavelength of
the input pulses becomes longer than the resonant
wavelength of the ring. At this point, the previous
positive feedback effect becomes a negative feedback
effect, and the blueshifting process can be stabilized.

To demonstrate the bistability effect, we measure
the transfer function (output power versus input
power) of the ring resonator, which shows a hyster-
esis loop with input power higher than 3 mW. We use
4 ns optical pulses in the experiment. The width of
the pulse is longer than the ~0.5 ns long carrier
lifetime* to ensure that the carrier generation pro-
cess reaches its steady state before the end of the
pulses and is much shorter than the rise time of the
thermal effect in the resonator, which is ~1 us. The
solid curves in Fig. 2 show the transfer function when
input wavelength \; is detuned from resonance as
AN{=N1—2Ap=-0.11 nm. These two curves show the
output power when the input power is increasing and
decreasing. One can see a sharp transition of output
power when the ring resonator changes from the out-
of-resonance (high output power) state to the on-
resonance (low output power) state. This transition
happens at two different input powers: P; (input
power-increasing) and P, (input power-decreasing),
forming a hysteresis loop. For the same input power
of 6.2 mW, the output power of the ring resonator can
be very different, depending on whether the pulse fol-
lows low input power (point A) or high input power
(point B). To reach point A, one needs to increase in-
put power from 0 to 6.2 mW, which is done by use of
a single square pulse with 6.2-mW peak power, as
shown in Fig. 3(a). Since the resonator is out of reso-
nance before the pulse arrives, a small percentage of
input power is coupled into the ring but is not suffi-
cient to trigger positive feedback of the resonance
blueshift. Therefore the resonator remains out of
resonance as the pulse passes and the output power
is high, as shown in Fig. 3(b). From Fig. 2, one can
see that the input power required for triggering the
blueshift of resonance, which will be referred to as
the switching power, is P;=9.5 mW. To reach point B
on the curve, one needs to have the input power de-
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Fig. 2. Transfer function of the ring resonator with wave-
length detuning of AN;=-0.11 nm (solid curves) and A\,
=-0.08 nm (dashed curves), showing the bistability effect.

8
A 16 B
£6l(a 2 12] (c
2 (a) z (©)
5 &
g 4 % 8
£ o
5 2 5 4
>
g g
0 ¢
0 2 4 6 8 10 0 2 4 6 8 10
Time (ns) Time (ns)
0.4 0.4
% 03| (b) £ 03] (@
8 ]
Z 02 g 02
a a
301 3 01
=] =1
o O
0.0 )
0 2 4 6 8 10 0‘00 2 4 6 8 10
Time (ns}) Time (ns)

Fig. 3. Waveforms of input and output pulses for obtain-
ing points A and B on the transfer function curves in Fig. 2.
(a) Input pulse for obtaining point A. (b) Output pulse for
the input shown in (a). (¢) Input pulses for obtaining point
B. The lighter curve shows the leading pulse, and the
darker curve shows the main pulse, which is identical to
the input pulse shown in (b). (d) Output pulse for the input
shown in (c).

creased from a value higher than P;. To achieve that,
another high-power pulse (the leading pulse), whose
wavelength is at the shorter-wavelength edge of an-
other resonance of the ring, is sent to the waveguide
immediately before the main pulse to be measured
[see the lighter curve in Fig. 3(c)]. This leading pulse
blueshifts the resonances of the ring. Therefore the
resonator is on resonance before the main pulse with
6.2 mW peak power arrives [the darker curve in Fig.
3(c)], and most of the input power is coupled into the
ring. The optical power coupled into the ring gener-
ates enough carriers to keep the resonance shifted,
such that the resonator is kept on resonance and the
output power is low, as shown in Fig. 3(d). From Fig.
2, one can see that the minimal power required to
keep the resonator on resonance (the holding power)
is Py~5.5 mW. The foregoing analysis shows that
the state of a ring resonator depends on the previous
state as well as on the current input, forming the ba-
sis for building sequential logic on silicon for applica-
tions such as all-optical routing.

The shapes of the hysteresis curves agree with a
theoretical analysis of nonlinear fiber ring
resonators, ! despite the fact that the type of nonlin-
earity involved is different. As the analysis shows,
the difference between P; and P, decreases as the de-
tuning from resonance \, is reduced.’? The dashed
curves in Fig. 2 show the transfer function with de-
tuning AAg=Ny—A(;=-0.08 nm. One can see that the
width of the hysteresis loop is much smaller.

The TPA of light in the resonator generates not
only free carriers but also heat in the resonator,
which results in changes in the temperature and re-
fractive index of the silicon resonator. Here we show
a quantitative comparison between the free-carrier
effect and the thermal effect. Assuming the absorbed
optical power that is due to TPA is Py, the density of
the generated electron—hole pair is determined by the
equation



dN N P,

— o= M
dt 7. 2hvV

where N is the electron—hole pair’s density, 7, is the
carrier lifetime, Av=1.28x 1071 J is the photon en-
ergy, and V is the volume of the ring cavity. The re-
fractive index of silicon changes with carrier density
as An,=«kN, where «,=1.35x1072! cm? (Refs. 13 and
14) for N of the order of 107 cm™3. Since both TPA
and carrier recombination are phonon-assisted pro-
cesses, all the absorbed energy is eventually con-
verted to thermal energy, and the temperature shift
can be obtained from the equation

dAT AT P,

— v — = (2)
dt Ty pCV
where 75~1 us (Ref. 7) is the thermal dissipation
time, p=2.3xX1073 kg/cm?® is the density of silicon,
and C=705 J/(kg-K) is the thermal capacity. The re-
fractive index of silicon changes with temperature as
An,=k,AT, where k,=1.86x10%K1" In steady
state, the ratio between the temperature-induced in-
dex change and the carrier-induced index change is

0T 0022, (3)

where 7,=0.5 ns, 7y~ 1 us, and An,/An,~-44. There-
fore, with cw optical input, the thermal nonlinear ef-
fect dominates the carrier nonlinear effect. We have
observed optical bistability based on the thermal ef-
fect in a silicon ring resonator with cw optical power

of less than 1 mW.” When the optical input is a nano-
second pulse with pulse width T satisfying 7.<T
< Tos

An() 2h'UKOT T
—=——=-0.022—. (4)
An, pCk,t, 7,

Therefore the carrier’s nonlinear effect becomes
higher than the thermal nonlinear effect when T is
smaller than 467,=23 ns.

The thermal effect shown above affects carrier-
based bistability. In the experiment, when the ring
resonator is in state B as shown in Fig. 2, heat is gen-
erated in the ring resonator as a result of high optical
coupling to the ring, which results in a temperature
increase and a redshift of the resonance. As the wave-
length and the power of the optical input are fixed,
the redshift of the resonance increases the detuning
and therefore increases the required holding power
P,. Once P, becomes higher than the input power, the
device jumps to state A. This phenomenon prevents
the carrier-induced bistability from operating at
steady state. By using a longer main pulse in the ex-
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periment, we observe that the resonator can be held
in state B for less than 10 ns before it starts to
change back to state A. To minimize the thermal ef-
fect, strain in the silicon waveguide could be used,16
which can be introduced during the fabrication pro-
cess by, for example, controlling the overcladding
deposition conditions.)” The introduced strain in-
duces a decrease of the refractive index with the in-
crease of temperature, which can counterbalance the
thermo-optical effect, leading to steady-state bistabil-
ity from the carrier effect.

In conclusion, we have shown experimentally
carrier-induced optical bistability in a silicon ring
resonator with an optical power of less than 10 mW.
For the same optical input power, the transmission of
the resonator can be vastly different, depending on
the previous state of the resonator. This effect can be
used in applications such as logic for all-optical rout-
ing.
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