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Experimental observations of thermo-optical bistability
and self-pulsation in silicon microring resonators
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Optical bistability and self-pulsation (SP) in silicon microring resonators (MRRs) are experimentally observed. The
waveforms and frequencies of SP can be controlled by changing input light power and its wavelength, and the
region of SP can be modulated readily by applying a reverse voltage on the PN junction embedded in the MRR.
These phenomena are theoretically studied by adopting the coupled-mode theory and linear stability analysis
method for differential equations, with theoretical results fitting well with the experimental ones. © 2014 Optical

Society of America
OCIS codes:
integrated optics; (230.4555) Coupled resonators.
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1. INTRODUCTION

Silicon microring resonators (MRRs) have shown great poten-
tial applications in passive as well as active photonic devices.
The needs for low power consumption and high integration
density result in an unprecedented reduction in the footprint
of waveguide devices and radius of MRRs. As a result, the
power used to stimulate nonlinear phenomena in silicon
MRRs, especially optical bistability (BI) and self-pulsation
(SP), has been reduced to less than 1 mW, as demonstrated
by some reported experiments employing etched and etchless
MRRs [1-3]. The other generally used structures for studying
thermo-optical (TO) phenomenon are silicon microdisks or
microtoroids, with only 35 pW and 480 pW needed to stimulate
BI and SP, respectively [4]. In silicon MRRs, three key char-
acteristic times—photon lifetime, free-carrier lifetime, and
thermal decay time—affect the dynamical process of the op-
tical field evolution within the MRRs. We have theoretically
studied the nonlinear phenomena in silicon MRRs in two sit-
uations with and without considering the TO effect [5,6]. Both
BI and SP can be observed in these two cases, however, with
different nonlinear behavior regions and SP frequencies.
Although some reported works based on Kerr whispering gal-
lery mode resonators, such as silica microtoroid or micro-
sphere, have shown TO dynamical pulsation as well [7,8],
such processes are much more complicated than that in
the silicon MRRs, due to the different intrinsic nonlinear
effects, thus being hard to control and their potential applica-
tions being limited.

In this work, the BI and SP in silicon MRRs which are
fabricated by CMOS process are experimentally studied. By
employing the mathematical model we have presented in
our previous work [6], the theoretical results are given, which
fit well with the experimental measurements, thus consolidat-
ing the validity of our theoretical model. However, the SP phe-
nomenon is not observed in experiment when applying a
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reverse voltage on the PN junction embedded in the MRR,
which is also discussed with the model. The article is organ-
ized as follows: in Section 2, the experimental setup and re-
sults are described. In Section 3, the comparison of the
experimental measurements with our model and a discussion
are given. Finally, a conclusion is presented.

2. EXPERIMENTAL SETUP AND RESULTS

Figure 1 shows the schematic of the measurement setup. A
tunable continuous-wave laser is amplified by an erbium-
doped fiber amplifier (EDFA) and then is polarized by a polari-
zation controller (PC). Before the light has been coupled into
the waveguide of silicon MRR, an optical tunable power at-
tenuator is used to adjust the light power. At both facets of
the waveguide chip, two tapered fibers are used to couple
the light into and out of the waveguide respectively. The out-
coming light is then split into two parts by a splitter with one
part fed into an optical spectrum analyzer (OSA) and the other
into an oscilloscope via a photodetector (PD) to test the real-
time waveforms.

The scanning electron microscope (SEM) image of the
MRR used in the experiment is shown in the inset of Fig. 1.
The whole device consists of a ring resonator with a radius
of 10 pm side-coupled with a bus waveguide and a PN junc-
tion, which is embedded in the ring waveguide and terminated
with a three-port electrode, thus making it possible to control
the carrier density and carrier lifetime in the ring waveguide
by applying outside voltage. The carriers concentration distri-
bution in the waveguide is similar to those in the published
paper [9] where the same CMOS process was adopted, that
in the range of 1017 cm™3. After ion implantation, a high tem-
perature process is adopted to activate the dopant in 1030°C
for 5 s. The waveguides adopted in our experiment is rib ones
etched on a SOI wafer with the inner rib height of 220 nm,
outside slab height of 60 nm, and strip width of 500 nm.
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Fig. 1. Schematic of the measurement setup. The laser is amplified
by EDFA and its polarization is controlled by PC, single-mode tapered
fiber is used to couple the light into and out of the chip with coupling
loss of about 5 dB/facet. A DC power is used to adjust the free-carrier
lifetime. Inset: SEM image of silicon MRR before fabricated PN junc-
tion. CW laser, tunable continuous-wave laser; EDFA, erbium-doped
fiber amplifier; PC, polarization controller; PD, photodetector; OSA,
optical spectrum analyzer.

The gap between the ring waveguide and the bus waveguide is
about 250 nm. Such waveguide can only support TE mode,
and the measured transmitted optical spectrum at different
input power is plotted in Fig. 2. The linear resonant wave-
length is 1543.89 nm and the extinction ratio is larger than
25 dB. The 3 dB width of the spectrum is about 80 pm, which
corresponds to a loaded quality factor about 20,000. Such
MRR is nearly working under the critical coupling condition
where the linear loss nearly equals to the coupling loss. The
intrinsic quality factor is about 40,000, indicating the ring
linear loss and coupling loss both equal to 4 cm™L.

Due to the TO effect, the resonant wavelength is redshifted
when the input power increases. It is known that in silicon
waveguides the free-carrier dispersion (FCD) effect also plays
an important role in changing the refractive index, which
makes the resonant wavelength blueshifting. For example,
some articles have experimentally shown that the resonant
wavelength is blueshifted with increasing the input power
at the beginning stage, especially in case of the etchless MRRs
or under extremely low temperature [3,10]. However, in our
silicon MRR, although the waveguide is doped so that the
free-carrier lifetime is shorter than that in the etchless ones,
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Fig. 2. Measured spectra of optical transmission of the silicon MRR
(without GSG probe) at various input power levels. The quoted input
power refers to the power at the bus waveguide before coupling into
the MRR. Inset: zoom-in views of optical spectra for lower input
powers. The laser wavelength is swept from shorter wavelength to
longer wavelength.
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the utilization of heavily doped slab waveguide and metal elec-
trodes can greatly shorten the thermal decay time. As a result,
TO plays a little larger yet still comparable role on the refrac-
tive index than FCD, which makes both BI and SP occur in the
wavelength range blueshifted from the resonance of the MRR.

The threshold power of the Bl state is measured to be about
-7.3 dBm as seen in the inset of Fig. 2. This power is very low
for a highly doped silicon MRR, which may broaden the
application area of silicon MRR, such as an optical switch
based on the BI. However, it is undesired in some wavelength-
dependent applications, such as optical wavelength-division
multiplexing devices and electro-optical high-speed switches,
as a little higher power may redshift the resonant wavelength
and destroy the preset match between input wavelength and
ring resonant wavelength. Another phenomenon, i.e., optical
SP, may be aroused when increasing the input power higher
than several milliwatts, as can be seen in Fig. 3. With the help
of a PD and a real-time oscilloscope, the oscillating wave-
forms of output light are observed. It is important to note that
different input wavelengths have different optical oscillating
waveforms. However, such dynamical process cannot be dis-
played in the optical spectra, as the power measured by an
OSA is actually a mean power over a period of time that is
much longer than the SP period time.

For a conventional silicon MRR without PN or PIN junction,
the main characteristic times are normally constants. In this
case, the region of SP, as well as the oscillating waveform and
frequency, are all restricted by both input power and input
wavelength. It is easy to control the SP through input light,
which can be seen in Fig. 3. Furthermore, we measure the
waveforms of output light at different input wavelengths with
input power fixed at 8, 9, 10, and 11 dBm, respectively. The
frequency and duty ratio of SP at different input wavelength
detunings are plotted in Fig. 4 where the frequency of SP can
be adjusted from 10 to 18 MHz. The maximum SP frequency
appears at the middle of the region where the duty ratio of
the waveform is near 0.5. Different from the trend of the
“frequency—wavelength detuning” curve, the duty ratio de-
creases gradually with the increasing of the wavelength detun-
ing, and its values can be adjusted almost from 1 to 0. Such
phenomenon can be observed only when we sweep the input
light from short wavelength to long wavelength by means of
recording the real-time waveforms, which can hardly be ob-
served with the opposite wavelength sweeping direction.
The tunability of the SP as well as the relatively wide “0 to
1” duty ratio may provide some valuable flexibility in various
potential applications.

3. THEORETICAL ANALYSIS AND
DISCUSSION

The physical model has been proposed in [6] where the non-
linear coupled-mode theory (CMT) [11-14] and the linear sta-
bility analysis method [5,15,16] are used to simulate the
dynamical process and predict the regions of BI and SP. In
this paper, we only list some parameter values in Table 1,
while other parameter values used in the model can be found
in [6]. Some notes should be paid attention to, one is 7y, which
means group index; the other is 7pcy, which means how much
power transforms to heat due to free-carrier absorption
(FCA). The free-carrier lifetime used is 3 ns, which we attrib-
ute to the low loss of Si-SiO, interface. Two-photon
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Fig. 3. Real-time waveforms at different input wavelength with fixed input power 10 dBm. (a) 4 = 1544.5 nm (A1 = 610 pm); (b) 4 = 1544.9 nm
(A2 = 1010 pm). The movie of the dynamical process when sweeping the input wavelength from short to long can be found by clicking the

hyperlink (Media 1).

absorption (TPA) induced free carriers in the waveguide are
quickly separated by the build-in field of the PN junction, and
thereafter a new balance of the free-carrier movement is built
inside the waveguide. As a result, the recombination of car-
riers is mainly limited by the Si-SiO, interface quality. The ex-
pression for the carrier lifetime in the waveguide, with the
bulk carrier lifetime, Auger lifetime and carrier diffusion all
ignored, is thus written as [17,18]

1 S W+2H-h
:_+¥S’

T H WH ’ M

Tca.r

where W =500 nm, H = 220 nm, Ak = 60 nm, represent
waveguide width and height, and the slab height, respectively.
S and §' are the Si-SiO, interface recombination velocities in
lower and upper interfaces, respectively. It is reported that
such recombination velocity is influenced by the surface qual-
ity, and the values are 10°-10* cm/s for common interface
[19]. Compared with the values 8 x 10? cm/s used in [17]
and considering the better quality of Si-SiO, interface in
our case, we use 2.8 x 10 cm/s in simulations. Thus, the
free-carrier lifetime is calculated to be 3 ns.

The theoretical boundaries of BI and SP are shown in Fig. 5,
with the experimental measurements shown in black circles
for comparison. The experimental BI boundary points fit well
with the lower power branch of the theoretical BI boundary,

where the sweep direction of input wavelength is the same as
in experiment, i.e., from short wavelength to long wavelength.
However, when the operating wavelength is swept in the op-
posite direction, the boundary of BI takes its higher power
branch. The OSA used in experiment can only support the
sweeping direction from short wavelength to long wavelength,
thus we only obtained the optical spectrum corresponding to
the lower BI branch. To determine the higher power branch,
an alternative method was used by sweeping input power
from lower to higher while fixing the input wavelength. The
critical power at the upper branch can be determined when
the output power has a sharp jumping, as shown in Fig. 6(b).
The measured power points were plotted in Fig. 6(a) (black
circles), where the lower Bl branch was also obtained by tun-
ing the input power in the opposite direction (red rectangles).
Considering the measured errors, the fitting between experi-
mental data and predicted curves are acceptable.

Besides, the last measured point where wavelength detun-
ing is about 2000 pm is a little far away from the theoretical
value. The optical spectrum of this case is shown in Fig. 2 with
the input power of 11 dBm, which is much different from other
spectra. When the input power increases from 10.5 to 11 dBm,
the linewidth of the resonance of the MRR broadens wider
abruptly. To our knowledge, such phenomenon is not re-
ported so far, and we guess it may have contributed to the
additional optical loss and additional refractive index change
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(a) Frequency of output oscillation with input wavelength detuning at different input power. (b) Duty ratio of output oscillating waveforms

with input wavelength detuning at different input power. The input power is 8§, 9, 10, and 11 dBm, respectively.
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Table 1. Parameter Values Used in Calculation
Without With Probe
Parameter Probe -1V Source
Group index n, 4 4 FimmWave
[20]
Ring linear 1oss g (cm™?) 4 3.4 Measured
Coupling loss a, (cm™!) 4 4 Measured
Free-carrier lifetime 7., (ns) 3 0.03 Fit
Thermal decay time 7y, (ps) 0.12 0.12 Fit
Min 0.4 0.35 Fit
nrca 0.9 0.9 Fit
Ay (x10713 m?) 1.93 1.93 FimmWave
(20]
Arpy (x10713 m?) 1.1 1.1 Calculated
Agpca (10713 m?) 1.1 1.1 Calculated
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Fig. 5. Theoretical predicted boundaries of BI and SP at the map of
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resenting the 1 dB power measurement tolerance. Insets: the numeri-
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of cladding silica under high light intensity. The nonlinear co-
efficient of silica is much smaller than that of silicon and can
be neglected in most cases as long as the light intensity is not
very high. However, it should be considered in the model
whenever the light intensity in cladding is extremely high.
As a result, the 3 dB resonance bandwidth is widely broad-
ened and the resonant wavelength is largely redshifted.

Examples of output oscillating waveforms are shown in the
insets of Fig. 5, with input power fixed at 10 dBm and input
wavelength detuning at 600 and 1000 pm, respectively.
Numerical results show that different input wavelength detun-
ings have different waveforms, which is similar to the exper-
imental measurements in Fig. 3. A more explicit relationship
between frequency and input wavelength, together with the
relationship between duty ratio and input wavelength are both
plotted in Fig. 7. Comparing the experimental and theoretical
output waveforms, it is found that as a whole they have the
same trends and similar values. Nevertheless, there still exists
a little difference between them and it may come from the im-
perfection of the model adopted, which ignores the counter-
propagation of light coming from the waveguide sidewall
scattering [4].

Furthermore, we have also studied the performance of a
silicon MRR when applying a reverse biased voltage on the
embedded PN junction and only the optical bistability can
be observed, as seen in Fig. 8. The reverse voltage, together
with the build-in voltage of the PN junction, sweep the free
carriers out of the optical waveguide very quickly, resulting
in a much shorter free-carrier lifetime [21] and a smaller linear
loss due to the FCA. As a result, the extinction ratio of
the resonance in the linear range is decreased, and the bal-
ance between the FCD and TO effects is broken. The role
of the FCD on the refractive index is so much suppressed that
the initial condition for SP cannot be satisfied, thus we can no
longer observe the output power oscillation. The theoretical
boundaries of BI are plotted in Fig. 8, where the carrier
lifetime adopted is merely 30 ps, which is much shorter than
that without electric probes onto the electrodes of the MRR.
The lower power branch of the theoretical BI boundaries
is in good agreement with the experimental measured data
for the BI boundary. Note that some parameter values are also

listed in Table 1.
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Fig. 6. (a) Experimental measured input power data of Bl boundaries at different input wavelength detunings. The higher (lower) BI branch points
marked by black circles (red rectangles) were measured by increasing (decreasing) the input power gradually. Two solid curves are the predicted
Bl boundaries. (b) One example of the relationship between output power and input power. Black: for input power increasing from lower to higher;
Red: for input power decreasing from higher to lower. The power in horizontal and vertical coordinates has not excluded additional optical losses

induced by couplers and polarization controller.
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Fig. 7. Frequency and duty ratio of SP versus input wavelength
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4. CONCLUSION

In this work we have experimentally observed the BI and SP
phenomena in a highly doped silicon MRR. With the CMT and
the linear stability analysis method, the experimental
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Fig. 8. (a) Experimental results of optical spectra at different input
power with reverse voltage of —1 V. Inset: Zoom-in views of the spec-
tra at lower input power. (b) Comparison between the experimental
measurements (black circles and green triangles) and numerical re-
sults of the regions of BI (two pink-dotted lines). The green triangles
mark the resonant wavelength before stimulating BI, while the black
circles denote the BI boundary wavelength.
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measurements, including the regions of BI and SP, and the
real-time oscillating waveforms, are fitted with numerical re-
sults, and the fitting accuracy is acceptable. The frequency of
SP is of the order of 10 MHz, and the duty ratio can be tailored
from 1 to 0. The tunability of SP, together with the relative low
threshold power, may find a variety of potential applications,
such as the on-chip distribution of the low-speed optical clock
signals. However, when applying a reverse voltage on the PN
junction embedded in the MRR, the free-carrier lifetime is re-
duced by 2 orders of magnitudes, so that the region of SP as
well as the stimulating initial condition of SP are all changed,
and SP is not observed.
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