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ABSTRACT

Microresonators are basic building blocks for compact photonic integrated circuits (PICs). The performance of the
microresonators depends on their intrinsic and loaded quality factors (Q). Here we demonstrate the optical
characterization of a single crystalline silicon microtoroidal resonator with integrated MEMS-actuated tunable optical
coupler. The device is realized on a two-layer silicon-on-insulator (SOI) structure. It is fabricated by combining
hydrogen annealing and wafer bonding processes. The device has been demonstrated to be operated in all three coupling
regimes: under-coupling, critical coupling, and over-coupling. At an actuation voltage of 114 V, the extinction ratio at
the resonant wavelength of 1548.18 nm reaches 22.4 dB. To characterize these quality-factor tunable microtoroidal
resonators, we have also developed a comprehensive model based on time-domain coupling theory. The intrinsic and
loaded Qs are extracted by fitting the experimental curves with the model. The intrinsic Q is 110,000. And the loaded Q
is continuously tunable from 110,000 to 5,400. This device has potential applications in variable bandwidth filters,
reconfigurable add-drop multiplexers, and optical sensors.
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1. INTRODUCTION

Optical microresonators are key enabling building blocks for compact filters [1], add-drop multiplexers [2], optical
dispersion compensators [3], delay lines [4], electro-optic modulators [5], lasers [6], nonlinear optical devices [7], and
optical sensors [8, 9]. The performance of microresonators depends on their intrinsic and loaded quality factors (Q),
which is achieved by controlling the coupling ratio between the coupler and the resonator. Microfabrciated resonators
with very high Q has been demonstrated in SiO, [10] and Si [11]. To achieve optimum performance, the coupling ratio
needs to be precisely controlled [12]. Previously this has been achieved by adjusting prism couplers in fused silica
microsphere resonators [13] or using piezo-controlled micropositioners to move tapered fiber couplers [14-16].
However, such setups are bulky and cannot be integrated. In microresonators with integrated waveguides, the coupling
ratio is determined by the fabrication process [17]. The loaded Q and its relation with the intrinsic Q cannot be controlled
precisely. Some trimming processes have been proposed to control the resonance frequency but not the coupling [18,
19].

Recently, microresonators with tunable coupling ratios have been reported [20-23]. A Mach-Zehnder interferometer
(MZI) has been integrated with a racetrack resonator [20]. The resonator can operate in all coupling regimes (uncoupled,
under-, critical, or over-coupled). An intrinsic Q of 1.9x10* and an ON-OFF ratio of 18.5dB have been achieved.
However, the circumference of the resonator is rather large (1430 um) due to the long MZI structure, which limit the
free spectral range and footprint it can achieve. Also, microfluidic approach has been employed to tune both the
resonance wavelength and the coupling ratio of low-index SU8 microring resonators [23]. The refractive index of the
liquid media was varied by mixing two different liquids. Critical coupling with an extinction ratio of 37 dB have been
attained. However, index variation is small (~ 0.04), which limits the tuning range. In addition, and the tuning speed is
slow (~ 2 sec) and the fluidic packaging is bulky in terms of integrated circuits. Previously, we have reported the first
silicon microdisk resonator with integrated micro-electro-mechanical-systems (MEMS) tunable coupler [21, 22]. By
physically changing the gap spacing between the waveguide and the resonator, coupling ratio can be varied from 0 to
34% and a high Q (100,000) have been achieved simultaneously. Tunable dispersion compensators (185 ps/nm to 1200
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ps/nm) have also been demonstrated [22]. However, in the microdisk resonators there is lack of radial mode control,
which could produce additional resonances due to high order modes.

In this paper, we report on the optical characterization of a single crystalline silicon microtoroidal resonator with
MEMS tunable optical coupler. Microtoroidal resonators offer tighter confinement of the optical mode and eliminate
multiple radial modes observed in microdisks. Previously, microtoroidal resonators have been made in SiO, by thermal
reflow [10], however, such process can not be applied to single crystalline structures. Instead, we use hydrogen
annealing to create three-dimensional toroidal structures while preserving the single crystalline quality [24] and the
smooth surface for the high optical performance. All three coupling regimes have been demonstrated, with the loaded Q
tunable from 110,000 to 5,400.

2. DEVICE DESIGN AND FABRICATION

The schematic of the tunable integrated microtoroidal resonator is shown in Fig. 1(a). It is designed on a two-layer
silicon-on-insulator (SOI) structure. Two suspended waveguide couplers are vertically aligned to a microtoroidal
resonator. The microtoroid and the fixed electrodes of the MEMS actuators are integrated on the lower SOI layer, while
the suspended waveguides are integrated on the upper SOI. The initial spacing between the microtoroid and the
waveguides is 1 pm. This design ensures that there is negligible coupling at zero bias. By increasing voltage bias
between the waveguide and the fixed electrodes, the suspended waveguide is pulled down towards the microtoroid,
increasing the optical coupling, as illustrated in Fig. 1(a). This design enables the microtoroidal resonator to be biased in
all coupling regimes: under-coupling, critical coupling, and over-coupling, and decoupled from the waveguide bus. The
MEMS actuator design principles have been reported in [22].
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Figure 1(a). Schematic of the microtoroidal resonator with Figure 1(b). SEM of a fabricated microtoroidal resonator and
integrated MEMS tunable couplers. The lower waveguide is the integrated waveguides. The inlet showing the cross-
pulled downward by biased actuation to increase coupling, sectional view of the microtoroid.

while the upper waveguide remains straight (uncoupled).

The vertically coupled tunable microresonator is fabricated on a two-layer SOI using wafer bonding process. The
detailed fabrication process is reported elsewhere [25]. The scanning electron micrograph (SEM) of the fabricated device
is shown in Fig. 1(b). The dimensions of the waveguides are measured to be 0.69um wide and 0.25um thick, very close
to the design parameters. In addition to creating toroidal shape, the hydrogen annealing also reduces the surface
roughness (to < 0.26 nm as reported in [26]), which is critical to attain high Q. The resonator exhibits a smooth sidewall.

3. OPTICAL CHARACTERIZATION

The optical characterization of the tunable microtoroidal resonator is performed by using a measurement setup with both
a broadband amplified spontaneous emission (ASE) source (OpticWave Communications Mini BLS-C-13) shown as
method (A) in Fig. 2, and a tunable laser (Agilent 8164A) shown as method (B) in Fig. 2.
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Through the polarization maintaining lensed fibers the incident light is edge coupled to the integrated waveguides,
as the setup shows in Fig. 2. A calibrated optical power meter (HP 8153A) and an optical spectrum analyzer (OSA)
(ANDO AQ6317B) are used at the output to measure the transmitted power. In method (A), the ASE provides a
broadband source for fast and overall spectral measurement. We have used TE-polarized input, which is attained by a
linear polarizer and a polarization controller.
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Figure 2. Experimental setup for optical characterization with method (A)
ASE broadband measurement and method (B) laser sweeping

While the waveguide is grounded, a voltage bias is applied to the fixed electrodes to actuate the waveguide. At zero
bias, almost 100% of the light is transmitted to the output port. With increasing bias, sharp dips gradually appear in the
transmission spectrum, as shown in Fig. 3. Each dip corresponds to a resonant wavelength. The free spectral range (FSR)
of the TE mode is measured to be 5.2 nm. The small ripples are due to the reflections from the cleaved facets (Fabry-
Perot effect). By anti-reflection coating the facets, these ripples can be eliminated to utilize the tunable microresonators
in tunable applications such as bandwidth-tunable filters [27]. Only one resonance peak is observed within each FSR,
confirming the successful suppression of multiple radial modes observed in microdisk resonators.
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Figure 3. Measured optical spectrum of a microtoroidal resonator at a bias voltage
of 64V. The measured free spectral range (FSR) of the TE mode is 5.2 nm.

With the integrated tunable waveguide coupler, the microtoroidal resonator was able to be continuously operated in all
coupling regimes. At low voltage, the microresonator is in under-coupled regime. Fig. 4(a) shows the normalized
transmission spectra of the resonator around one of the resonant wavelengths at 1548.2 nm at bias voltages of 51.0, 56.0,
and 64.8V, respectively. As the voltage increases, the dip becomes larger at resonance, due to the fact that the optical
coupling becomes stronger. In the under-coupling regime (Vi < 114V), the transmittance decreases continuously with
increasing voltage. The transmittance reaches a minimum at critical coupling (Vs = 114V). The extinction ratio is
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measured to be 22.4 dB at critical coupling. The resonator is operated in the over-coupling regime when the voltage is
further increased. Fig. 4(b) shows the normalized transmittance at the resonant wavelength changes as a function of the
applied voltage, indicating the three coupling regimes.
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Figure 4(a). Measured normalized optical spectra of a Figure 4(b). Normalized transmittance at resonance versus

microtoroidal resonator at bias voltages of 51.0, 56.0, and 64.8V.  actuation voltage. The microresonator can be tuned continuously
from under-coupling regime to over-coupling regime.

4. THEORETICAL MODELING

To further analyze the characterization measurement, a theoretical model is built. According to the time-domain
coupling theory [1], the optical transfer function of the microresonator can be expressed as a function of resonant
frequency (w,) and amplitude decay time constants, 1y and 7., due to intrinsic loss and external coupling, respectively:
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where t,. is the amplitude transfer function of the microresonator.

Alternatively, the transfer function can also be expressed in terms of the intrinsic quality factor, Qo, and the external
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where Qy=w(ty/2, Q=w(t./2, and the loaded quality factor Q, is defined as
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We have developed a comprehensive model that includes both the effect of the microresonator and the FP ripples,
so that to more precisely model the measured spectrum and more accurately extract the Q values of the resonator,

particularly when the resonance peak is small. The measured spectra here are complicated by the Fabry-Perot resonance
between the two cleaved facets, as illustrated in Fig. 5.
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Figure 5. Schematics illustrating the interaction between the microresonator
and the Fabry-Perot resonance of the coupling waveguide.

Hence the total transmission t is derived as a summation of multiple transmissions through the waveguide, as shown in
equation (4):
2
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where r is the amplitude reflection coefficient at the facet of the silicon waveguide, o is the optical loss per unit length in
the waveguide, L is the length of the waveguide, k is the free-space propagation constant, n. is the effective refractive

index of the Si waveguide, and ¢R is the optical phase change at the reflection per interface. Since there is a © phase shift

at the reflection interface, the total transmission t,; can be simplified as the following:
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In this derivation, we have assumed the backscattering effect is small and can be neglected. The total intensity
transmittance is then given by

=[t,,[ (6)
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To include the effect of waveguide dispersion, the phase factor kLn, 7 is replaced by
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dn 1

where D, =—

dA Ny

With this model, the quality factors, Qo and Qy, are extracted from the measured optical spectra by least-square-
fitting to the model. Fig. 6 shows the measured and the fitted spectra around the resonance peak at 1548.2 nm when the
resonator is operated in (a) decoupled, (b) under-coupled, and (c) over-coupled regimes, respectively. The experimental
data agree very well with the theoretical model.
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Figure 6(c). Measured and modeled spectra at 130V
(microresonator is over-coupled)

From the fitted spectral response, the intrinsic quality factor, Q,, of the microtoroidal resonator is extracted to be
110,000. The loaded Q, Qy, is continuously tunable from 110,000 to 5,400, exhibiting a tuning ratio of more than 20:1.
Compare to the model used for lumped resonator alone in [28], the model described in this paper not only fit the
resonance peak but also the ripples due to the Fabry-Perot resonance. It has further explained and matched the ripples
around the resonant wavelengths where the lumped model with normalized spectrum could not.
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With the optical characterization, these tunable microresonators described in this paper can be cascaded to form
reconfigurable optical add-drop multiplexers, wavelength-selective switches and crossconnects. It can also be used for
bandwidth-tunable filters in dynamic optical networks. With the successful suppression of multiple radial modes, we
have demonstrated the microtoroidal resonator to have even larger bandwidth tuning range [27] than the microdisk-based
filters in [29].

5. CONCLUSION

We have successfully performed the optical characterization of a novel single crystalline silicon microtoroidal resonator
with MEMS-actuated tunable optical coupler. It is fabricated by combining the hydrogen annealing and the wafer
bonding processes. We have achieved an intrinsic quality factor (Q) of 110,000 for a fabricated 39-um-diameter
resonator with a toroidal radius of 200 nm. The device is able to operate in all three coupling regimes: under-coupling,
critical coupling, and over-coupling. We have attained 22.4 dB extinction ratio at the resonant wavelength of 1548.18
nm with an actuation voltage of 114 V. The resonator can also be decoupled from the waveguide, to allow them to be
cascaded without loading the waveguides. We have also developed a detailed model combining the resonator by time-
domain coupling theory with the Fabry-Perot resonance of the waveguide. The experimental and theoretical results agree
very well. The intrinsic Q is extracted to be 110,000. The loaded Q is continuously tunable from 110,000 to 5,400. This
device has potential applications in variable bandwidth filters, reconfigurable add-drop multiplexers, wavelength-
selective switches and crossconnects, and optical sensors.
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