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Abstract—A single crystalline silicon microtoroidal resonator
with integrated MEMS-actuated tunable optical coupler is demon-
strated for the first time. It is fabricated by combining hydrogen
annealing and wafer bonding processes. The device operates in
all three coupling regimes: under-, critical, and over-coupling. We
have also developed a comprehensive model based on time-domain
coupling theory. The experimental and theoretical results agree
very well. The quality factor (Q) is extracted by fitting the experi-
mental curve with the model. The unloaded Q is as high as 110 000,
and the loaded Q@ is continuously tunable from 110 000 to 5400.
The extinction ratio of the transmittance is 22.4 dB. This device
can be used as a building block of resonator-based reconfigurable
photonic integrated circuits.

Index Terms—Integrated optics, optical resonators, surface
roughness, tunable.

I. INTRODUCTION

PTICAL microresonators are key enabling elements for

O compact filters [1], lasers [2], electro-optic modulators
[3], add—drop multiplexers [4], optical dispersion compensators
[5], delay lines [6], nonlinear optical devices [7], and optical
sensors [8], [9]. The performance of microresonators depends
on two parameters: the quality factor (Q) of the resonator and
the coupling ratio between the waveguides and the resonator (k).
Microfabricated resonators with very high @) has been demon-
strated in SiO5 [10] and Si [11]. The coupling ratio needs to be
controlled precisely to achieve optimum performance [12]. This
has been achieved by adjusting prism couplers in fused silica
microsphere resonators [13] or by moving tapered fiber cou-
plers [14]-[16] with piezo-controlled micropositioners. How-
ever, such setups are bulky and cannot be integrated. In mi-
croresonators with integrated waveguides, the coupling ratio is
determined by the fabrication process [17]. The value of « or,
perhaps more importantly, its relation with the cavity @), can-
not be controlled precisely. Some trimming processes have been
proposed to control the resonance frequency, butnot « [18], [19].
Recently, microresonators with tunable coupling ratios have
been reported [20]-[23]. A Mach—Zehnder interferometer
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(MZI) has been integrated with a racetrack resonator [20].
The resonator can operate in all coupling regimes (uncoupled,
under-, critical, or over-coupled). An unloaded @ of 1.9 x10*
and an On-Off ratio of 18.5 dB have been achieved. However,
the circumference of the resonator is rather large (1430 pm) due
to the long MZI structure, which limits the free spectral range
and the footprint that it can achieve. Recently, microfluidic ap-
proach has also been employed to tune both the resonance wave-
length and the coupling ratio of low-index microring resonators
made in SU8 [23]. The refractive index of the surrounding me-
dia 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
of . In addition, the tuning speed is slow (~2s) and the fluidic
packaging is cumbersome.

Previously, we have reported the first silicon microdisk
resonator with integrated microelectromechanical systems
(MEMS) tunable coupler [21], [22]. By physically changing
the gap spacing between the waveguide and the resonator, £ can
be varied over a wide range (0 to 34%) and a high @ (100 000)
have been achieved simultaneously. Tunable dispersion com-
pensators (185 to 1200 ps/nm) have also been demonstrated [22].
One drawback of that device is the lack of radial mode control
in microdisk resonators, which could produce additional res-
onances due to high-order modes. In this paper, we report on
the first 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. Microtoroidal resonators
have been made in SiOy by thermal reflow [10], however, such
process cannot be applied to single crystalline structures. In-
stead, we use hydrogen annealing to create three-dimensional
toroidal structures while preserving the single crystalline qual-
ity [24]. To integrate the microtoroidal resonators with MEMS
tunable waveguides, we have combined the hydrogen annealing
process with wafer bonding technique. All the three coupling
regimes have been demonstrated, with the loaded @) tunable
from 110 000 to 5400.

II. DEVICE DESIGN AND FABRICATION
A. Device Structure Design

The schematic of the tunable microtoroidal resonator is shown
in Fig. 1. Two suspended waveguides are vertically coupled to a
microtoroidal resonator. It is realized on a two-layer silicon-on-
insulator (SOI) structure. The microtoroid and the fixed elec-
trodes of the MEMS actuators are fabricated on the lower SOI
layer, while the suspended waveguides are integrated on the up-
per SOL The initial spacing between the microtoroid and the

1077-260X/$25.00 © 2007 IEEE
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Fig. 1. (a) Schematic of the microtoroidal resonator with integrated MEMS
tunable couplers. At zero bias, the initial spacing is large enough to ensure negli-
gible coupling between the resonator and the waveguide coupler. (b) Schematic
of the microtoroidal resonator with integrated MEMS tunable couplers under
biased actuation. Lower waveguide is pulled downward to increase coupling,
while the upper waveguide remains straight (uncoupled).

waveguides is 1 pum. It is chosen so that there is negligible cou-
pling at zero bias, as shown in Fig. 1(a). With increasing volt-
age bias between the waveguide and the fixed electrodes, the
suspended waveguide is pulled down toward the microtoroid,
increasing the optical coupling exponentially, as illustrated in
Fig. 1(b).

This design enables us to bias the microtoroidal resonator
in all coupling regimes: under-coupling, critical coupling, and
over-coupling, or even decoupled from the waveguide bus. De-
tails of the MEMS actuator design have been reported in [22].

There is a design tradeoff in the doping concentration of the
Si device layers. High doping is desired for the MEMS actua-
tion, while low doping is necessary to minimize the optical ab-
sorption due to free carriers. Fortunately, electrostatic actuation
does not require low resistivity. With a doping concentration of
104 cm~2 (n-type dopants), aresistivity of 10 Q-cm and an opti-
cal loss smaller than 0.01 cm™ can be achieved. This absorption

0.8 1.0
E 06 l
=
g 04
s 02 1
3
= 00 1 l
(a] _
= -0.2
S _
T -04
S _
> .06 |

08 :

1 0 1 00
Horizontal Direction (um)

Fig. 2. Optical mode profile of the toroid for TE-like polarized light at
1.55 pm.

coefficient corresponds to a @ of 10® for microresonators if it is
the dominant loss.

B. Waveguide Design for Phase Matching

Phase matching between the waveguide and the resonator is
important to achieve an efficient coupling. Phase matching is
satisfied when the two wave modes have the same propagation
constant (3.

We calculated the propagation constants of the microtoroid
with the actual shape produced by hydrogen annealing using
beam propagation method (BPM).! The optical field profile of
the toroidal resonator at 1.55-um wavelength is shown in Fig. 2.
We used the following parameters in the calculation: refractive
indexes of Si and air are 3.46 and 1.0, respectively; the bend
radius of the toroid is 19.5 pum; and the radius of the toroid
is 200 nm. It supports only one TE-like optical mode tightly
confined to silicon.

Phase matching is achieved by controlling the dimensions of
the waveguide. Fig. 3 shows the calculated propagation con-
stants of the waveguide (lines) and the microtoroid (dots) ver-
sus wavelength for various waveguide dimensions. Here, we fix
the waveguide width at 0.69 pm, the smallest linewidth that
can regularly be produced by our lithography tool (10:1 reduc-
tion stepper). As shown in Fig. 3, the waveguide with 0.25-ym
thickness is best matched to the microtoroid mode over a wide
wavelength range around 1550 nm.

C. Fabrication Process

Our vertically coupled tunable microresonator was fabri-
cated on a two-layer SOI using the wafer bonding process.
The main challenge, here, was the nonplanar topography of the
microtoroids that prevents the tight contact necessary for wafer
bonding. We solved this problem by thinning the edges of the
microdisks before hydrogen annealing so that the microtoroid
surface was lower than the surrounding planar area. The detailed

Uhttp://www.rsoftdesign.com/products/component_design/BeamPROP/
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Fig.3. Calculated propagation constants of the waveguide and the microtoroid
versus wavelengths for various waveguide thicknesses, t. The width of the
waveguide is fixed at 0.69 pm.
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Fig. 4. Fabrication process for the tunable microtoroidal resonator.

fabrication process is shown in Fig. 4. First, microdisks were
patterned and etched on an SOI wafer with a 350-nm-thick de-
vice layer. The edges of the disks were thinned down to 200 nm
by thermal oxidation. This allowed room for the microtoroids to
expand in the vertical direction during hydrogen annealing. The
sample was then partially released in buffered HF and annealed
in 10-Torr hydrogen ambient at 1050 °C for 5 min, creating a
toroidal rim around the disks. The hydrogen annealing condition
was optimized for the formation of the microtoroids, as reported
in [24], [25]. A second SOI wafer with a 700-nm-thick device
layer was thermally oxidized to create a SiOy spacer of 1-pum
thickness. After oxidation, the thickness of the device layer was
reduced to 250 nm. The toroid wafer was then fusion-bonded to
the SOI wafer, whose substrate was subsequently removed to re-
veal the second SOl layer. The microtoroids were visible through
the thin SOI layer, and the waveguide patterns were aligned to
the edges of the underneath microtoroids. Finally, the waveg-
uides around the toroids were released in buffered HF and super-
critical dryer. In addition to creating a toroidal shape, the hydro-

Microtoroid

Fig. 5. SEM of the microtoroidal resonator and the suspended waveguides.
Inset shows the cross-sectional view of the microtoroid.
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Fig. 6. Experimental setup for optical characterization. Amplified spon-

taneous emission (ASE) source is used (a) for quick measurement of the
spectral response and (b) while the tunable laser provides high-resolution
characterization.

gen annealing also reduced the surface roughness (to < 0.26 nm
as reported in [26]), which was critical to attain high Q).

The scanning electron micrograph (SEM) of the fabricated
device is shown in Fig. 5. The dimensions of the waveguides are
measured to be 0.69-pm wide and 0.25-pm thick, very close to
the designed parameters. The resonator exhibits a very smooth
sidewall.

III. OPTICAL CHARACTERIZATION

The optical performance of the tunable microtoroidal res-
onator is tested using either a broadband amplified spontaneous
emission (ASE) source (OpticWave Mini BLS-C-13) or a tun-
able laser (Agilent 81680A), as shown in Fig. 6. Light is coupled
to the waveguides by polarization-maintaining lensed fibers.
A calibrated optical power meter (HP 8153A) and an optical
spectrum analyzer (OSA) (ANDO AQ6317B) are placed at the
output to measure the transmitted power. The ASE provides a
broadband source for quick measurement over a wide spectral
range, while the tunable laser is used for high-resolution charac-
terization. We have used TE-polarized input, which is attained
by a linear polarizer and a polarization controller.

To actuate the waveguide, a voltage bias is applied to the fixed
electrodes while the waveguide is grounded. At zero bias, almost
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Fig. 7. Measured optical spectrum of a microtoroidal resonator at a bias

voltage of 67 V. Measured free spectral range (FSR) of the TE mode is 5.2 nm.

100% of the light is transmitted to the output port. With increas-
ing bias, sharp dips gradually appear in the transmission spec-
trum (Fig. 7). Each dip corresponds to a resonance 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). They can be eliminated by
antireflection coating of the facets. Only a resonance peak is ob-
served within each FSR, confirming the successful suppression
of multiple radial modes observed in microdisk resonators.

The integrated tunable coupler enables the microresonator to
operate in all coupling regimes. At low voltage, the microres-
onator is under-coupled. Fig. 8(a) shows the normalized trans-
mission spectra of the resonator around one of the resonant
wavelengths at 1548.2 nm at bias voltages of 51.0, 56.0, and
64.8 V. As the voltage increases, the optical coupling becomes
stronger, leading to a larger dip at resonance. The three cou-
pling regimes are clearly visible in Fig. 8(b), which plots the
normalized transmittance at the resonant wavelength changes as
a function of the applied voltage. In the under-coupling regime
(Vbias < 114 V), the transmittance decreases continuously with
the increasing voltage. The transmittance reaches a minimum
at critical coupling (V pias = 114 V). The extinction ratio is
measured to be 22.4 dB at critical coupling. Further increase
in voltage moves the resonator into the over-coupling regime.
The increase in transmittance is accompanied by a broadening
of the resonance linewidth since the coupling to waveguide is
now stronger than the intrinsic loss of the resonator.

IV. THEORETICAL MODELING AND ANALYSIS

According to the time-domain coupling theory [1], the optical
transfer function of the microresonator can be expressed as a
function of resonant frequency (wp) and amplitude decay time
constants 7y and 7., due to intrinsic loss and external coupling
respectively
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Fig. 8. (a) Measured normalized optical spectra of a microtoroidal resonator

at bias voltages of 51.0, 56.0, and 64.8 V. (b) Normalized transmittance at
resonance versus actuation voltage. Microresonator can be tuned continuously
from under-coupling regime to over-coupling regime.

where o5 1S transfer function of the
microresonator.

Alternatively, the transfer function can also be expressed in
terms of the unloaded quality factor ()¢ and the external quality

factor ().

the amplitude

(-3
C A+ (3)

where Qo = woTo/2, Qe = woTe/2, and the loaded quality fac-
tor (), is defined as

2

TR
Qr Qo Qe

The measured spectra are usually complicated by the Fabry—
Perot resonance between the two cleaved facets, as illustrated in
Fig. 9. To model the measured spectrum more precisely, and ex-
tract the () values of the resonator more accurately, particularly
when the resonance peak is small, we develop a comprehensive

3
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Fig.9. Schematics illustrating the interaction between the microresonator and
the Fabry—Perot resonance of the coupling waveguide.

model that includes both the effect of the microresonator and
the Fabry—Perot ripples.

The total transmission %o is now a summation of multiple
transmissions through the waveguide, as shown in

tior = (1 — )2 exp(—aL) exp(jkLneg )tres
+ (1 = 7)%*r? exp(—3aL) exp(j (3kLneg + 2¢r))t2.,
+ (1 — 7)*r* exp(—5al) exp(j(5kLneg + 46Rr))t5.,
+ L “4)

where r is the amplitude reflection coefficient at the facet of
the silicon waveguide, « 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.g 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 7 phase shift at the
reflection interface, the total transmission ¢, can be simplified
to

tior = (1 — )2 exp(—aL) exp(jkLneg )tres
{1 4 r? exp(—2aL) exp(52k Lneg )t
+ r* exp(—4al) exp(jakLneg )i, + L}

=ag(l4+q+¢F +¢F +1)
=14

&)

where ag = (1 — r)? exp(—alL) exp(jkLneg)tres, and g =
r? exp(—2aL) exp(j2k Lneg )t2.,.

In this derivation, we have assumed that the backscattering
effect is small and can be neglected. The total intensity trans-
mittance is then given by

Tres = |ttot |2 (6)

To include the effect of waveguide dispersion, the phase factor
kLneg is replaced by

¢ =kL [neg + Z—Z()\ - )\0)}

dn 1

=kLneg |1+ — A—A
nff|: er)\neﬂ( 0)}

= kLneg [1 + D)\()\ — )\0)] 7

_dn _1
where D)\ = A\ mort

A
=)

—— Measured

Output Power (dBm)
én
=)

54— . .
1547.5 1548 1548.5
Wavelength (nm)
(@)
-46 —— Measured
£
T -50
)
3
o
o
2 -54
5
o
1547.5 1548 1548.5
Wavelength (nm)
(b)
-46 —— Measured
=-=-=Model
7 \
m VA LW
5 .50 \ i |
o
3
o
o
2 -54
=1
(o]
15475 1548 1548 5
Wavelength (nm)
©
Fig. 10. (a) Measured and modeled spectra at 0 V (microresonator is decou-

pled). (b) Measured and modeled spectra at 64.8 V (microresonator is under-
coupled). (c) Measured and modeled spectra at 130 V (microresonator is over-
coupled).

The quality factors Qg and @), are extracted from the mea-
sured optical spectra by least-mean-square-error fitting to the
model. Fig. 10 shows the measured and the fitted spectra
around the resonance peak at 1548.2 nm when the resonator is:
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a) decoupled; b) under-coupled; and c) over-coupled. The exper-
imental data agree very well with the theoretical model. From
the fitted spectral response, the unloaded quality factor ()¢ of the
microtoroidal resonator is extracted to be 110 000. The loaded
Q, i.e., Qr, is continuously tunable from 110 000 to 5400,
exhibiting a tuning ratio of more than 20:1.

The model described in this paper fit not only the resonance
peak but also the ripples due to Fabry—Perot resonance. The
quality factor extracted by this method is more accurate than
by the lumped resonator model alone [27], especially when the
resonance peak is small.

V. DISCUSSION

Hydrogen annealing is a simple and powerful technique to
fabricate suspended microring resonators with high-quality fac-
tor and single radial mode. Comparing the etched ring with
tethered anchor [17], the seamless toroidal structure has lower
scattering loss and higher (). The hydrogen annealing process
also greatly reduces the surface roughness, as confirmed by the
high ) measured in our devices. 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 sup-
pression of multiple radial modes, we expect the microtoroidal
resonator to have even larger bandwidth tuning ratio than the
microdisk-based filters in [28].

VI. CONCLUSION

We have successfully demonstrated a novel single crystalline
silicon microtoroidal resonator with MEMS-actuated tunable
optical coupler. It is fabricated by combining the hydrogen an-
nealing and the wafer bonding processes. We have achieved
an unloaded @ of 110 000 for a 39-pm-diameter resonator
with a toroidal radius of 200 nm. The device is able to op-
erate in all the three coupling regimes: under-, critical, and
over-coupling. The resonator can also be decoupled from the
waveguide, allowing them to be cascaded without loading the
waveguides. We have developed a detailed model combining
the time-domain coupling theory with the Fabry—Perot reso-
nance of the waveguide. The experimental and the theoretical
results agree very well. The loaded @) is continuously tunable
from 110 000 to 5400. This device has potential applications
in variable-bandwidth filters, reconfigurable add—drop multi-
plexers, wavelength-selective switches and crossconnects, and
optical sensors.
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