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The authors present a silicon-on-insulator single ring resonator with a free spectral range equal to
47 nm, which is the widest known value for this type of resonators. The ring radius is 2 um and is
the smallest ring resonator ever reported, achieving experimentally such a wide spectral range. For
this ring resonator, the authors demonstrate the quality factor to be equal to 6730+60. They
thermally tune the resonant wavelength with 0.11 nm/°C, thus showing the ring resonator as an
attractive component for on-chip ultracompact photonic add/drop filters and switches. © 2006
American Institute of Physics. [DOI: 10.1063/1.2337162]

Microring resonators are considered to be multifunc-
tional photonic components for all-optical circuits. They can
be used as building blocks for all-optical wavelength
switches,' converters,” high-speed tunable filters, add-drop
multiplexers,3 ultrafast switches,4 laser cavities, notch
filters,” and perhaps as convenient calibration references for
optical spectrum analyzers and wave division multiplexing
networks.® In addition to telecommunications, ring resona-
tors show potential to be applied as nonlinear optical
devices’ and as elements of lab-on-chip devices for
biosensing.8 Our interest arises from the need for on-chip
waveguide sensor multiplexing. In this case, different wave-
lengths are used to address individual elements on a sensor
array.

Silicon is a leading material in micro-optoelectronics
and its well known technology makes silicon-on-insulator
(SOI) photonic devices potentially low cost and compatible
with existing silicon microelectronics. Because of the large
refractive index difference between Si (n=3.5) and SiO,
(n=1.5), the SOI technology allows creation of submi-
crometer single-mode waveguides. This ensures ultrahigh
light confinement leading to compact photonic devices with
sharp bends, making possible large scale photonic
integration.9 Finally, silicon microphotonics is expected to
become inexpensive due to its complementary metal-oxide
semiconductor compatible fabrication techniques, and there-
fore is particularly suitable for sensors.

Many applications need wide spacing between resonant
wavelength peaks, which require a wide free spectral range
(FSR). A large FSR enables the multiplexing of a large num-
ber of devices. A suitable spectral range would match that of
the readily available gain spectra of erbium-doped optical
amplifiers. The most common devices with wide FSR are
based on complex microelectromechanical and liquid crystal
etalons or lattice devices,10 which are difficult to integrate on
photonic chips. Recently, a hybrid integrated filter consisting
of a silver-coated thin film of lithium niobate on SOI has
been reported with FSR equal to 53.2 nm, but its full width
at half maximum (FWHM) was 5 nm."" The chip area
needed for this resonator was between 250 and 500 um?. We
describe an ultrasmall SOI ring resonator with ring radius
equal to 2 um. The area occupied by our resonator with
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lead-in and lead-out waveguides in the coupling region is
below 30 um? and it is comparable with that needed for the
reported smallest photonic crystal cavities.'> This indicates
that silicon microring resonators are suitable components for
ultracompact photonic devices.

The ring resonators presented here were fabricated on a
SOI wafer with a 3 um buried oxide layer by electron-beam
lithography, followed by inductively coupled plasma etching
and the deposition of a 1-um-thick SiO, cladding by plasma-
enhanced chemical-vapor deposition. The devices were fab-
ricated in a single lithographic step, resulting in structures
that laterally couple light through an evanescent-wave inter-
action. A waveguide for buses and resonators with nominal
width of 450 nm and height of 250 nm was chosen for
single-mode operation at wavelength A=1550 nm. The reso-
nators, formed of bent single-mode waveguides with 2 um
radius, have distances between ring and coupling
waveguides of 100, 200, and 300 nm. Input/throughput port
and add/drop port waveguides were added to each ring as
seen in the inset in Fig. 1. This configuration allowed mea-
surement of backscattered light in addition to light coupled
to the drop port. The nominal distance between the
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FIG. 1. (Color online) Experimental setup for the measurement of ring
resonator’s parameters. Inset: Optical image of ring resonator with descrip-
tion of ports and directions of light propagation. (TL) tunable laser, (SM)
single mode fiber with polarization controller, (PF) fiber-optic in-line polar-
izer, (PMS) polarization maintaining fiber-optic splitter, (TF) polarization
maintaining tapered fiber, (L) objective lens, (A) analyzer, (PD) photodetec-
tor, (TC) thermocouple, (TEC) thermoelectric controller, (OSA) optical
spectrum analyzer, and (DAS) data acquisition system.

© 2006 American Institute of Physics


http://dx.doi.org/10.1063/1.2337162
http://dx.doi.org/10.1063/1.2337162

071110-2 Nawrocka et al.

(a) ™ TE 1®) TE

0.5 -

Normalized intensity [a.u.]
- 3
Normalized intensity [a.u.]

1520 1570 1620 1520 1570 1620
Wawelength [nm] Wavelength [nm]

FIG. 2. (Color online) (a) Measured and (b) calculated resonance peaks of
TE and TM modes.

2-pm-radius ring described here and the
waveguides is 200 nm.

Characterization of the devices was carried out with an
Ando 4613D tunable laser (wavelength range from
1520 to 1620 nm and wavelength step of 1 pm) using the
setup schematically presented in Fig. 1. Light from the tun-
able laser was coupled with a polarization-maintaining ta-
pered fiber into the SOI nanotapered input waveguide. 3 To
investigate the polarization response, light from the laser was
coupled through a polarization controller to a fiber-optic in-
line polarizer, followed by a 90/10 polarization-maintaining
fiber-optic splitter to allow monitoring of laser output. Since
silicon waveguides are polarization sensitive, it is important
to control the state of polarization. Application of the nano-
tapered waveguide improves coupling efficiency of light by
matching size, profile, and effective index of the propagating
light mode at the expense of polarization-dependent insertion
loss, which is a strong function of nanotaper dimensions."
The light coming out from the drop/through/add ports was
coupled through the objective lens and polarization analyzer
to a photodiode. The signal was then collected by a LABVIEW
data control/acquisition system.

We measured the spectral characteristics of the ring reso-
nators for both linear polarizations TE (parallel to the chip
surface) and TM (perpendicular to the chip surface) of the
fundamental mode. Figure 2(a) shows the normalized optical
power measured at the drop port of the device, after coupling
from the input waveguide, through the ring resonator. Incom-
ing light was polarized at 0° and then 90°, leading to excita-
tion of TE mode and then TM mode at the input. Narrow
resonance characteristics occurred for the TE polarization,
while the TM mode shows broader resonance peaks due to
its weaker confinement in the waveguide core and higher
coupling efficiency to the resonator over a wider wavelength
range. Simulations carried out with the three-dimensional
finite-difference time domain method [Fig. 2(b)] confirm the
broadening of TM mode. Figure 3(a) shows the spectral
characteristic of the drop port for TE polarization. From the
figure, the free spectral range of the device is equal to 47 nm.
This is the widest FSR ever demonstrated experimentally for
a single SOI ring resonator. Furthermore, the FWHM of the
resonance peak at A=1608.249 nm was fitted to a Lorentzian
curve and was determined to be 0.239+0.002 nm, which re-
sults in a quality factor Q=6730+60. This value of Q factor
is ~5% lower than the maximum theoretical value reported
in Ref. 14. The separation gap between resonator and
waveguides influences the peak width—a wider gap allows
achieving narrower FWHM [see Fig. 3(a)]. However, an ex-
cessively wide gap decreases the coupling from waveguide
to resonator, thus a compromise has to be reached to fulfill
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FIG. 3. (Color online) (a) Spectral characteristics measured from the drop
port for ring resonators with different separation gaps. (b) Splitting of reso-
nance caused by the roughness of waveguide walls. (c) Resonance peak with
the superimposed waveguide oscillations.

both conditions. In the present case, the highest power at the
drop-port output occurred for the gap separation of 200 nm.
The peak-to-background signal ratio in this case was 20 dB
as seen in Fig. 3(a). Coupling through the ring on the device
with a gap separation of 300 nm could not be detected either
on the drop port or in the presence of dips of light on the
through port. An occurrence of double peak at A=1561 nm
can be explained by the roughness of the waveguide walls
that lifts the degeneracy of forward and backward traveling
modes of a resonating wave."> Additional oscillations super-
imposed on the resonance peak [Fig. 3(c)] originate from
the add/drop waveguide of length 15+3 mm that acts as a
Fabry-Pérot resonator. Based on the measured FSR
=0.04 nm of the oscillations, the calculated Fabry-Péerot
cavity length is 18+4 mm. Comparison of measured and cal-
culated cavity lengths confirms that the add/drop waveguide
produces the oscillations.

In order to explore thermal effects, we measured the
spectral characteristics as a function of temperature, by
heating/cooling the whole chip, using a thermoelectric
Peltier element attached to the bottom of the chip. After ev-
ery change of temperature, when the chip reached thermody-
namic equilibrium, the measurement was taken with the use
of a thermocouple attached to the top of the chip. As shown
in Fig. 4, we determined the linear resonance shift to be
equal to 0.11 nm/°C. The main contribution to this thermal
shift is due to the thermo-optic effect in silicon (An/AT
~1.9%107/°C).'° Assuming that the effective index for
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FIG. 4. (Color online) (a) Thermal characteristic of ring resonator. (b) Ex-
amples of resonance peak shift for three different temperatures.
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TE mode is n=2.5, the thermal peak shift was expected to
be 0.12 nm/ °C, according to the formula
An

ANr=\ ATn (1)
This reasoning is confirmed by reported measurement of
similar, but three times larger silicon ring resonator, for
which the thermal resonance shift is determined to be
0.1 nm/°C."”

In conclusion, we experimentally realized a single SOI
ring resonator add/drop filter with the widest known FSR
=47 nm. With such a large FSR it is possible to use large
arrays of devices for multiplexing applications and provide
gain through the whole spectrum of an erbium-doped ampli-
fier. This large FSR was achieved through the use of a single
ring resonator with a radius of 2 um. We achieved a Q factor
of 6730+60 and FWHM=0.239+0.002 nm. One of the chal-
lenges lies in minimizing the roughness of waveguide walls,
which will allow realization of a device with a single narrow
peak at A=1561 nm. The area needed for this resonant struc-
ture was only 30 um?, which can lead to large integration of
optical devices. We also demonstrate that local heating of
resonators will make it possible to tune the devices and even
build a wavelength-selective switch. The ring resonator pre-
sented here is a serious candidate for ultracompact photonic
circuits and a milestone towards on-chip ultrahigh capacity
all-optical network.
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