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Compact Thermally Tunable Silicon Wavelength
Switch: Modeling and Characterization
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Abstract—A wavelength-selective photonic switch is developed
based on a Si microring resonator using thermooptic effect. The
10- m-diameter microring resonator uses single-mode strip Si
waveguides of dimension 0.25 m 0.45 m operating at 1.5 m.
Full-width at half-maximum are in the range 0.1–0.2 nm. The
ultrawide tunable range ( 6.4 nm) and wide free spectral range
( 18 nm) of the switch element enables wavelength reconfigurable
multichannel matrix switch by wavelength multiplexing/demulti-
plexing. Average rise delay time of 14 s with low switching power
of 3.15 mW has been achieved with 0.2-nm wavelength tuning and
78 s, 104 mW for 6.4-nm tuning. Fall delay times are usually
less than 10 s. Thermal simulations show 10%–20% agreement
with the measurements up to 3.2-nm tuning. The compact size
of the switch shows its potential as an active element in photonic
integrated circuits.

Index Terms—Microring resonator, silicon-on-insulator (SOI),
thermooptic effect, wavelength tuning.

I. INTRODUCTION

MICRORING resonators are multifunctional photonic el-
ements with many device applications such as filters [1],

multiplexers [2], and modulators [3], making use of their high
wavelength selectivity. As microring resonators integrated with
silicon-on-insulator (SOI) technology, they are very promising
for photonic integrated circuits. Because of the large refrac-
tive index difference between Si and SiO

, the SOI technology allows submicrometer single-mode
waveguides. This ensures ultrahigh light confinement leading
to compact photonic devices with sharp bends, making possible
large-scale photonic integration [4]. While thermooptic tuning
has moderate speed compared with electrooptic [3] and all-optic
tuning [5], with silicon’s high thermooptic coefficient, a much
wider wavelength tunable range can be realized. The large tun-
able range and large free spectral range (FSR) of the silicon mi-
croring resonator has enabled a wavelength reconfigurable mul-
tichannel matrix switch [6].

In this letter, we investigate in detail the thermal tuning time
response of a 10- m-diameter SOI-based ring resonator with
FSR of 18 nm and full-width at half-maximum (FWHM) in
the range 0.1–0.2 nm. This is achieved through the use of a
local microheater to tune the resonance wavelength to a target
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Fig. 1. (a) Top view microscopic picture of fabricated switch element;
(b) schematic of the cross section at the ring.

signal wavelength. By using several input and output rings
on a common bus waveguide, with corresponding heaters,
multiple signals can be multiplexed/demultiplexed. A 1 4
wavelength reconfigurable switch prototype has been realized
in our previous work using this approach [6]. In this work, we
demonstrate wide-range wavelength tuning (6.4 nm) enabling
a compact 32 32 matrix switch with 0.2-nm channel spacing.
Thermal simulations indicate key parameters for designing de-
vices with higher switching speed, lower power consumption,
and reduced size.

II. EXPERIMENT AND SIMULATION

Fig. 1(a) shows the top view microscopic image of the
fabricated switch element, with a signal coupled from the
through port to the drop port of the switch. The cross section
of the element is also shown on Fig. 1(b). The single-mode
SOI strip waveguides have the dimension of 0.45 m in width
and 0.25 m in height. The fabrication began with an SOI
wafer with 3- m buried oxide layer and 0.25- m silicon layer.
The waveguide pattern was defined by ebeam lithography with
5-nm beam steps into hydrogen silsesquioxane resist and trans-
ferred by reactive ion etching process. Etching was followed by
deposition of 1.4 m top cladding using the plasma-enhanced
chemical vapor deposition process. Then the 0.1- m Ni–Cr
microheater was generated through a process sequence of pho-
tolithography, thermal deposition, and liftoff. The microheater
size is 50 m 50 m. The Ti–Au contact pads and feed
lines were generated by the same sequence except deposited
by sputtering. Finally, the input and output waveguides are all
polished to the edge of the chip where waveguides are finished
with nanotapers, which can theoretically reduce insertion loss
to below 1 dB [7].

The characterization of a single switch element was per-
formed by a tunable laser (Ando 4321D) with tunable range
of 1520–1620 nm. Tapered fiber launches light into the input
through port of the switch. The transmitted light from the drop
port of the switch element was collected by an objective lens
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Fig. 2. (a) Normalized transmitted power spectra at different temperatures;
(b) resonance peak wavelength versus temperature with linear fit; (c) resonance
shift versus electrical power applied on the microheater with linear fit.

and detected by a Newport 818-IR photodetector after a polar-
izer which only allows light with TE (E-field parallel to device
plane) polarization pass through. We consider TE mode only
as the narrow resonance characteristics for the TE polarization
FWHM – nm allow more nonoverlapping channels

within the tunable range. To drive the microheater on top of the
ring, two electrical probes were used to provide ohmic contact
to the pads with negligible induced resistance compared to
the microheater. The probes are connected to a voltage source
which provides heating current.

A Peltier thermoelectric module attached to the bottom of the
chip was used to accurately characterize the drop port transmis-
sion spectra of the ring resonator at different equilibrium tem-
peratures (from 12 C to 60 C). Drop port spectra are shown in
Fig. 2(a), and the temperature dependence of the TE resonance
peak shifts is shown in Fig. 2(b). We determined the linear reso-
nance shift coefficient to be 0.095 nm C consistent with the
thermooptic coefficient of Si of C (assuming

), similar to reported values [8]. For our microheaters,
data was taken under constant current injection at thermal equi-
librium condition. The heater resistance was determined to be

800 . Fig. 2(c) indicates the linear relationship of resonance
wavelength shift as a function of applied electrical power. A low
switching power of 3.15 mW was needed for 0.2-nm wavelength
tuning with 104.3 mW needed for 6.4-nm shift.

To understand the switching response, 3-D finite-element
thermal simulations were performed to model temperature pro-
file and transient during switching processes. The simulations
assume perfect heat sink on the back of the chip and uniform
and constant heat flux from the heater element covered area
during heating. The resonance wavelength can be determined
giving initial resonance wavelength and temperature difference

distribution along the ring by applying the measured
thermooptic coefficient. To eliminate feed line effects, the
heat flux was set to the value that tunes the specific resonance
wavelength at room temperature (set to 295 K) to the

Fig. 3. (a) Simulated temperature distribution on the quarter of microring when
resonance tuned to target wavelength � � ������� nm (room temperature
resonance peak � � ���	��� nm). (b) Normalized DT time response of point
A and B on plot (a) and effective DT of the whole ring.

predefined target resonance wavelengths to thermal equi-
librium state during heating. Fig. 3(a) shows the temperature
distribution along the quarter ring when the resonance is tuned
from nm to nm (a 6.4-nm
resonance shift). The temperature distribution is assumed to
be symmetrical about both and axis. A significant tem-
perature gradient of 15 C is observed between the hottest
and coolest spots, marked as “A” and “B” on Fig. 3(a). The
resonance wavelength shift was calculated by integrating
the induced refractive index change along the ring.
An effective was defined as the temperature change that
results in the same for a uniform temperature change along
the ring. Fig. 3(b) shows different temporal responses between
“A” and “B” as well as the effective time response, and
not surprisingly it falls between both curves. We found that the
nonuniform heating of the ring causes an additional delay to
the time response.

The thermal switching of the microring filter between and
is characterized by four time constants. During heating we

observe detuning from , and tuning to ; while during the
cooling cycle, the detuning from , and tuning to . A probe
signal at the target wavelength was used to measure the tuning
and detuning waveforms when a 100-Hz square wave voltage
with 10% “on” duty cycle was applied to the microheater. The
voltage amplitude of the square wave was set to the desired
wavelength shift. The period was significantly longer than the
switching time, which allows equilibrium to be reached during
both “heater on” periods and “heater off” (cooling) periods.
This measurement was carried out for six wavelength shift
values, for three different resonant peaks. Fig. 4 shows a typical
switch response, for switching between nm and

nm nm in (c) and (d) respectively,
with heating power shown in (a). Fig. 4(b) shows the simulated
time response of the resonance peak wavelength calculated
from the temperature simulation. Using a Lorentzian lineshape
at the peak wavelength, we obtained the simulated power at
and at , shown in Fig. 4(c) and (d), respectively.

Measurements were carried out setting to multiples of
channel spacing, namely 0.2, 0.4, 0.8, 1.6, 3.2, and 6.4 nm. Fig. 5
shows the rise/fall delay time as a function of for three res-
onance peaks at 1573.89, 1592.65, and 1611.80 nm (room tem-
perature). The rise/fall delay time for the tuning/de-
tuning process is defined as the time between the heating power
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Fig. 4. (a) Normalized power applied to the heater; (b) simulated peak wave-
length of the tuning resonance. Simulated and measured output power transient
at (c) � � ������� nm and (d) � � �����	� nm.

Fig. 5. Plots of tuning rise delay times of room-temperature resonance peaks at
(a) 1573.89 nm (Peak A), (b) 1592.65 nm (Peak B), and (c) 1611.80 nm (Peak C)
as well as plots of fall delay times of the peaks (d), (e), and (f), respectively. The
curves are simulated results and the symbols are measured values. The insets are
the corresponding peak spectra. Note the different time scale between rise and
fall plots.

on/off time and the photodetector voltage signal rising/falling to
50% of the maximum power.

Calculation of the rise/fall delay time response of the de-
vice from simulations requires knowledge of the half-width at
half-maximum (HWHM) power point only. We used 50% of the
measured FWHM to calculate the expected rise/fall delay times

from the simulated temperature response. The calcu-
lated results are shown in Fig. 5 as lines.

III. DISCUSSION

As shown in Fig. 5, the rise/fall times are in very good agree-
ment with the simulated values. For different resonance peaks of

the same ring, the simulated switching times are different due
to the slightly different HWHM, in spite of the same temper-
ature time response. The fall times (the detuning process) are
typically much shorter than the rise (tuning) times, due to the
initial rapid motion of the Lorentzian peak position as seen in
Fig. 4(b). On the other hand, the quasi-exponential nature of the
temperature tuning to the final value, either through cooling or
heating, leads to a slow natural log trend for higher resonance
shifts. The cooling and heating rise-delay times are not identical
due to the asymmetry of the measured lineshape (HWHM), as
seen in the inset of Fig. 5(d)–(f). Furthermore, a stronger devia-
tion from the simulated values can be seen in the high resonance
shift region, when tuning by heating as seen in Fig. 5(a)–(c).
The 0.2-nm tuning from approximately 0%–100% signal oc-
curs in the last 3% of the temperature range. Parasitic feedline
heating, imperfect heat sinking, convection or perhaps strain-in-
duced anisotropy effects could also be the cause, and deserve
further exploration. The measured fall times are in good agree-
ment with the simulation, being higher than the simulation due
to the 1 s photodetector rise/fall time.

IV. CONCLUSION

We have demonstrated a compact (active area of m
m) tunable wavelength switch with ultrawide tunable range

( 6.4 nm) which enables multichannel switching/routing. Our
simulations accurately predicted the characteristics of the
switch, with no adjustable parameters. They already indicate
a 40% faster switch with a reduced top cladding thickness
of 0.5 m. Another finding is that uniform heating over the
silicon ring increases speed. Improved power consumption is
expected for smaller ring diameters, such as those in [8] with
2- m radius and 47-nm FSR. The devices had rise-delay
times of 10–120 s, and fall-delay times of less than 16 s for
a switching range of 0.2–6.4 nm.
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