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Abstract—Microring resonators can be used as passband filters
for wavelength-division demultiplexing in electronic-photonic
integrated circuits. For applications such as analog-to-digital
converters, the resonant frequency of the filter has to be held at
a certain value to allow minimum timing errors in the sampling
of the signal. Thermal tuning is used to compensate for any
fabrication errors or environmental temperature fluctuations that
might lead to a shift in the resonant frequency. With an optimized
heater design, we demonstrate efficient on-chip thermal tuning
for a second-order silicon-rich silicon nitride microring resonator
at 80 W/GHz. A closed-loop feedback circuit controls a resistive
heater which is also used as a temperature sensor to maintain the
resonant frequency within 280 MHz of the target value.

Index Terms—Microring resonator, silicon nitride, thermal
tuning.

I. INTRODUCTION

T HE versatility of microring resonators make them a
suitable component for many optical systems [1]. The

microrings fabricated with high-index-contrast materials such
as silicon, silicon nitride (SiN), and silicon dioxide (SiO )
ensure strong modal confinement and low bending loss, making
them attractive for optical systems [2]. Because of the low
material loss and compatibility with current complementary
metal–oxide–semicondcutor (CMOS) technology, these res-
onators can be used in applications involving wavelength
switching such as signal processing.

In this work, themicroring resonatorsareusedas tunable filters
for wavelength-division demultiplexing (WDM) during optical
sampling for a photonic enhanced analog-to-digital converter
(ADC) [3]. The second-order filters [Fig. 1(a)] are fabricated
with silicon-rich SiN cores, and SiO as a lower
cladding and hydrogen silsequioxane (HSQ) as the upper and
side cladding. With the use of an optimized annealing process,
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Fig. 1. (a) SEM picture of a second-order ring resonator; (b) micro-heater.

HSQ and SiO have comparable, low refractive indices of 1.442
and 1.444 at 1.55 m [4]. Due to the high index contrast the
single-mode waveguides have submicron dimensions. The de-
sign details for the filter can be found in [5]. The ring diameter of
20 m, with the group index of 2.29, gives a large free-spectral
range (FSR) of 26 nm. The rings are designed such that the pass-
band has a 3-dB bandwidth of 25 GHz. A low drop loss of 3.1 dB
and crosstalk of less than 30 dB has been obtained for these ring
resonators.

For a ring resonator, any fabrication error in the filter can shift
the resonant wavelength which depends on its radius
and the effective index [6]. Apart from the dimensional er-
rors during fabrication, other factors can also shift the resonant
wavelength. One of the main causes is the temperature variation
of the filter which affects the refractive index. If there is any dis-
turbance in the resonant wavelength, the filter needs to be tuned
to compensate. One can obtain the change in the wavelength of
the filter by changing its effective index [7] as given by

(1)

The change in the wavelength is related to both the effective
index and the group index of the waveguide. Environ-
mental temperature changes around the device can cause un-
wanted shifts in the resonant wavelength. However, deliberate
temperature variation can be utilized to externally tune and con-
trol the filter response.

II. THERMAL TUNING

The thermooptic effect is utilized for tuning, where the res-
onant frequency is trimmed by changing the effective index of
the ring. Highly efficient thermal tuning has been observed in
first-order polymer rings due to their low thermal conductivity
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Fig. 2. Thermal tuning of microring resonator with an external heater.

and high thermooptic coefficient. The lowest tuning power of
26 W/GHz has been achieved for InP–InGaAsP microrings
fabricated with wafer-bonding using polymer [benzocy-
clobutene (BCB)] [8]. Vertically coupled first-order microrings
made of polyimide have been tuned with 50 W/GHz, showing
the total tuning of 9.4 nm [9]. Incorporation of a silicon-based
waveguide has a distinct advantage for the integrated photonic
circuit application, as current CMOS processing can be readily
utilized. A first-order silicon microring has been tuned with a
power of 28 W/GHz with a large tuning range of 16 nm [10].
However, wavelength stability as well as power efficiency for
tuning are more important metrics than the total tuning range for
the application of interest. A distinct disadvantage of working
with silicon is the stringent need for temperature stability. Due
to the larger thermooptic coefficient of silicon, the resonant
wavelength is very susceptible to temperature change. While
SiN has a lower thermooptic coefficient compared to silicon,
the lower temperature dependence offers greater wavelength
stability, allowing a trade-off between tuning power and tem-
perature stability. Previously, a single SiN ring has been tuned
within a range of 20 pm/K with a tuning power of 400 W/GHz
[11]. With improved heater design compared to [8] and [9],
we demonstrate efficient thermal tuning for silicon-rich SiN
second-order filters using a total tuning power of 80 W/GHz.

At 1.55 m, the thermooptic coefficients for SiN and SiO
are K and K , respectively. As the
temperature of the ring changes, the refractive index of both the
core and the cladding material changes which causes the shift
in the resonant wavelength for the ring structure [7]

(2)

For a SiN core, HSQ upper cladding, and SiO lower
cladding, the theoretical tuning range is 28 pm/K (3.55 GHz/K).
The tuning range of 30 pm/K is measured for the SiN rings
with external heaters (Fig. 2).

A test chip (2 mm 5 mm) is mounted on a copper block
with a thermoelectric component. Thin-film titanium heaters
(thickness nm, width nm) are fabricated on top of
the cladding to locally change the temperature of the resonator.
The upper cladding of 1.5 m ensures optical isolation for the
resonator from local metal heaters on top. The temperature co-
efficient for the titanium metal with a thin layer of gold on top is

Fig. 3. Thermal tuning with on-chip heater. Inset shows shift in the filter re-
sponse at the drop port for various electrical power.

measured to be 0.0012 K . The gold layer prevents oxidation
of titanium.

The experimental thermal tuning data as shown in Fig. 3
indicates the tuning power requirement of 80 W/GHz for
the second-order filter. During the fabrication of the heater,
there was a misalignment of 5 m between the heater and the
actual waveguide underneath. Due to nonuniform heating, the
passband of the filter broadens (0.2 nm) which results in two
peaks within the passband at higher temperature. The thermal
simulation with the misalignment of the heater shows a drop
in the tuning efficiency by nearly 25%, which is comparable to
the difference observed in the tuning power. The temperature
profile of the heater as well as the ring filter is simulated with
finite-element thermal simulation (FEMLAB). From simu-
lations, the average thermal impedance of the ring with the
heater on top is 4800 K/W, but with the fabricated heater, the
impedance drops to 3570 K/W. The thermal impedance of
various heaters were characterized using the 3- method [12].
The demonstrated tuning power is a 5 reduction for a SiN
ring resonator.

III. TEMPERATURE CONTROL CIRCUIT

An on-chip heater is run by a temperature controller feed-
back circuit which helps in maintaining a steady temperature
against environmental temperature perturbations. In [13], two
bands of thin metal are fitted within the circumference of a large
ring diameter mm to work as a heater and a tempera-
ture sensor for thermal tuning. Here, due to size constraints for
microring resonators, a single resistive element is used both as
a heater and as a temperature sensor. The circuit we employ
monitors the temperature of the heater by monitoring its resis-
tance as a measure of the filter temperature. Another tempera-
ture control alternative was to put the sensor on the edge of the
heater, but this approach can give inaccurate temperature read-
ings due to thermal crosstalk between nearby resonators within a
filterbank. A circuit that switches between sensing the temper-
ature and heating the resistive element requires precise ADCs
to buffer and are limited when scaling with the tuning speed.
Our control circuit works on the principle of the Wheatstone
bridge, where the circuit senses the change in the resistance of
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Fig. 4. Thermal control achieved within 80 mK of the absolute value for the
second-order ring resonator using feedback control loop.

the heater induced by the temperature change, thus allowing us
to sense and heat at the same time. The feedback circuit utilizing
a proportional-integral-derivative (PID) controller tries to main-
tain the overall balance between the voltages of the heater and
the set resistor such that the error in the voltage difference mea-
sured by an instrumentation amplifier is minimized. A two-color
lock-in technique is used for the thermal stability measurement.
For the experiment, the two optical signals ( nm,
and nm) from two laser modules are coupled into
the waveguide using a polarization-maintaining coupler. One of
the optical wavelengths is taken to be at the steepest slope in
the passband of the filter and the other signal is taken as the
reference, away from the passband. Both the signals are exter-
nally modulated with two phase-locked function generators at
different frequencies ( KHz, and KHz), and
measured through a photodetector and a lock-in amplifier in
the dual-harmonic mode. Any variation due to the fiber cou-
pling misalignment over a certain time period is the common
noise factor in both the signals measured by the lock-in ampli-
fier, which is cancelled by subtraction and the residual inten-
sity deviation is due to the thermal fluctuation of the filter. The
laser fluctuation is negligible in this experiment with an average
drift of 0.28 pm over an hour. This drift corresponds to 10-mK
temperature variation which is the limiting factor for the sta-
bility measurement. The experiment was done on a commercial
athermal WDM filter to validate the technique.

The average thermal deviation of 145 mK is measured for
the intensity fluctuation at the drop port during open-loop op-
eration (no feedback). With closed-loop feedback, the thermal
deviation of less than 80 mK is achieved for the ring filter, which
is equivalent to the frequency variation of 280 MHz. Currently,
the performance of the temperature control circuit is limited by
the Johnson noise of the instrumentation amplifier which limits
the temperature stability for a SiN ring with Ti heater to 67 mK.
The electrical noise of the circuit sets the minimum measurable
voltage difference, the temperature coefficient of the heater sets
the thermal sensitivity, and the thermooptic coefficient of the
waveguide determines the wavelength stability. Using SiN rings
instead of Si rings gives us better wavelength stability. Similarly,
using high-temperature coefficient material such as Pt for heater
would give us better temperature stability.

Another set of experiments is done to show the thermal sta-
bility of the system where an external temperature perturbation
is introduced by shining a white light source on the sample.
When the light is on, a temperature variation of 1 K is intro-
duced to the filter chip. With the closed-loop feedback, the tem-
perature variation is reduced to an average fluctuation of 80 mK
(Fig. 4). The speed of the feedback circuit to compensate for
the temperature perturbation is in the order of a few tens of mil-
liseconds, which is roughly equivalent to the thermal time con-
stant of the structure. Thus, with the PID controller circuit, we
demonstrate the temperature control of the microring resonator
to within 80 mK of its absolute value.

IV. CONCLUSION

We have demonstrated thermal tuning for a second-order
SiN microring resonator with a low power consumption of
80 W/GHz. We have used the same on-chip resistive element
as the heater and also as the temperature sensor. With the PID
temperature controller circuit, we show the stability of the
microring resonator to 80 mK giving the resonant frequency
stability of 280 MHz, which is approximately 1 part in 8000 of
the FSR for the filter.
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