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Abstract: A hybrid titanium dioxide/silicon rich nitride ring resonator with the unique feature
of being simultaneously athermal and polarization-insensitive is reported for the first time
to our knowledge. Although its potential application domain is extremely wide, the designed
integrated microphotonic cavity, having a racetrack shape, is intended for notch filtering in
a microwave photonic passband filter. A careful selection of the CMOS-compatible material
system and an innovative design approach have allowed a very low dependence of the
filtering shape on the input beam polarization and, simultaneously, a thermal drift of the
resonance wavelength <1.5 pm/K. The numerically estimated Q-factor, free spectral range,
and extinction ratio are compliant with the requirements of the selected application, being
equal to 7.8 × 104, 4 nm, and 30.7 dB, respectively.

Index Terms: Integrated photonic systems, waveguide devices.

1. Introduction
Planar ring resonators (RRs) [1] are key integrated microphotonic components that are widely
used in many application domains, such as fiber telecommunications (e.g., add/drop multiplexers,
switches, laser wavelength lockers) [2], [3], sensing (e.g., biosensors, optoelectronic gyros) [4], [5],
and microwave photonics (e.g., true time delay lines, microwave filters, optoelectronic oscillators,
frequency combs generators) [6]–[8]). CMOS-compatible RRs [9]–[12], mainly silicon and silicon
nitride RRs, have very interesting features such as low cost, small size, high Q-factor, and easy
manufacturing. However, they are typically quite sensitive to temperature, with a typical resonance
wavelength drift in the range 10–100 pm/K [13], [14]. In addition, CMOS-compatible RRs are very
sensitive to the polarization of the input beam, and therefore they are usually designed for a specific
polarization of the input beam (TE or TM).

Several CMOS-compatible athermal RRs, which are not polarization-insensitive, have been re-
ported in literature [15]–[20]. In particular, a hybrid TiO2/Si3N4 RR with a temperature-dependent
resonance wavelength drift of the order of only 0.1 pm/K, a radius of 200 μm, a free spectral range
of 0.9 nm, and a high Q-factor of 155,000 has been demonstrated in [21].

Some polarization-insensitive RRs in CMOS-compatible material systems have been demon-
strated [22]–[24]. These components, which are all not athermal, are based on properly engineered
rib or slot waveguides and evanescent or multimode-interference couplers. The best experimental

Vol. 10, No. 06, December 2018 6602411

https://orcid.org/0000-0001-9874-5008
https://orcid.org/0000-0003-0298-1351
https://orcid.org/0000-0001-8724-016X


IEEE Photonics Journal CMOS-Compatible Athermal and Polarization-Insensitive RR

Fig. 1. Configuration of the racetrack resonator. R is the bending radius, ρ is the length of the straight
sections, and g is the bus waveguide/resonator gap.

value of Q = 90,000 has been achieved in a silicon polarization-insensitive racetrack resonator with
length of about 3,500 μm [25].

For eliminating the polarization dependence in RRs, the so-called polarization diversity scheme
can be used [26]. According to this approach, a polarization-insensitive RR can be implemented
by two identical polarization-sensitive rings, a polarization splitter, a polarization combiner, and a
polarization rotator. In this way, the polarization transparency is achieved at the expense of an
increase of the device complexity.

To our knowledge, no RR that is simultaneously athermal and polarization-insensitive has been
reported so far in literature.

Here we report on the design of a novel CMOS-compatible planar resonant cavity with a racetrack
shape (see Fig. 1), which is simultaneously athermal and polarization-insensitive. Although we have
used modelling and design techniques already reported in literature, we would like to stress that the
achievement of both these key feature is surely not trivial. In fact, it implies the selection of a realistic
material system including materials with opposite thermo-optic coefficients, the proper design of
an athermal waveguide having also an extremely low birefringence, and the optimization of a bus
waveguide/resonator evanescent coupler having the same efficiency for both the polarizations.

A RR that is athermal and polarization-insensitive can be very useful in the field of biosensing,
microwave photonics, and fiber telecommunication, because its spectral response does not change
with the polarization of the input beam and it is not affected by the temperature drift. We assume
the operating wavelength of the resonator equal to 1.55 μm.

The designed component is a notch photonic filter, to be utilized in a microwave signal filtering
subsystem. In fact, by using the approach in [27], a passband microwave filter with high performance
can be implemented by using a laser source, a phase modulator, a photonic notch filer, and a
photodiode. The design strategy presented here is very general and can be used to design athermal
and polarization-insensitive RR for any other application.

The racetrack shape instead of the circular one has been selected for the resonator because, as it
will be shown in the section 3, the circular shape does not allow realizing the polarization-insensitivity
condition.

The two building blocks of the athermal and polarization-insensitive RR are the waveguide and
the bus waveguide/resonator evanescent coupler.

In a RR, the temperature dependence of the resonant wavelength λ0 is given by [15], [21]:

∂λ0

∂T
=

(
neffasub + ∂neff

∂T

)
λ0

ng
(1)

where T is the temperature, neff is the waveguide effective index, asub is the substrate expansion
coefficient, and ng is the group index of the waveguide. The athermality condition is achieved when
�λ0/�T is zero. The only way to obtain this condition is that the following equation is verified for both
polarizations:

∂neff

∂T
= −neffasub. (2)
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Fig. 2. Cross-section of the designed waveguide. The Si substrate on which the SiO2 layer is grown is
not shown. a-TiO2: amorphous TiO2. n: refractive index.

To make the resonator simultaneously athermal and polarization-insensitive the following con-
ditions should be also verified: i) the waveguide must support only the fundamental quasi-TE
and quasi-TM modes; ii) the effective index of the two modes (neff,TE and neff,TM) must be the
same, i.e., zero birefringence. The evanescent coupler must have the same efficiency for both
polarizations (ηTE = ηTM) and the drift of the coupling efficiency due to temperature must be zero
for both polarizations. The designed resonator has features very close to the above-mentioned
requirements.

2. Waveguide Configuration and Design
The design of an athermal CMOS-compatible RR, which requires Eq. (2) satisfaction, implies the
use of a material with negative thermo-optic coefficient (TOC) together with materials with positive
TOC. In fact, when T increases (decreases) the materials with positive TOC exhibit an increase
(decrease) of the refractive index, while the material with negative TOC shows a decrease (increase)
of the refractive index. By an appropriate design of the RR waveguide, the compensation of the two
physical effects can be achieved.

We have selected the amorphous titanium dioxide (TiO2) as material with negative TOC. TiO2

is a CMOS-compatible material having a good chemical stability and biocompatibility. It has been
widely used in micro- and nano-electronics [28], [29] and integrated microphotonics [30].

At 1.55 μm, the refractive index of the amorphous TiO2 is 2.2 [15]. To make the resonator
polarization insensitive we have considered as core material the positive TOC silicon-rich silicon
nitride (SRN), whose most interesting feature in the context of our design is that its refractive index
can be tailored to be matched to that one of the titanium dioxide. In fact, the refractive index of
SRN, which is an emerging photonic material that is transparent at 1.55 μm [31], can be finely
adjusted by varying the N/Si ratio during the film deposition process [31]. In particular, the SRN has
a refractive index of 2.2 if the N/Si ratio is 1.1 [31].

We assume that the amorphous film of SRN, with a N/Si ratio of 1.1 and a refractive index of 2.2,
is deposited by low-pressure chemical vapor deposition on a 2 μm thick thermally-grown SiO2 layer
(refractive index = 1.44 at 1.55 μm) [32]. In addition, we assume that the SiO2 layer is grown on
a Si substrate and that the amorphous titanium dioxide layer is deposited by low temperature RF
magnetron sputtering, which allows the deposition of a very smooth TiO2 layer having a standard
deviation of the roughness <1 nm [33].

The cross-section of the designed waveguide is a plasma etched TiO2/SRN multi-layer, as shown
in Fig. 2 [32], [34]. The use of the selected material system for manufacturing integrated optical
devices was already experimentally proved [21], the fabrication process including standard steps
have been clearly envisaged. We have verified that the device geometrical dimensions that we have
considered in the design are compatible to this process.

The thickness of the SRN layer is denoted as h SRN , the total thickness of the TiO2/SRN multi-layer
is h T , and the waveguide width is w T .
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Fig. 3. Waveguide birefringence (= neff,TE − neff,TM) dependence on the waveguide width for hT ranging
from 400 to 700 nm (step = 50 nm). The star indicates the optimum condition. The upper curve (blue)
is for h T = 400 nm and h T gradually increases with a step of 50 nm in the other curves, according to
the versus of the arrow.

The geometrical features w T and h T have been optimized aiming at achieving the condition neff,TE

= neff,TM, i.e., birefringence = 0, while the thickness of the SRN layer h SRN has been chosen to have
an effective TOC of the waveguide equal to -neff asub (being asub equal to 2.6 × 10−6 K−1 [21]).

The effective index of the waveguide has been calculated by the finite element method (FEM). A
very fine mesh has been used (the elements size in the waveguide core is 1 nm). The number of
degrees of freedom is the effective index computation is of the order of 106.

The dependence of the waveguide birefringence on w T for several values of h T is shown in
Fig. 3. The considered values of h T and w T are those for which the waveguide supports only the
fundamental quasi-TE and quasi-TM modes. The birefringence depends only on w T and h T , sum of
the thickness of the TiO2 layer (h T − h SRN ) and the thickness of the SRN layer (h SRN ). This means
that for a given couple of values of w T and h T , the birefringence is independent of the thickness of
the TiO2 and SRN layers.

As expected, the birefringence B = neff,TE −neff,TM increases as w T increases. B decreases as
h T increases. For all values of h T that we have considered there is a value of w T assuring the
achievement of the zero-birefringence condition. To minimize the waveguide birefringence due to
potential fabrication tolerances on w T we have calculated ∂ B/∂w T for all values of w T fulfilling
the zero-birefringence condition. The minimum value of the derivative (<10−4 nm−1) has been
obtained for w T = 770 nm. Thus, the selected values of h T and w T have been 700 nm and 770 nm,
respectively.

As already mentioned, the thickness of the SRN layer (h SRN ) has been engineered aiming at
achieving the condition shown in Eq. (2), i.e., effective TOC = −neff asub (or, equivalently, effective
TOC + neff asub = 0) for both the polarizations.

The assumed TOC values for SRN with refractive index = 2.2 (N/Si ratio = 1.1), SiO2, and TiO2

are 4 × 10−5 K−1, 1.5 × 10−5 K−1, and −1 × 10−4 K−1, respectively [37], [15]. The plot of the sum
(effective TOC + neff asub), which must be equal to zero according to Eqs. (1) and (2), vs. h SRN is
shown in Fig. 4.

The sum (effective TOC + neff asub), which is directly proportional to the wavelength shift due
to the temperature drift (see Eq. (1), increases as h SRN increases. In fact, for low values of h SRN

the thickness of the TiO2 film = (h T − h SRN ) is larger than the thickness of the SRN film and
consequently the optical mode is more confined in the material having a negative TOC than in
the material having a positive TOC. Thus, for low values of h SRN , the effective TOC is negative
and one order of magnitude larger than neff asub (this quantity is of the order of 10−6). As h SRN
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Fig. 4. Effective TOC dependence on h SRN . The total thickness of the waveguide h T is 700 nm. The
thickness of the TiO2 layer is h T − h SRN . The waveguide with is 770 nm.

increases, the confinement in the material having a positive TOC increases and the effective TOC
increases, too. For the TE mode, the sum (effective TOC + neff asub) is very close to zero (= 2 ×
10−9 K−1) for h SRN = 440 nm. For that value of h SRN , the sum (effective TOC + neff asub) for the TM
mode is not exactly zero but is very low (= −1.8 × 10−6 K−1). Consequently, the waveguide having
h SRN = 440 nm is very close to the exact athermality condition. The TM mode is more sensitive
than TE mode on temperature because the selected value of h SRN allows the exact fulfilment of the
athermality condition only for the TE polarization, while, for the TM mode, the h SRN value implies a
value of the sum (effective TOC + neff asub) that is slightly far from zero (of the order of 10−6 K−1).
As it is evident from Fig. 4, no value of h SRN allows the exact fulfilment of the athermality condition
for both the polarizations.

We have carefully investigated the distribution of the optical field in the optimized waveguide
having h T = 700 nm, w T = 770 nm, h SRN = 440 nm, thickness of the TiO2 layer = h T − h SRN =
260 nm. The field is mainly confined in SRN layer (54.84% for the TM mode and 56.21% for the TE
mode) than in the TiO2 layer (21.97% for the TM mode and 23.21% for the TE mode). We verified
that these values of confinement factor in the SRN layer and the TiO2 layer are the best ones for
the achievement of the athermality condition.

The scattering loss of the optimized waveguide been calculated by the 3D current volume method
[34], [35], using a standard exponential model for the autocorrelation function describing the rough-
ness. According to [31], we have assumed that the roughness of the SRN film has a standard
deviation of 0.5 nm. The film of amorphous TiO2 is deposited on this very smooth surface. At the
TiO2/SRN rough interface no chemical reaction occurs. It is an amorphous-amorphous interface
introducing only scattering loss due to the roughness of the two surfaces forming the interface.
Assuming the above-mentioned value of the roughness standard deviation, we have calculated the
scattering loss due to the TiO2/SRN rough interface by the 3D current volume method (a standard
exponential model has been used for the autocorrelation function describing the roughness) [25],
[36]. We have found that this loss is <0.1 dB/cm.

We have verified that the waveguide loss is mainly due to the roughness of the waveguide vertical
sidewalls. The parameters of this roughness are standard deviation = 5 nm and correlation length
= 45 nm [32]. The numerically estimated scattering loss is 1.51 dB/cm for the TM mode and
1.54 dB/cm for the TM mode.

To select the radius of the bent sections of the racetrack resonator, the bending loss of the opti-
mized waveguide has been calculated by the finite element method solving the Maxwell equations
in a cylindrical coordinate system [38]. The bending loss (log. scale) dependence on the curvature
radius R is shown in Fig. 5.

As expected, the bending loss exponentially decreases as R increases. To have a bending loss
<0.01 dB/cm the radius must be >7 μm. We have chosen R = 8 μm.
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Fig. 5. Bending loss (log. scale) dependence on the curvature radius for the optimized waveguide having
h T = 700 nm, w T = 770 nm, and h SRN = 440 nm.

Fig. 6. Optimum value of η vs. ρ.

3. Ring Resonator Design
The spectral response of the resonator, its Q-factor, and its extinction ratio (ER) have been calculated
by the well-established model in [39]. For the design of the evanescent coupler we have used the
modelling approach in [40], which is based on the coupled-mode theory (CMT) applied to the case
in which the coupling coefficient varies in the propagation direction [41].

The selected application, i.e., optical notch filtering in a microwave photonic passband filtering
subsystem, requires a high value of ER (�20 dB) and a Q-factor >10,000 because, as discussed
in [27], this performance parameter of the optical notch filter has a strong impact on the overall
performance of the microwave pass band filter. In addition, the target application demands a very
good thermal stability of the optical notch filter, as clearly pointed out in [27]. The target value of ER
for the designed racetrack resonator is 20 dB. Assuming R = 8 μm, an evanescent coupler loss =
0.5%, and requiring ER = 20 dB, the optimum value of the bus/ring coupling efficiency (η) has been
calculated for a length of straight sections of the racetrack resonator (ρ) ranging from 20 to 200 μm
(see Fig. 6). The optimum value of η does not depend on the polarization of the input beam (TE or
TM) because the TE and the TM mode have practically the same loss.
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Fig. 7. Contour plots of the coupling efficiency dependence on the length of the straight sections of the
racetrack ρ and the bus/resonator gap g. (a) TE mode. (b) TM mode. The gap g varies in the range
300 nm–800 nm while ρ varies in the range 0 μm–200 μm.

The optimum value of the coupling efficiency η increases as ρ increases because when ρ in-
creases the round-trip loss in the resonant path increases, too. To compensate this increase of the
round-trip loss keeping ER = 20 dB the coupling efficiency ηmust be increased. From Fig. 6 we can
observe that the optimum value of the bus/ring coupling efficiency is in the range 0.66%–1.66% for
ρ in the range 20–200 μm.

By using the CMT-based modelling approach as in [40] we have numerically investigated the
dependence of ηTE and ηTM on the two geometrical parameters of the evanescent coupler, i.e., ρ

and the bus/ring gap (g). The contour plot showing the η dependence on ρ and g for the TE and the
TM modes is in Fig. 7. The dashed lines in the contour plot highlight the condition ηTE = ηTM. From
the contour plot it is evident that, for ρ = 0, is not possible to achieve the condition ηTE = ηTM that
makes the evanescent coupler polarization insensitive. This is the reason why we have selected a
racetrack shape instead of a circular one for the resonator.

As expected, for both polarizations, the coupling efficiency decreases as g increases and ηshows
a periodic dependence on ρ, as in case of an evanescent coupler formed by two parallel straight
waveguides.

In the design of the coupler, we must choose a couple of values of ρ and g for which ηTE = ηTM

(dashed lines in the contour plots shown in Fig. 7). In addition, the coupling efficiency (ηTE = ηTM)
must be as close as possible to the optimum one (for each value of ρ there is an optimum value of
coupling efficiency η, as shown in Fig. 6).

The closest condition to the optimum one is achieved for ρ = 151 μm and g = 300 nm. For this
couple of values, we have ηTE = ηTM = 1.6%.

Assuming ρ = 151 μm and g = 300 nm, the spectral response of the resonator for both the
polarizations and for T0 = 300 K and T0 + 10 K is shown in Fig. 8.

The plot in Fig. 8 shows a very good insensitivity of the racetrack resonators to temperature drift
and polarization state of the input beam (all the spectra are overlapped). The resonator has a free
spectral range (FSR) of 4 nm, a Q-factor of 78,300 and ER = 30.7 dB (10.7 dB higher than the
target one). FSR, Q-factor, and ER are practically the same for the two polarizations (difference
<1%). For the TE mode, the resonance wavelength shift due to the temperature drift is <<0.1 pm/K.
The same parameter is 1.5 pm/K for the TM mode. At T0, the resonance wavelength is practically
the same for the TE and the TM mode. At T0 + 10K, the difference between the TE and the TM
resonance is approximately 15 pm. This is due to the nonzero value of the sum (effective TOC + neff

asub) of the waveguide for the TM polarization (as mentioned in section 2, the sum effective TOC +
neff asub is −1.8 × 10−6 K−1 for the TM mode). The effect of the nonzero value of the sum (effective
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Fig. 8. Spectral response of the designed resonator for both the polarizations and for T0 = 300 K and
T0 + 10 K. The inset shows a zoom of the spectra in the wavelength range 1550.6 nm–1550.9 nm.

Fig. 9. Resonance wavelength dependence on T for both polarizations.

TOC + neff asub) is also shown in Fig. 9, where the resonator resonance wavelength vs. T is plotted
for both polarizations. At T0 = 300 K the resonance wavelength is the same for TE and TM modes,
confirming that the cavity is polarization insensitive. As T varies, the resonance wavelength for TE
mode remains practically constant while the resonance wavelength for TM mode decreases as T
increases. Therefore, as T drifts from T0, we can observe a slight perturbation of the polarization
insensitivity condition.

The optimized geometrical parameters and the performance of the designed resonator are sum-
marized in Table 1. The achieved ER is larger than the target one and the calculated Q-factor is
compliant with the requirement imposed by the specific application.

By FEM, we have calculated the waveguide birefringence B for 1,000 times when w T is equal
to (770 nm + u) and h T is equal to (700 nm + v), being u and v random numbers that are drawn
from a normal distribution having a mean of 0 and standard deviation of 2.5 nm. This means that
approximately 95% of the 1,000 values of w T and h T are in the range (nominal value ± 5 nm).
The mean value of B is very close to zero (3.2 × 10−8), the standard deviation of B is 3.3 × 10−5,
and the worst-case value of |B| is 1.0 × 10−4. In all iterations, we calculated both the TE and
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TABLE 1

Geometrical and Performance Parameters of the Designed Resonator

the TM resonance wavelength. The maximum difference between the TE and the TM resonance
wavelength is <0.1 nm.

We have calculated the resonance wavelength shift due to the temperature drift for 1,000 times
when w T is (770 nm + u), h T is (700 nm + v) and h SRN is (440 nm + w), being u, v, and w random
numbers that are drawn from a normal distribution having a mean of 0 and standard deviation of
2.5 nm. The worst-case value of the resonance wavelength shift due to the temperature drift is
4.3 pm/K.

This statistical analysis has allowed us to conclude that, if the waveguide geometrical parameters
(w T , h T , and h SRN ) are in the range (nominal value ± 5 nm), the maximum difference between the
TE and the TM resonance wavelength is <0.1 nm. When the waveguide geometrical parameters
are in the above-mentioned range, the resonance wavelength shift due to the temperature drift is
always <5 pm/K.

All the above-reported results have been obtained in the in the wavelength range from 1545
to 1555 nm. In this wavelength range, the resonator is simultaneously polarization insensitive and
athermal. In the whole C-band (wavelength range: 1530–1565 nm), the magnitude of the waveguide
birefringence is less than 3 × 10−4. This means that, in this band having a width of 35 nm, the
maximum difference between the TE and the TM resonance wavelength is <0.3 nm. We have
verified that in whole C-band, the resonance wavelength shift due to the temperature drift is always
<5 pm/K.

4. Conclusions
The design of a novel CMOS-compatible athermal and polarization-insensitive RR has been re-
ported. The most interesting feature of the component, which is highly suitable in many applications,
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is the negligible dependence of the spectral response on the input beam polarization and simul-
taneously the very low dependence of the resonance wavelength and the filtering shape on any
thermal drift (max. thermal drift of the resonance = 1.5 pm/K). In literature CMOS-compatible RRs
only with an extremely low thermal drift of the resonance (<0.1 pm/K) or polarization insensitive are
reported. To our knowledge, the device reported here is the first one having both the features. For
example, this can be very useful when the resonator is used in the field of add/drop filtering in wave-
length division multiplexing systems. In fact, in this context, the thermal stability of the resonance
wavelength is required, and the polarization of the filter input beam is unknown and consequently
polarization insensitive filters are strongly demanded.

The designed cavity exhibits a performance in terms of Q-factor (= 78,300), free spectral range
(= 4 nm), and extinction ratio (= 30.7 dB) that is compliant with the requirements of the selected
specific application, i.e., notch filtering in a microwave photonic filter including, in addition to the
resonator, a tunable laser diode, a phase modulator, and a photodiode. The design strategy we
carried out is very general and can be used for designing other athermal and polarization insensitive
integrated microphtotonic components, including optical filters having a multi-ring configuration.

The free spectral range of the notch optical filter can be extended up to several tens of nanometers
by using the Vernier effect in a configuration including series-coupled racetrack resonators [42]. In
this way, all the performance parameters of the optical filter could match the requirements of the
add/drop multiplexing, i.e., Q of the order of 104−105, extinction ratio >30 dB, FSR >30 nm.
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