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Abstract: This research work conducted a design and simulation of an ultra-low power all-optically
tuned nonlinear ring resonator-based add-drop filter. The purpose of this study is to investigate
a CMOS-compatible nonlinear material system for an optical filter with temperature resilience,
polarization insensitivity, and fast and energy-efficient tunability. The all-optical tunability was
achieved using an optical pump that photo-excites the high nonlinear Kerr effect in the device material
system. A three-dimensional multiphysics approach was used, combining the electromagnetics and
thermo-structural effects in the filter. Hybrid graphene on an ultra-rich silicon nitride ring resonator-
based filter enabled the realization of an ultra-high tuning efficiency (0.275 nm/mW for TE mode
and 0.253 nm/mW for TM mode) on a range of 1.55 nm and thermal stability of 0.11 pm/K. This
work contributed to the existing literature by proposing (1) the integration of a high Kerr effect layer
on a low loss, high index contrast, and two-photon absorption-free core material with an athermal
cladding material system and (2) the use of a cross-section shape insensitive to polarization. Moreover,
the tuning mechanism contributed to the realization of an all-optical on-chip integrable filter for
Dense Wavelength Division Multiplexing systems in the less occupied L band.

Keywords: Kerr effect; ring resonator; all-optical tuning; on-chip photonics; CMOS-compatible;
DWDM systems; L band; add-drop filter

1. Introduction

All-optical networks are the right response to the growing demand for larger band-
width and higher reliability driven by IoT applications, power efficient datacenters, video-
on-demand, and cloud-related technologies [1,2]. Dense Wavelength Division Multiplexing
(DWDM) techniques are the key method employed in the implementation of all-optical
networks, since they provide a very effective utilization of fiber bandwidth directly in
the optical domain [3]. Electronics nodes maintain high costs and limit the capacity of
the network. The use of all-optical components avoids optical-to-electrical and electrical-
to-optical conversion steps. Additionally, this saves power used for cooling overheating
electronic components and subsequently, increases the life cycle of components. All-optical
tunable filters are thus key elements in DWDM systems to ensure the accurate wavelength
selection without interfering with neighboring channels [4]. Compared to filters based on
bulk optics, ring resonator-based tunable optical filters are good candidates to meet criteria
such as cost and power efficiency, low loss, small size and thus large scale integrability in
existing optical architectures [5]. Moreover, the devices present power and nonlinearity
enhancement due to the capacity to build up light power stored locally in ring resonators
at resonance [6,7].
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The silicon photonics platform is the most widely used in photonic-integrated circuits
due to its compactness, low optical loss, and compatibility with the CMOS manufacturing
technique [8]. However, its main challenge, especially in tunable optical filters, is poor
nonlinear effects, which lead to weak tuning performance. Its relatively low Kerr coefficient
(4× 10−18 m2W−1 ), in particular, puts a limit on the power tuning efficiency of on-chip
silicon photonics’ devices.

Different tuning methods change the refractive index exploiting various phenomena
in the material including thermo-optic [9,10], electro-optic [11–15], and all-optical effects
[7,8,16]. Thermally tuned silicon photonic devices exploiting the high thermo-optic coeffi-
cient (1.8× 10−4/K) and two-photon absorption nonlinearities in the silicon experience
limited tuning speed and high power consumption [17]. Electro-optically tuned devices
are faster than the latter but still integrate electronic components to the chip, thus adding
extra complexity and a potential source of overheating.

Significant research efforts have been devoted to the design and fabrication of innova-
tive devices that alleviate the aforementioned drawbacks of silicon nonlinear photonics by
incorporating novel high nonlinear materials while retaining the silicon platform for its low
cost, large scale integration potential, mature fabrication process, and CMOS compatibility.

In the same vein, one of the most promising and effective material system is silicon-rich
nitride. This material demonstrates low temperature sensitivity, low nonlinear losses, and
two-photon absorption free behavior while maintaining CMOS-compatibility and broadband
transparency spanning from visible to infrared wavelengths, though it has lower mode
confinement than pure silicon (nSi3N4 = 2.1, nSi = 3.4) [18]. To reach stronger Kerr nonlinear
optical properties than in silicon-rich nitride and further increase the mode confinement i.e.,
reduce the device size, the silicon content can be increased. Studies have demonstrated that a
Si:N ratio of 7:3 maximizes the Kerr nonlinearity and mode confinement (nSi7N3 = 3.1), and
maintains a two-photon absorption(TPA) and free carrier absorption (FCA) free behavior at
telecommunication wavelengths beyond 1200 nm. TPA in silicon waveguides causes light to
attenuate and the performance of nonlinear processes to degrade at higher powers [19]. In the
following, this work will interchangeably refer to this composition (Si7N3) as ultra silicon-rich
nitride or to its abbreviation, USRN. This material possesses the highest linear refractive
index (nUSRN = 3.1) across the spectrum of silicon nitride compositions and a nonlinear
refractive index that is several orders of magnitude greater than that of crystalline silicon
and stoichiometric silicon nitride, while keeping compatibility with CMOS platforms [20]
(Table 1).

This property grants USRN a high confinement of waves and high enhancement of non-
linearities due to its strong proportion of silicon and the ring resonators used to design the
filter, respectively, while it inherits the absence of TPA at telecommunication wavelengths
from silicon-rich nitride. These attributes make USRN an ideal material for manufacturing
CMOS-compatible nonlinear optics of small size devices, particularly at small optical pow-
ers [21]. Indeed, USRN has already proven a wideband supercontinuum potential [22] and
spectral broadening [23,24], parametric optical amplifiers with high gain [25], and soliton phe-
nomena [26], due to its strong nonlinearities.

Table 1. Nonlinear refractive index of silicon, silicon-rich nitride, ultra silicon-rich nitride,
and graphene.

n2 at 1.55 µm [10−18 m2/W ] Eg [eV]

Si [27] ≈4 1.12
Si3N4 [27] ≈0.24 ≈5
Si7N3 [21] 28 2.1

Graphene [8,28] 105–1011 0

To further enhance the tunability efficiency of the photonic devices, graphene, a 2D
hexagonal lattice layer of carbon atoms (Figure 1) has proven to be an outstanding material
candidate to be integrated onto high optical confinement waveguides [8,29]. Graphene’s
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use in photonic and optoelectronic devices has increased thanks to its distinctive electronic
and optical properties, including CMOS compatibility [30]. Its Fermi energy can be tuned
significantly with relatively low energy required. The graphene integration on ultra silicon-
rich nitride waveguides opens the way to the implementation of fast, reconfigurable, highly
tunable, and power efficient nonlinear systems in Photonics -ntegrated Circuits (PICs) [31],
owing to its high Kerr coefficient in the range of 10−13–10−7 m2/W, depending on the
quality of graphene [8].

In this work, alternative cladding materials to classical silicon oxide for temperature
resilience and a proper waveguide cross-section engineering for a polarization insensitive
fourth-order ring resonator-based add drop filter were explored. As a result, a new material
system, SiO2–Si7N3–C–TiO2, where silicon and titanium oxides are used for under and
upper cladding materials, respectively, on the one hand, while USRN and graphene are
used as a Kerr nonlinear active medium, on the other hand, was deployed and investigated.
Hence, by using the proposed innovative material system, this paper designed a fast all-
optical tunable on-chip athermal device that takes advantage of the optical confinement,
low loss, and TPA-free properties of USRN-based waveguides as well as the high optical
nonlinearities of hybrid graphene integrated onto USRN. The simulation results reveal that
the 25 GHz-all-optical filter is tunable on a range of 1.55 nm using a 28–33 mW power range.
This provides a significant reference for further research in all-optical tunable devices,
demonstrating the potential for high-speed and energy efficient tunable filter application
in integrated all-optical DWDM systems.

Figure 1. 3D Schematic of the filter model. The signal is injected through the input port. Only the
resonant wavelengths are coupled in the ring resonators and propagate through the filter and exit at
the drop port. The rest exit the filter using the through port. The pump (control) signal is injected in
the filter through the add port.

2. Materials and Methods

In this section, the work describes the spectral and physical characteristics of the filter.
The methodology to achieve the results is also developed.
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2.1. Athermality and Polarization Sensitivity

The temperature-induced resonant wavelength shift in a microring resonator is given
by [32]:

dλ

dT
=

λ

ng

(
∂ne f f

∂T
+ ne f f αsub

)
, (1)

where ng and αsub are the group index of the waveguide and the coefficient of the thermal
expansion (CTE) of the substrate, respectively. From (1), the athermal condition is fulfilled

when
∂ne f f

∂T = −ne f f αsub, thus
∂ne f f

∂T has to be negative. This can be realized by using a
cladding material, titanium oxide (TiO2) in the case of this work, with a negative thermo-
optic coefficient.

Studies have demonstrated that polarization independence may be achieved by modi-
fying the height-width ratio of the waveguide [33]. In this work, the geometrical parameters
are optimized such that ne f f ,TE = ne f f ,TM and to allow a dual spatial modes operation for
both TE and TM polarized signals. In addition, a critical radius was computed to minimize
polarization rotation, bend losses, and induce stress that enhances polarization sensitivity
and additional index shifts in the waveguide with the ring radius reduction.

2.2. Optical Properties of Graphene

The graphene’s chemical potential (µc) is optically tuned by an optical pump that
injects power in the structure of the filter. This alters the transmission characteristics of the
filter by tuning the resonance of the filter at room temperature [34]. 2D materials such as
graphene are usually characterized by their complex surface conductivity [35] as a result of
contributions from intraband and interband transitions according to the Kurbo model [28]

σ(ω, Γ, µc, T) = σintra(ω, Γ, µc, T) + σinter(ω, Γ, µc, T). (2)

The intra- band term is written as

σintra =
ie2kBT

πh̄2(ω + i2Γ)

[
µc

kBT
+ 2ln(e−

µc
kBT + 1

]
, (3)

while the inter-band term is given by

σinter =
ie2

4πh̄
ln
[

2|µc| − (ω + i2Γ)
2|µc|+ (ω + i2Γ)

]
, (4)

where ω, Γ, µc, T, e, h̄, and kB, are the angular frequency, scattering rate, chemical potential,
temperature, electron charge, reduced Planck constant, and Boltzmann constant, respectively.

The permittivity can be deduced from the above using

ε(ω, Γ, µc, T) = εr + i
σ(ω, Γ, µc, T)

ε0ω∆
. (5)

ε0, εr, ∆ represent the vacuum permittivity, the relative permittivity, and the layer
thickness, respectively. The complex refractive index can directly be deduced from (5) as
n + ik =

√
ε(ω, Γ, µc, T), where n and k are its real and imaginary parts, respectively.

As illustrated in Figure 2 when the optical energy pump is close to the transition
point between intraband and interband regions, the incident photons excites electrons
through the interband absorption process . As a result of the high absorption, the graphene
layers become a highly lossy medium. With increasing incident energy, the absorption
reaches a peak value equivalent to half the photon energy, and all the graphene electron
states would be filled. According to the Pauli blocking principle, beyond that point, no
interband transition is allowed. Therefore, the graphene layers behave like a transparent
thin sheet [36]. The step change region (0.2 eV < µc < 0.64 eV), suitable for the tuning
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process, corresponds to a significant change of the conductivity and thereby the refractive
index of graphene (Figure 2).
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Figure 2. Graphene permittivity (real and imaginary parts) versus the chemical potential (µc). The graph
shows a high absorption region where graphene behaves as a lossy dielectric medium (µc < 0.2 eV), a
transient region (0.2 eV < µc < 0.6 eV) with a relatively low range of absorption, and a region of low
absorption (µc > 0.6 eV) with a linear dependence where graphene behaves as a quasi-metallic medium.

2.3. Nonlinear Effects Induced Refractive Index Change

Two optical sources were used to couple the signal and the pump waves in the input
and add ports of the filter waveguide, respectively (Figure 1). The pump and the signal are
around the same resonant wavelength but differentiated based on propagation direction,
each coupled to a separate port. Hence, under the reciprocity operation principle, with
ωsignal ≈ ωpump = ω0, it is assumed that the two beams have approximately similar energy
distribution and therefore experience the same coupling, loss, and confinement. The pump
is considered as a short pulse with enough power and energy to excite the Kerr nonlinearity.
This ensures that the pump is only responsible for nonlinear effects, since the signal is
much weaker. Therefore, nonlinearities are generated in graphene and USRN core material
through the Kerr effect. This involves a shift in the refractive index as a function of the
light intensity using mW level powers due to power and nonlinearities enhancement in the
highly confining ring resonators [37].

The work described the nonlinear effects in URSN microring resonators and attempted
to determine the pump-induced resonant wavelength shift in microrings [38] using nonlin-
ear coupled mode theory(NCMT). The nonlinear wavelength shift in the ring resonator-
based filter is introduced as a perturbation of the linear coupled mode equations, as
expressed by the following [39]:
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dam
1

dt
= (jω1 − ∆ω

p
NL − γi − γ0 − γ

p
NL)am

1 − jµ1am
2 − jµ0si,

dam
2

dt
= (jω2 − ∆ω

p
NL − γi − γ

p
NL)am

2 − jµ1am
1 − jµ2am

3 ,

. . .
dam

N−1
dt

= (jωN−1 − ∆ω
p
NL − γi − γ

p
NL)am

N−1 − jµN−2am
N−2 − jµN−1am

N

dam
N

dt
= (jωN − ∆ω

p
NL − γi − γN − γ

p
NL)am

N − jµN−1am
N−1

, (6)

where m = s, p, denotes signal (s) and pump (p) inputs, respectively. µi(1 ≤ i ≤ N − 1)
represent the coupling coefficients between microrings i and i + 1. N corresponds to the
order of the filter, which is also equivalent to the number of ring resonators. In (6), γi takes
into account the intrinsic and coupling losses between the ring resonators. The decay rates
γ0 and γN , computed as γ0 = µ2

0/2 and γN = µ2
N/2, respectively, consider the intrinsic

and coupling losses between the outer microrings and the bus waveguides [5].
ωi and ai denote the resonant frequency and the wave amplitude related to the

microring i, respectively.
Due to the strong Kerr nonlinearity in graphene and USRN, it is assumed that the Kerr

nonlinearity is the main source of the refractive index change ∆np
NL, given by

∆np
NL = nKerr

2 Ip (7)

and the nonlinear Kerr parameter is given by

γ
p
NL =

2πn2

λAe f f
, (8)

where n2 is the Kerr coefficient of graphene. Ip is the pump intensity coupled into the
filter device.

A change in effective refractive induces a resonant frequency shift computed using
perturbation theory as

∆ω
p
NL =

∫
V n∆np

NL|~E|2dV∫
∞ n2|~E|2dV

, (9)

where V is the volume of the ring resonator and E the electric field intensity confined in
the ring.

The transfer functions are derived from the solutions to nonlinear coupled mode
equations under the assumption of harmonic input wave excitation and harmonic wave
amplitudes, that is, si ∼ ejωt and ai ∼ ejωt, respectively. Thus,

Ht =
st

si
= 1− jµ0a1

si

= 1−
µ2

0

s + γ0 +
µ2

1

s +
µ2

2

s + . . .
µ2

N−1
s + γN

, (10)

Hd =
sd
si

=
−jµN aN

si
=

(−j)N+1(µ0µ1µ2 . . . µN)

CN(s)
, (11)

where Ht, Hd are the transfer functions at through and drop ports, respectively, while si, st,
sd are signals at the input, through, and drop ports, respectively.
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The complex centered frequency s around the resonant frequency ωi is written as s =
j(ω−ωi) + γi + ∆ω

p
NL + γ

p
NL and CN(s) corresponds to the expression of the denominator in

the through port transfer function.

2.4. Methodology

A space design exploration for the filter was conducted to relate the targeted spectral
parameters of the DWDM frequency grid recommendation [40] to the physical parameters of
the filter. This resulted in the determination of optimal physical parameters of the filter, such
as the cross-section dimensions, the critical ring radius, and gap distances (Figure 1). A full
vectorial finite element tool in COMSOL Multiphysics was used to analyze modes on the
waveguide cross-section, and ensured that our design can transmit arbitrarily quasi-TE and
quasi-TM fundamental modes with a maximal bend radius to keep optimal confinement of
the fields in the filter waveguides.

The research took into account a variety of physical aspects of the analysis (combina-
tion of electromagnetics, structural mechanics, and heat transfer) to simulate real-world
operational conditions in on-chip photonics devices. To investigate such effects, various
modules in the COMSOL Multiphysics software such as Wave Optics, Heat Transfer in
Solids, and Solid Mechanics physics, coupled to thermal expansion multiphysics, respec-
tively, were incorporated in the model. Under the slowly varying envelop approximation
of the electric field, the electromagnetic waves’ propagation in the device was simulated by
using the Electromagnetic Wave Beam Envelope (EWBE) interface in COMSOL. Simulations
were carried on an ideal new material system to come up with an all-optical filter with
tunable, athermal, and polarization-insensitive features in compliance with add-drop filters
in a DWDM network. The model was continuously updated according to a performance
evaluation of the filter based on the targeted filter specifications prior to the validation of
the final results. S-parameters’ simulation results were compared with transfer functions of
the filter as a result of solving nonlinear coupled mode equations in the Matlab software.
Based on the optical properties of graphene, a tuning range of the optical power pump was
determined to efficiently tune the device.

3. Results and Discussion

The designed filter configuration was chosen for this device with a rib height of 50 nm.
The rib gives the advantage of reducing losses [8]. Given the dimensions that allow a
temperature, polarization stability, and highly confined modes in the core of the filter
waveguides, this step aims to determine the effective index of the group index as well as a
critical bending radius with maximal mode confinement in the filter.

Based on this analysis, the results in Table 2, an optimized waveguide with athermality
and polarization insensitivity features, were achieved. A rib waveguide with a rounded corner-
cross-section enabled a high mode confinement in the waveguide (Figure 3). The core size and
the cladding thickness determines the confinement factor. The optimal values for cladding
thickness to realize an athermal behavior and a high confinement for quasi-fundamental TE
and TM modes are given in Figure 3 and Table 3. An optimal ring radius of 9 µm that prevents
polarization rotation was determined with bending losses of 1.65× 10−5 dB/cm, using a Finite
Element mode solver.

Table 2. Mode analysis results.

Mode ne f f λ (µm) ng pol (%) Ae f f (µm2)

TE 2.4755 1.58315 3.8025 95 0.345
TM 2.4753 1.58315 3.7937 93 0.324
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Figure 3. (Left): straight waveguide cross-section. (Right): mode analysis in a curved waveg-
uide. A PML boundary condition is applied on the quadrilateral-meshed region to avoid the
influence of reflection.

Table 3. Cross-section parameters.

Parameter Value (nm) Description

Width 600 Width of the waveguide
TTiO2 269 Maximum height of the TiO2 upper cladding
tTiO2 161 Minimum height of the TiO2 upper cladding
TSiO2 300 Height of the SiO2 under cladding

w 200 Width of the Si7N3 core
H 100 Height of the Si7N3 core
h 50 Height of the Si7N3 slab
tG 8 Thickness of the graphene layer

This study designed a structure, which is composed of four microring resonators and
two bus waveguides. The outer ring resonators have a radius of R1 = 9 µm and the two inner
smaller rings have a radius of R2 = 3 µm each to realize the Vernier effect. The gap distance
between the outer rings and bus waveguides is denoted by d0 = d4 = 120 nm. Similarly, the
distance between outer rings and the inner smaller rings is denoted by d1 = d3 = 129 nm,
while the distance between the smaller rings is d2 = 90 nm (Figure 1).

A waveguide with a rounded-corner rectangular cross-section (Figure 1) enabled us
to achieve athermality and polarization insensitivity in a single mode operation. The TE
and TM fundamental modes’ effective indices in both polarization modes are very close,
as assessed by simulation results in Table 2. The field confinement factors for both modes
in Table 2 show a good mode confinement as confirmed by Figures 4 and 5. Due to the
judicious selection of waveguide parameters, the modes are well confined in the core of the
waveguide (Figure 6).

Figure 4. TE and TM modes profiles in a straight waveguide.



Optics 2022, 3 295

Figure 5. TE and TM modes profiles in a bent waveguide at a bending radius of 9 µm.
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Figure 6. Bending losses vary as function of bending radius from 5 to 14 µm modes were determined
considering a central wavelength of 1581.5 nm.

This research work targeted a maximal 1 dB-attenuation in the passband, a linewidth
of 0.2 nm (25 GHz) centered on λ = 1581.5 nm in the 1565–1625 nm band. Based on the
geometry shown in Figure 1, a fourth-order ring resonator-based add-drop filter was de-
signed. The 3D multiphysics simulation results in Figures 7–12 present the spectral thermal
and tuning characteristics of the filter. The drop and through ports responses computed
from nonlinear coupled mode equation solutions and the S-parameters from the simulation
of the electromagnetic wave propagation at corresponding ports are plotted together in
Figure 7. The study simulated this phenomenon using the Electromagnetic Wave and
Beam Envelope Method, assuming a slowly varying envelope of the electric/magnetic
field and propagation over distances that are many wavelengths long. The simulations
were performed on a fourth-order serially coupled microring filter. The simulation results
at T = 298 K for the TE mode (a slight difference is observed in TM mode) are as follows:
FWHM = 25 GHz (0.2 nm) around the center wavelength of 1581.52 nm, FSR = 35 nm,
Q = 5933, Finesse = 134 and a minimum attenuation in the stop band = 139 dB. A slight de-
tune of the resonant wavelength towards the design wavelength (1581.5 nm) was observed.
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The FSR has been expounded using the Vernier effect, as demonstrated in the suggested
topology (Figure 1) and the resulting spectrum in Figure 9. In this process, apodized cou-
pling coefficients were used to obtain a maximally flat drop port response in the passband,
due to the finite length state of the number of microrings, to prevent large ripples that can
appear in the passband. This results in a filter with a flat-top response that is compatible
with the desired application. The slight difference in results between the two methods can
be explained by the inaccuracy in the computation of nonlinearities in NCMT and coupling
losses all along with the filter. In FEM simulations, the drop port transmission response
showed a 0.91 dB loss in the passband and a less noticeable notch behavior in the through
port response (Figure 7).

The signal coupled into the filter at resonance exits at the drop port. The fields are
well confined in the core materials and show low coupling losses (Figure 10).
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Figure 7. Simulations of the filter responses at through and drop ports using NCMT are plotted
together with the S-parameters simulation results given by FEM when the pump is off. T = 298 K in
TE mode (TM mode exhibiting a practically similar profile). FWHM = 25 GHz (0.2 nm) centered on
the resonance wavelength of 1581.5 nm with FSR = 35 nm, Q = 5933, Finesse = 134 and an extinction
ratio (ER) = 139 dB. The generated results demonstrate quite similar results in both methods, though
there is a slight detune of the design central wavelength in FEM. This value is detuned from 1581.5 nm
to 1581.52 nm due to differences in nonlinear computation accuracy in both methods. In addition, a
slight increase in losses from 0.4 dB to 0.91 dB in the bandpass is observed in FEM results, mainly
due to the coupling losses in different sections of the filter.

To tune the resonant wavelength to the design wavelength (1581.5 nm) or to a different
channel, an optical pump injects a control signal power through the add port (Figure 1). The
effective index change as a function of the injected pump power enabled the determination
of a tuning power range of 28–34 mW through a parametric sweep study (Figure 8).
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Figure 8. The complex effective index of graphene on USRN waveguide versus the injected optical
pump power. The graphene layer is made of a layer of a 8 nm sheet. The real part of the effective index
is ne f f (blue curve, left y-axis) and the imaginary part (loss coefficient) is ke f f (red curve, right y-axis).
This simulation study enabled the determination of an optimal power tuning range of 28–33 mW.

Figure 9. All-optically tuned Add-drop filter. The thickness and the scattering rate for the graphene
layer are tG = 8 nm, Γ = 1014/s respectively. The resonance wavelength shifts from the original value
of 1581.5 nm (blue curve) as a function of the injected power, varying from 28 to 33 mW.
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The resonant wavelength was tuned thanks to a parameter sweep on the injected
pump power. The filter reached a high tuning efficiency of 0.275 nm/mW in the TE mode
over a tunability range of 1.55 nm (Figure 9). However, there is a difference in tuning
performance between TE and TM modes as predicted by the results displayed in Figure 8.
A difference in tunability in TM mode where the tunability range of 1.068 nm and the
tunability efficiency (0.253 nm/mW) are less than in the case of TE polarized signals, but
yet do not alter the filter performance for DWDM systems, where identified. This is an
outstanding result consequent to the new system material combining a high confinement
core material with a high nonlinear coefficient coated with a graphene layer to enhance
the Kerr effect even more in the device due to high Kerr nonlinearity. The ring resonators
used to realize the filter not only enabled the realization of an ultra compact device but also
an ultra highly efficient tuning and energy efficient device due to the enhancement of the
fields and nonlinearities in the structure at ultra-low power levels.

The study then assumed two situations, where the part upon which the device is
integrated experiences heating from the nearby components and a temperature variation
due to modification of the ambient temperature. This imposes a temperature variation
across the filter that will heat and may distort the spectral characteristics of the filter. The
temperature distribution for the first case, as an illustration, is shown in Figure 11 and
the corresponding von Mises stress profile is plotted in Figure 12. The stress profile in
Figure 12 exhibited slightly high values in the intersection of different layers, essentially
due to differences of coefficients of thermal expansions of the different layers and at highly
curved sections of the filter. Both temperature and von Mises stress profiles’ effects on the
filter are negligible. The temperature variation was investigated using a parametric sweep
study in the simulation. The model first simulated the thermo-structural problem, and
then it simulated the electromagnetic wave propagation on the deformed state. When a
temperature change occurs in the device (Figure 11) from 298 K (dT = 0) to 400 K (dT = 102)
in both situations, slight shifts of 0.09 pm/K (Figure 13) and 0.11 pm/K (Figure 14),
respectively, occurs in the resonant wavelength in TE mode but is still acceptable for the
filter to operate efficiently in DWDM systems with such a good athermal behavior. The
same simulations performed in TM mode lead to slightly similar conclusions.

Figure 10. TE mode Electric field distribution in the filter structure around the resonance wavelength
(1581.5 nm).
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Figure 11. Temperature profile in the filter. The temperature-induced deformation did not distort the
fundamental modes in the filters.

Figure 12. Von Mises stress profile. The thermal-structural deformation did not distort the funda-
mental modes in the filter.
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Figure 13. S-parameters affected by a heat source from the substrate. The filter responses at through
and drop ports are slightly shifted at a rate of 0.09 pm/K.
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Figure 14. S-parameters affected by a variation of ambient temperature. The filter responses at
through and drop ports are slightly shifted at a rate of 0.11 pm/K .

The main performance characteristics of the designed filter in this work are sum-
marized as follows: the study achieved an ultra-high tuning efficiency of 0.275 nm/mW
and 0.253 nm/mW for TE and TM modes, respectively, ensuring an ultra-low power
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consumption, a Full-wave at Half Maximum bandwidth of 25 GHz, a high free spectral
range of 35 nm, a quality factor of 5933, a finesse of 134, an extinction ratio of 139, and
thermal stability of 0.11 pm/K. This filter was designed for DWDM systems. A tuning
range of 1.55 nm using pump power in the 28–34 mW range was reached. The use of a
multiphysics approach in the simulation of this device offers a unique advantage to create
conditions close to the real operational conditions of the device in a Photonic Integrated
Circuit (PIC) setting. The fabrication imperfections may represent a slight difference from
the experimental results. Additionally, the use of an all-optical tuning mechanism assumes
an infinite tuning speed but the latter is limited by the recombination time of the carriers
in the material system of the device. In comparison with recent experimental results, a
CMOS-compatible hybrid titanium dioxide/silicon-rich nitride planar ring resonator that
is both polarization insensitive and athermal with a thermal drift of the resonance wave-
length <1.5 pm/K, was designed [41]. Another experimental attempt designed a diamond
micro-disk resonator integrated with a silicon-on-insulator waveguide [7]. In this device,
continuous resonant wavelength tuning across a 450 pm range using a mW level optical
pump was achieved, exploiting the thermo-optic effect in silicon. Another experimental
attempt with quite a similar tuning efficiency though on a shorter range and with a slightly
complex structure based on double opto-mechanical microring resonators assisted Mach-
Zehnder interferometer structure is reported with a tuning efficiency of 0.277 nm/mW,
from 1550.09 nm to 1550.60 nm with a small passband ripple of 1 dB [16]. In that line,
combined electro-mechanical and thermo-optic effects in a silicon opto-mechanical micror-
ing resonator (MRR)-based microwave filter experimentally demonstrated a continuous
tunability of the central frequency on a range of 13 GHz (0.1 nm) with pump power lower
than −2.5 dBm (0.56 mW) [42].

4. Conclusions

This work was concerned with the design and analysis of a tunable all-optical add-drop
ring resonator-based filter. The filter associates the advantages of strong Kerr nonlinearity
and high mode confinement of the hybrid graphene ultra silicon-rich nitride material
system, which can handle arbitrarily polarized signals with high thermal stability. Keeping
in mind the characteristics of an add-drop filter for DWDM systems, the designed filter is
one of its kind in the sense that it combines a flat-top response in the passband, athermality,
polarization insensitivity, and fast and energy-efficient tuning. Additionally, the device
is ultra-compact and CMOS-compatible, presenting the possibility of very large-scale
integration potential. The high tunability performed at ultra-low powers is not only
due to the strong Kerr nonlinearity in the hybrid material system used but also to the
inherent power built-up capacity of ring resonators that enables the realization of important
nonlinearities effects at mW power levels. Although the opto-mechanical effect exhibits a
competitive tuning efficiency, its range, as well as its tuning speed, are smaller compared to
those achieved in this study, exploiting the Kerr nonlinear effect. This work paves the way
for ultrafast tuning and energy-efficient operation inherent to the all-optical nature of the
used mechanism and to the resonant nature of ring resonators. Additionally, it contributes
to the realization of future ultra-fast and energy-efficient all-optical tunable devices such as
filters and modulator switches for DWDM networks.
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Abbreviations and Nomenclature
The following abbreviations are used in this manuscript:

TE Tranverse Electric
TM Transverse Magnetic
DWDM Dense Wavelength Division Multiplexing
CMOS Complementary metal-oxide-semiconductor
IoT Internet of Things
Si Silicon
Si3N4 Silicon-Rich Nitride
Si7N3 or URSRN Ultra Silicon-Rich Nitride
TPA Two-Photon Absorption
FCA Free Carrier Absorption
PIC Photonic-Integrated Circuits
C Graphene
SiO2 Silicon Oxide
TiO2 Titanium Oxide
CTE Coefficient of Thermal Expansion
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