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A B S T R A C T

We propose and demonstrate a hybrid waveguide platform using layered amorphous silicon and silicon nitride.
The waveguide offers more degrees of freedom to design waveguides with desired confinement, effective
index and polarization birefringence. Unlike single core material, the proposed waveguide offers design
flexibility, and light confinement in the layers is polarization-dependent. We present a detailed waveguide
design and analysis of efficient fiber-chip grating couplers with a coupling efficiency of −3.27 dB and −8 dB
for 𝑇𝐸 and 𝑇𝑀 polarization, respectively. The couplers offer a 3 dB bandwidth of 100 nm. Furthermore,
we demonstrate excitation of TE and TM modes exploiting the polarization-dependent confinement using
thermo-optic characteristics of a ring resonator.
1. Introduction

Photonic integrated circuits (PIC) offer a versatile platform for on-
chip manipulation of light for various linear and nonlinear optical
signal processing. The optical waveguide forms an essential part of the
photonic circuit through which optical signals are routed. In addition,
waveguides also forms the basis for various waveguide components.
Conventional waveguide structures such as wire/strip, rib, and slot
are formed with a core made of single uniform refractive index mate-
rial that dictates the overall properties [1,2]. A core with a uniform
refractive index limits the waveguide properties by restricting the
effective index and polarization birefringence. These restrictions can
be addressed by appropriately designing the refractive index profile of
the core. Photonic crystal waveguides that work on the principle of
photonic band gap engineering have been well studied. They can pro-
vide 90◦ bends with minimal radiation and can be used for slow light
applications [3,4]. However, they suffer from high scattering losses [5].
A graded index waveguide was reported to have a broadband response
with minimized losses in the mid-infrared (MIR) region [6]. Another
reported structure is augmented low-index guide (ALIG) with a low-
index material deposited on a high index material that aims to confine
light in the low index medium [7]. The core of ALIG, however, has
inherent asymmetry that can result in undesirable mode conversions in
waveguide taper [8,9]. Triplex is another waveguide platform that of-
fers low optical loss and desirable circuit element implementation [10].
Extreme skin depth (e-skid) waveguides that uses all-dielectric metama-
terials to suppress the evanescent field allowing low bend radius and
low cross-talk have been demonstrated [11]. The e-skid waveguides
have also been applied to create efficient optical delay [12]. Recently, 𝛿
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waveguides employing 2D materials like 𝑀𝑜𝑆2 monolayers have been
reported. These materials facilitate light guidance akin to planar waveg-
uides, with their effective index determined by the adjacent medium.
Consequently, waveguide characteristics become adjustable through
external material manipulation. They hold promise for 2D non-linear
photonics due to high power handling, broadband and dispersion-free
operation [13].

Thus, a waveguide with a non-uniform index profile provides some
advantages and has exotic properties which need more investigation.

In this work, we propose and demonstrate a symmetric stack where
a central high index material is sandwiched between two medium index
materials. The high index material is chosen as amorphous silicon
(a-Si), and the medium index material is chosen as silicon nitride
(𝑆𝑖𝑁). Both 𝑎 − 𝑆𝑖 and 𝑆𝑖𝑁 can be deposited by standard deposition
techniques, and they are promising materials for PIC [14–16]. Figs. 1(a)
and 1(b) shows a schematic and the geometrical parameters in cross-
sectional view of the proposed structure, respectively. The structure has
three geometrical parameters that can be varied to tune the properties
of the waveguide. Height (‘H’) and width (‘W’) are similar parameters
as in the wire waveguide. But, this structure has an additional param-
eter, the relative thickness of high index material with respect to the
total height. This makes the waveguide properties highly tunable. The
relative thickness of high-index material and medium-index material
can be replaced by a single variable, simplifying the analysis. The
relative thickness of high index material will be referred to as fraction
(‘f ’) from here on. The parameter fraction is defined as f = Thickness
of high index/Total height (‘H’). The parameter ‘f ’ provides a powerful
way to analyze the system by having a single variable instead of two
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Fig. 1. Schematic of the hybrid sandwich waveguide (a) 3D view and (b) Cross-sectional view showing various design parameters of waveguide.
t
Table 1
Effective index vs geometrical parameters for air clad.
f [%] W [nm] 𝑛𝑒𝑓𝑓 [𝑇𝐸] 𝑛𝑒𝑓𝑓 [𝑇𝑀]

20 700 2.11 1.57
30 650 2.42 1.73
35 600 2.49 1.84
65 377 2.458 2.458

thickness variables. The implications of the fraction on the waveguide
properties are discussed in detail for both air and oxide clad, followed
by a demonstration of 𝑇𝐸 and 𝑇𝑀 gratings for fiber-to-chip coupling
in the proposed structure. The measured coupling efficiency for 𝑇𝐸
rating is −3.27 dB per coupler, and 𝑇𝑀 grating is −8 dB per coupler.

Finally, the excitation of a particular mode (TE/TM) is confirmed by
thermo-optic measurements based on the spectral response of a ring
resonator.

2. Waveguide design

A wire waveguide can be designed by appropriately choosing the
width and height to suit a particular application. The proposed waveg-
uide can be further tuned by varying the fraction. This unique pa-
rameter provides flexibility in effective index tuning, confinement in
different materials and polarization birefringence control which are
restricted in uniform index waveguides. We consider waveguide de-
sign with top cladding as air and oxide. The height of the proposed
waveguide is fixed at 500 nm to ensure mode confinement in the entire
work.

2.1. Waveguide design in air clad

The waveguide design is performed using a numerical mode-solver.
The refractive index of SiN is considered as 1.89 and a-Si as 3.54
and the wavelength of operation is 1550 nm. The refractive index
is measured using spectroscopic ellipsometry of the deposited films.
Simulations were performed to study the effect of fraction (f ) on
he waveguide properties. The evolution of effective mode index as a
unction of width is found for various f, and a few of them are shown
n Fig. 2. In Fig. 2, the single-mode region is marked by the shaded
rea and the corresponding electric field profile of both 𝑇𝐸0 (𝐸𝑥) and

𝑇𝑀0 (𝐸𝑦) is shown for the particular 𝑓 . For higher fraction f, we
observe propagating 𝑇𝑀0 with higher index than the 𝑇𝐸0 mode in the
single-mode regime. The effective index values for given set of 𝑓 and
‘W’ has been summarized in Table 1.

The effective index is a fundamental property that determines the
functional property of various waveguide devices. Variation in the
effective index due to width and fraction will result in suboptimal
device performance. Fig. 3(a) shows the 𝑚𝑎𝑥(𝑑𝑛𝑒𝑓𝑓∕𝑑𝑊 ) at different
fractions f in the single-mode regime. It can be clearly observed that
2

the 𝑇𝐸 mode is highly sensitive to width variation and f variation
han the 𝑇𝑀 mode. This implies that the 𝑇𝑀 modes are tolerant to
layer-thickness and width variation compared to 𝑇𝐸.

It is important to note that confinement of light is in both 𝑎−𝑆𝑖 and
𝑆𝑖𝑁 due to the hybrid structure of the waveguide. The waveguide will
be henceforth referred to as hybrid waveguide. The hybrid nature of
the waveguide demands calculation of confinement for both 𝑎−𝑆𝑖 and
𝑆𝑖𝑁 regions. The confinement factor in a region R is defined as [17]:

𝛤𝑅 =
∬𝑅(𝐼(𝑥, 𝑦))

2 𝑑𝑥 𝑑𝑦

∬∞(𝐼(𝑥, 𝑦))2 𝑑𝑥 𝑑𝑦
(1)

The confinement in the waveguide depends on the polarization.
Figs. 3(b) and 3(c) show the confinement in the 𝑎 − 𝑆𝑖 and 𝑆𝑖𝑁
layer for a 700 nm wide waveguide to have a broad range of fraction
values where the width lies in the single mode region. It can be clearly
observed that for 𝑇𝐸 mode the light confinement is higher in the
𝑎 − 𝑆𝑖 layer for f > 10% and for 𝑇𝑀 mode it is higher for f > 25%.
Thus, the factor f can be tuned to have desired confinement in either
material to best suit any application. An interesting observation is that
the confinement of light for a given geometry in 𝑎−𝑆𝑖 and 𝑆𝑖𝑁 layers
is polarization-dependent. Light can be confined into a higher index
with 𝑇𝐸 mode and into a medium index with 𝑇𝑀 mode. It can be
concluded from Figs. 3(b) and 3(c) that a fraction of 20% is ideal for
confining light into 𝑎−𝑆𝑖 with 𝑇𝐸 mode and into 𝑆𝑖𝑁 with 𝑇𝑀 mode.
This typical behavior can be explained by the boundary conditions of
Maxwell’s equation. The normal component of displacement density
should be continuous, making the electric field in the 𝑆𝑖𝑁 layer for
𝑇𝑀 mode as:

𝐸𝑆𝑖𝑁 = (
𝑛𝑎−𝑆𝑖
𝑛𝑆𝑖𝑁

)2 × 𝐸𝑎−𝑆𝑖 (2)

In some applications, such as wavelength division multiplexing
(WDM) a low polarization sensitivity [18] is desired. However, in some
cases, high polarization extinction can be used for creating polarization-
selective phase delay [19]. Thus, a flexible control of birefringence
(𝑑𝑛𝑒𝑓𝑓 = 𝑇𝐸𝑛𝑒𝑓𝑓 −𝑇𝑀𝑛𝑒𝑓𝑓 ) is highly desirable. In the hybrid platform,
birefringence can be controlled by adjusting ‘f ’. Fig. 3(d) shows the
birefringence for various fractions in the single mode region. The slope
of birefringence vs width continues to increase with fraction. Thus,
the trend seems to push the birefringence to higher values. But, it is
observed that between f = 30% to f = 65%, there exists an inflection
point where the birefringence becomes negligible. This can be exploited
to suit the particular application.

2.2. Waveguide design in oxide clad

The simulations of sandwich waveguide with oxide clad are per-
formed to study the impact of fraction f on the waveguide properties.
The reduction in the refractive index contrast shifts the single-mode
regime towards lower waveguide widths (Fig. 4). For air clad, it is
observed that there is anti-crossing between modes of different order
indicating the existence of a hybrid mode that can result in undesirable
mode conversions. However, a uniform cladding due to oxide prevents
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Fig. 2. Effective index for various fraction ‘f ’ showing fundamental and higher order modes for air clad. The shaded region shows the single-mode regime. The color map shows
the electric field (in V/μm) profile for TE and TM modes at (a) f = 20% and W = 700 nm (b) f = 30% and W = 650 nm (c) f = 35% and W = 600 nm (d) f = 65% and W =
377 nm.
Fig. 3. Analysis of air clad waveguide (a) Maximum slope of effective index vs width as a function of fraction. Confinement of (b) 𝑇𝐸 mode and (c) 𝑇𝑀 mode in 𝑎 − 𝑆𝑖 and
𝑆𝑖𝑁 layers as a function of fraction. Inset shows the field distribution for f = 20%.(d) Polarization birefringence vs width as a function of fraction.
Table 2
Effective index vs geometrical parameters for oxide clad.

f [%] W [nm] 𝑛𝑒𝑓𝑓 [𝑇𝐸] 𝑛𝑒𝑓𝑓 [𝑇𝑀]

05 920 1.72 1.58
10 750 1.83 1.59
20 500 1.98 1.61
55 315 2.1775 2.1765
3

the excitation of the hybrid mode. The effective index study as a
function of 𝑓 in oxide clad is summarized in Table 2.

Furthermore, since the index-contrast is reduced, the
𝑚𝑎𝑥(𝑑𝑛𝑒𝑓𝑓∕𝑑𝑊 ) is lowered, which implies that the waveguides are
tolerant to dimensional variations, unlike air-clad as shown in Fig. 5(a).

The confinement factor is calculated with the same procedure as
for air clad. Figs. 5(b) and 5(c) show confinement factor for 𝑇𝐸 and
𝑇𝑀 mode with oxide clad. The width is fixed at 500 nm. The trend is
very similar to air clad. In both air-clad and oxide clad, a 20% fraction
is suitable for light confinement. Fig. 5(d) shows the birefringence for
oxide clad. The sensitivity to polarization for oxide clad is less than air



Optics Communications 550 (2024) 129959R.K. Dash and S.K. Selvaraja
Fig. 4. Effective index for various fraction ‘f ’ showing fundamental and higher order modes for oxide clad. The shaded region shows the single-mode regime. The color map
shows the electric field (in V/μm) profile for TE and TM modes at (a) f = 5% and W = 920 nm (b) f = 10% and W = 750 nm (c) f = 20% and W = 500 nm (d) f = 55% and W
= 315 nm.
Fig. 5. Analysis of oxide clad waveguide. (a) Maximum slope of effective index vs width as a function of fraction. Confinement of (b) 𝑇𝐸 mode and (c) TM mode in 𝑎− 𝑆𝑖 and
𝑆𝑖𝑁 layers as a function of fraction. Inset shows the field for 𝑇𝐸 mode for f = 20%. (d) Polarization birefringence vs width as a function of fraction.
clad. For larger values of fraction, the peak is flatter compared to air
clad, giving a width tolerant birefringence.

3. Fiber-chip coupling

3.1. Design and fabrication of 𝑇𝐸 and 𝑇𝑀 surface grating couplers

Surface grating fiber-chip couplers are a versatile fiber-chip cou-
pling scheme [20]. A grating fiber-chip coupler for 𝑇𝐸0 and 𝑇𝑀0 is
designed and developed to demonstrate the proposed waveguide in the
4

1550 nm wavelength band. The height in all the designs is considered
as 500 nm and f as 20%. The resulting thickness for the top and bottom
𝑆𝑖𝑁 layers is 200 nm, and 𝑎−𝑆𝑖 is 100 nm. For efficient coupling into
𝑇𝐸 mode, the 𝑎 − 𝑆𝑖 layer is etched, and for 𝑇𝑀 mode entire stack
is etched to pattern the gratings. The designs are aimed at optimum
diffraction to facilitate coupling into a given mode. The coupling ef-
ficiency (CE) is optimized by varying period, angle, duty-cycle, etch
depth (only for 𝑇𝐸 mode) and bottom oxide thickness by performing
2D finite difference time domain (FDTD) simulations. Particle swarm
optimization (PSO) is used to optimize the coupling efficiency instead
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Fig. 6. Overview of 𝑇𝐸 and 𝑇𝑀 grating and waveguide fabrication process flow.
Fig. 7. SEM image of a fabricated (a) TE grating in 𝑎−𝑆𝑖 layer, (b) top view of full stack etched 𝑇𝑀 grating, and (c) cross-section of 700 nm wide and 20% fraction fabricated
waveguide showing the three layers.
Table 3
Performance summary of optimal grating coupler design.
Parameter [units] 𝑇𝐸 𝑇𝑀

𝑛𝑒𝑓𝑓 1.94 1.58
Etched layer for grating 𝑎 − 𝑆𝑖 layer Full etch
Coupling Efficiency [dB] −2.52 −3.9
1 dB bandwidth [nm] 57.6 54.4
3 dB bandwidth [nm] 98 94

of parametric sweep due to a large number of parameters [21]. The
dependence of various parameters is discussed in detail in the results
section. The simulation results are summarized in Table 3.

The grating designs are fabricated in the desired layer stack. The
stack is prepared by depositing 𝑆𝑖𝑂2, 𝑎 − 𝑆𝑖 and 𝑆𝑖𝑁 using plasma-
enhanced chemical vapor depositing process. The grating and waveg-
uide patterning is done using the electron-beam lithography process.
Fig. 6 shows the process flow for fabrication of both 𝑇𝐸 and 𝑇𝑀
gratings and the waveguide. The entire stack is deposited for 𝑇𝑀
mode, followed by lithography and pattern transfer of both gratings and
waveguide through etching. In 𝑇𝐸 mode, the gratings are patterned in
the 𝑎−𝑆𝑖 layer, followed by 𝑆𝑖𝑁 deposition. After that, the waveguide
is patterned on the completed stack. Figs. 7(a) and 7(b) show the top
view of the 𝑇𝐸 and 𝑇𝑀 gratings respectively. Fig. 7(c) shows the
cross-section of a 700 nm wide waveguide with three layers.

The TE and TM gratings were made in different runs with a common
oxide layer. The deposited oxide thickness is 1570 nm. The deposited
thickness of SiN layer is 220 nm for TE gratings and 214 nm for TM
gratings. The deposited thickness of a-Si layer is 98 nm for TE gratings
5

and 115 nm for TM gratings. The etching of SiN layers was done with
𝐶𝐻𝐹3 and 𝑂2 and a-Si was done with 𝑆𝐹6 and 𝐶𝐻𝐹3.

The grating test structures are made on a 12 μm wide waveguide
with number of periods. The fabricated devices are characterized
using a superluminescent diode (SLED) as a source and a spectrum
analyzer. The input polarization is controlled by polarization paddles.
The coupling efficiency is calculated by normalizing the transmission
to the source spectrum.

3.2. Results and analysis

Fig. 8 depicts the summary of simulation and measured spectral
response of 𝑇𝐸 grating coupler. Figs. 8(a)–8(c) show the effect of
etch depth (ED), period and duty-cycle, respectively, on the coupling
efficiency of a 𝑇𝐸 grating coupler. It is known that the 1D gratings
are polarization sensitive, Fig. 8(d) depicts the simulated extinction be-
tween 𝑇𝐸 and 𝑇𝑀 input on 𝑇𝐸 gratings. The experimental validation
is depicted in Figs. 8(e) and 8(f) showing the measured spectral re-
sponse of 𝑇𝐸 gratings with varying period and duty-cycle. The Bragg’s
law can be used to verify the coupler characteristics. The grating period
is related to the coupling wavelength (𝜆), fiber angle (𝜃) and effective
index (𝑛𝑒𝑓𝑓 ) as:

𝛬 = 𝜆
𝑛𝑒𝑓𝑓 − 𝑛𝑐 sin(𝜃).

(3)

We observe that there is a red shift of the spectrum with an increase
in period, both in simulation and experiment. This can be explained
from Eq. (3), where the center wavelength is directly proportional to
period. With an increase in duty-cycle, the spectrum is blue shifted for
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Fig. 8. Summary of simulation and measurement of 𝑇𝐸 grating couplers. Simulated coupling efficiency (CE) of a 𝑇𝐸 gratings to (a) etch depth of in 100 nm 𝑎 − 𝑆𝑖, (b) grating
eriod, and (c) grating duty-cycle. (d) Extinction of 𝑇𝑀 and 𝑇𝐸 of a 𝑇𝐸 gratings. (e) Measured spectral response of 𝑇𝐸 gratings as a function of etch depth. (f) Measured spectral
esponse of 𝑇𝐸 gratings as a function of duty-cycle.
Fig. 9. Summary of simulation and measurement of 𝑇𝑀 grating couplers. Simulated coupling efficiency (CE) of a 𝑇𝑀 gratings to (a) grating period and (b) duty-cycle. (c)
Extinction of 𝑇𝑀 and 𝑇𝐸 of a 𝑇𝑀 gratings. Measured Coupling efficiency of 𝑇𝑀 gratings as a function of (d) etch depth and (e) duty-cycle. (f) Effect of bottom oxide thickness
on the CE of 𝑇𝐸 and 𝑇𝑀 gratings.
s
p
𝑇
m

both simulation and experimental measurements and can be verified
from Eq. (3). The increase in duty-cycle decreases the effective index
resulting in blue shift. The etch depth increase also results in blue shift
due to decrease in effective index. The extinction for 𝑇𝑀 polarized
light is about 30 dB with respect to 𝑇𝐸 polarized light in 𝑇𝐸 mode
ratings.
6

a

Similar analysis is done for 𝑇𝑀 mode gratings. Figs. 9(a) and 9(b)
how the simulated variation of spectral response of 𝑇𝑀 gratings with
eriod and duty-cycle. Fig. 9(c) shows the simulated extinction between
𝐸 and 𝑇𝑀 input on 𝑇𝑀 gratings. Figs. 9(d) and 9(e) show the
easured variation of spectral response of 𝑇𝑀 gratings with period

nd duty-cycle.
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Fig. 10. Optimal design and measured coupling efficiency of (a) 𝑇𝐸 and (b) 𝑇𝑀 grating couplers.
Table 4
Comparison of measured and optimized grating response.

Data 𝑇𝐸 𝑇𝑀

CE [dB] 𝜆𝑃 [nm] 1 dB BW [nm] 3 dB BW [nm] CE [dB] 𝜆𝑃 [nm] 1 dB BW [nm] 3 dB BW [nm]

Optimum design −2.52 1547 57.6 98 −3.9 1553 54.4 94
Fabricated/ Measured −3.27 1561 56.8 100 −8 1572 51 92
Fabricated device simulation −3.06 1560 70 127 −8.16 1570 50 113
The best measured coupling efficiency for 𝑇𝐸 gratings is −3.27
dB/coupler and for 𝑇𝑀 gratings is −8 dB per coupler. Figs. 10(a)
and 10(b) show the comparative spectral response of the optimally
designed, fabricated device and measured device for 𝑇𝐸 and 𝑇𝑀 mode,
respectively. Table 4 summarizes measurement and simulation grating
performance.

The 𝑇𝐸 grating coupler efficiency is close to the optimum design.
However, a red shift in the spectral response from the optimized
value is due to a slightly lower than desired etch depth. The coupling
efficiency for 𝑇𝑀 mode is ≈ 4 dB less than optimum. This can be
attributed to the SiO2 thickness variation as shown in Fig. 9(f) [22].
The energy coupling efficiency can be further increased by employing
a bottom Bragg reflector [23].

4. Confirmation of 𝑻𝑬 and 𝑻𝑴 mode

4.1. Ring resonator in the hybrid platform

The propagation of the desired mode in the waveguide can be
characterized by using a wavelength selective device, such as a ring
resonator. The spectral characteristics of a ring resonator depend on
the group index of resonant mode in the cavity. By calculating the
group index from the free-spectral range (FSR), one could identify the
cavity mode polarization [24]. The above-mentioned stack is used to
fabricate a 100 μm diameter ring resonator. The waveguide width is
kept at 700 nm to accommodate both 𝑇𝐸0 and 𝑇𝑀0 (Fig. 2). A gap of
250 nm and 350 nm is used between the bus and the ring for 𝑇𝐸 and
𝑇𝑀 rings. Fig. 11(a) shows the schematic and Fig. 11(b) shows the SEM
image of a fabricated device. Waveguide tapers of length 250 μm are
used to connect the 700 nm single-mode waveguide to the grating fiber-
couplers made on 12 μm width waveguide. The in and out couplers are
designed to be either 𝑇𝐸 or 𝑇𝑀 to selectively excite single polarization
in the waveguide. The measurement setup used to characterize the ring
resonators is shown in Fig. 11(c).

Figs. 12(a) and 12(b) show the normalized spectral response of the
𝑇𝐸 and 𝑇𝑀 ring, respectively. An FSR of 2.23 nm and 3.31 nm is
measured for 𝑇𝐸 and 𝑇𝑀 resonators. The corresponding calculated
group index is 3.38 and 2.18 against an expected 3.48 and 2.33 for
𝑇𝐸 and 𝑇𝑀 , respectively. This shows an excellent agreement and
confirmation of corresponding polarization excitation by the grating
couplers. In addition, we observe a quality factor of 3400 for the 𝑇𝐸
ring and 4000 for the 𝑇𝑀 ring. The 𝑇𝑀 resonance shows a better
7

quality factor due to lower scattering from the etched sidewalls. The
Table 5
TE Ring FSR for different radii.
Radius FSR [nm] 𝑛𝑔
50 2.3 3.32
75 1.54 3.31
100 1.194 3.2

Table 6
TM Ring FSR for different radii.
Radius FSR [nm] 𝑛𝑔
50 3.31 2.18
75 2.16 2.23
100 1.62 2.23

loss is primarily due to the interface between the sandwich layers. This
is further confirmed by a lower insertion loss of about −1 dB from the
𝑇𝑀 ring compared to −2.2 dB from a 𝑇𝐸 ring resonator (see Fig. 12).

4.2. Ring response vs radii

The ring response was further analyzed as a function of ring radii
for both the modes. The group index is expected to remain constant
with the variation of the ring radii as it depends on the waveguide
dimensions that is kept fixed. Fig. 13(a) shows the TE ring response
with a gap of 275 nm for different ring radii. Similarly, Fig. 13(b) shows
the TM ring response with a gap of 350 nm for different ring radii. The
FSR for TE rings have been taken at a wavelength of around 1550 nm
and FSR for TM rings around 1505 nm wavelength considering the
decent extinction ratio at these wavelengths. Table 5 shows the group
index derived from the FSR for TE ring and Table 6 shows it for TM
ring. It can be concluded from Tables 5 and 6, that the FSR of the ring
resonators vary in proportion to the ring radii to maintain the group
index according to the excited mode. The slight variation in the group
index for different radii can be attributed to the different location of
the fabricated device that could result in deviation of the geometrical
dimensions due to fabrication errors.

4.3. Thermal response and mode confinement.

Unlike a solid single material core, the mode distribution in the
hybrid waveguide is specific to polarization 𝑇𝐸 and 𝑇𝑀 . As discussed
in Section 2, The 𝑇𝐸 mode is primarily confined in the 𝑎 − 𝑆𝑖 while
0
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Fig. 11. (a) Schematic of the test structure, (b) SEM of the fabricated ring resonator and (c) Optical image of the measurement setup.
Fig. 12. Normalized Spectral response of (a) 𝑇𝐸 and (b) 𝑇𝑀 ring resonators.
the 𝑇𝑀0 is distributed between the two 𝑆𝑖𝑁 layers. Since the mode
confinement is hybrid, the confinement can be confirmed using the
thermo-optic response of the two modes [25–27]. The thermo-optic
response of the above-mentioned rings is characterized by heating the
substrate using a Peltier element and a temperature controller. The
temperature is tuned from 29 ◦C to 51 ◦C in steps of 2 ◦C. Figs. 14(a)
and 14(b) show the shift in resonance wavelength with temperature.
The resonance shift is 69 pm/◦C for the 𝑇𝐸 ring and 23 pm/◦C for the
𝑇𝑀 ring, as shown in Fig. 14(c). The confirmation of the excited mode
and confinement is done by deriving the thermo-optic coefficient (TOC)
of the individual materials.
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The effective TOC is found from the spectral shift (d𝜆𝑅/dT) as given
by [25]:

𝑑𝑛𝑒𝑓𝑓
𝑑𝑇

=
𝑑𝜆𝑅
𝑑𝑇

×
𝑛𝑔
𝜆𝑅

(4)

The effective TOC of the sandwich waveguide is the superposition
of TOC of individual layers and the electric field confinement (𝛤 ) in
the particular layer for a given mode by [26]:

𝑑𝑛𝑒𝑓𝑓 = 𝛴 𝛤
𝑑𝑛𝑖 = 𝛤

𝑑𝑛𝑆𝑖𝑁 + 𝛤
𝑑𝑛𝑎−𝑆𝑖 (5)
𝑑𝑇 𝑖 𝑖 𝑑𝑇 𝑆𝑖𝑁 𝑑𝑇 𝑎−𝑆𝑖 𝑑𝑇
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t

𝛤

Fig. 13. Normalized Spectral response with different radii of (a) 𝑇𝐸 and (b) 𝑇𝑀 ring resonators.
Fig. 14. Thermo-optic response of the hybrid waveguide. Spectral shift with temperature for (a) 𝑇𝐸 polarization and (b) 𝑇𝑀 polarization. (c) Linear thermo-optic response shift
for 𝑇𝐸 and 𝑇𝑀 .
Table 7
Summary of TOC calculation.
Parameter [units] 𝑇𝐸 mode 𝑇𝑀 mode

Measured 𝑑𝜆𝑅∕𝑑𝑇 [pm∕◦C] 69.034 22.727
𝑑𝑛𝑒𝑓𝑓 ∕𝑑𝑇 [K−1] 1.528 × 10−4 3.468 × 10−5

𝛤𝑎−𝑆𝑖 0.685 0.076
𝛤𝑆𝑖𝑁 0.46 0.718
𝑛𝑔 3.38 2.18

The electric field confinement (𝛤𝑖) in the 𝑖th layer is calculated by
aking the electric field distribution [28]:

𝑖 =
∫𝑖 |𝐸(𝑥)|2𝑑𝑥

∫ +∞
−∞ |𝐸(𝑥)|2𝑑𝑥

(6)

Eq. (5) is solved simultaneously for 𝑇𝐸 and 𝑇𝑀 polarizations to
find TOC of 𝑎−𝑆𝑖 and 𝑆𝑖𝑁 . The calculations are summarized in Table 7.
The TOC for 𝑎 − 𝑆𝑖 is found to be 2.05 × 10−4 and for 𝑆𝑖𝑁 2.67 × 10−5
which are close to the values found in literature [29,30] confirming the
analysis.

5. Conclusion

We have demonstrated a hybrid waveguide platform with a high-
index material sandwiched between two medium-index materials. The
proposed waveguide configuration offers a versatile platform to tune
the effective index, confinement and polarization behavior. We have
demonstrated grating fiber-chip couplers for coupling into both 𝑇𝐸
and 𝑇𝑀 modes with a coupling efficiency of −3.27 dB and −8 dB
per coupler with a 3 dB bandwidth of 100 nm. Using thermo-optic
response, we confirm the polarization-dependent mode confinement in
high and medium-index layers in the waveguide. We believe the pro-
posed waveguide configuration would help to realize interesting func-
tionalities that are limited by the single material solid-core waveguide
platforms.
9
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