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Abstract: High-performance facet couplers are essential components in the field of silicon
nitride integrated photonic chips. In this work, a novel end-face coupling structure, using
a double-layer SiOxN thin-film waveguide, is proposed. By precisely controlling the
thickness and gap of the SiOxN layers, we achieve flexible tuning of the output mode
field size. This structure offers exceptional performance, including ultra-low coupling
loss (TE: 0.29 dB, TM: 0.31 dB), large 3 dB alignment tolerance (+2.5 um), and near-zero
polarization-dependent loss. The optimized design strikes a favorable balance between
coupling efficiency and alignment tolerance, making it well-suited for a wide range of
photonic applications.

Keywords: edge couplers; silicon photonics; silicon nitride; silicon oxynitride

1. Introduction

Silicon nitride (Si3N4) photonic integrated circuits (PICs) have emerged as a promis-
ing platform for a wide range of applications due to their low loss, broad transparency
window, and strong nonlinear optical properties [1,2]. Efficient coupling between optical
fibers and SizNs waveguides is essential to fully leverage the potential of these devices.
However, the considerable mode mismatch between these two components presents a
significant challenge.

Existing approaches to fiber-to-chip coupling primarily focus on vertical coupling
and edge coupling techniques. Vertical coupling methods [3], such as grating couplers,
have been extensively studied. While offering flexibility in terms of packaging, grating
couplers typically suffer from relatively high coupling losses, polarization sensitivity, and
limited bandwidth. Edge coupling [4] has emerged as a promising alternative due to
its potential for low loss, polarization independence, and broad bandwidth. Efficient
coupling between optical fibers and SizNy waveguides is crucial for realizing the full
potential of these devices. However, the significant mode mismatch between these two
components presents a substantial challenge. To address this challenge, researchers have
explored various edge coupling techniques. While the foundational approach involves
single inverse taper [5,6], which gradually reduces the waveguide width to expand the
mode field, its limitations in terms of coupling efficiency and mode matching have spurred
the development of more complex structures. Multi-tip and multiple-taper designs [7-9]
introduce additional waveguide sections to increase the mode overlap area, potentially
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improving coupling efficiency. Vertical integration [10] techniques, such as incorporating
multiple upper waveguides or cascaded multi-stage tapers, aim to expand the mode field in
the vertical dimension. Three-dimensional tapers [11,12] offer the potential for more precise
mode matching by controlling both lateral and vertical dimensions, but their fabrication
is complex and not easily scalable. Lastly, cantilever structures [13-15] isolate the optical
mode, potentially improving coupling efficiency, but instability hinders their practical
implementation. Despite these efforts, achieving consistently high coupling efficiency, low
loss, and robust performance in edge coupling remains a significant challenge.

In this work, we propose a novel end-face coupler structure consisting of two layers
of silicon oxynitride (5iOxIN) thin films based on the self-alignment process. To the best
of our knowledge, this is the first time the self-alignment process has been introduced
for application in edge coupling structures within the field of photonic integrated circuits.
This structure offers a high degree of flexibility, allowing to precisely control the height
and gap of the SiOxN layers to achieve flexible tuning of the output mode field size. With
careful design, this novel edge coupler can achieve ultralow coupling loss (approximately
0.3 dB), a large alignment tolerance of 3 dB (up to £2.5 um), and extremely low polarization-
dependent loss (PDL) (around 0.02 dB).

2. Device Design and Analysis
2.1. Development and Description of the Model

Our proposed edge coupling structure consists of three primary sections, as shown
in Figure la—c. First, a double-layer SiOxN thin-film waveguide structure is designed for
end-face coupling. It consists of two perpendicular SiOxN layers on a substrate, with an
intermediate and cladding SiO, layers forming the waveguide. The height of each SiOxN
layer is denoted as H, and the gap between them as G. By precisely controlling these
parameters, the mode size at the output can be effectively expanded, thereby enhancing
mode matching with the fiber. Second, To ensure a smooth transition and minimize mode
conversion losses, an adiabatic tapering section is employed. In this section, both the SiOxN
and Si3Ny waveguides are gradually tapered. The gap G between the SiOxN layers and
the central waveguide dimension gradually increase, enabling a seamless mode evolution
from the double-layer SiOxN mode to the SizN4 mode, as shown in Figure 1d. Lastly, a
transition section connects the Si3Ny slab waveguide to a ridge waveguide using standard
adiabatic taper. In the simulation model, the thickness of the silicon dioxide layer is fixed at
100 nm. The gap G2 between the SiOxN layers is set to 5 pm to ensure no coupling occurs
between the Si3N; waveguide and the SiO«N films. The simulated central wavelength is
1.55 um, and the material dispersion is investigated. The refractive index values used in the
modeling at the central wavelength of 1.55 pm are as follows: SiO; has a refractive index of
1.44, SizNy has a refractive index of 2.0, and SiOxN has a refractive index of 1.7. We chose
the silicon nitride strip waveguide with a total thickness of 400 nm as a study-case. The
double-layer SiOxN thin-film waveguide structure can be fabricated with the self-aligned
etching process [16]. The self-aligned etching process is a widely used technique in MOS
transistor manufacturing, primarily for accurately defining and controlling the size and
structure of specific regions [17-19].
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Figure 1. Schematic of the end-face coupling structure. (a) 3D view of the end-face coupling structure.
(b) Top view of the structure. (c) Cross-sectional view of the structure. (d) Mode evolution diagram.

2.2. Modeling Methods

The coupling efficiency of an edge coupler can be described as the product of two
key factors: the overlap efficiency between the optical fiber mode and the mode at the
coupler tip near the chip facet (171), and the transformation efficiency from the delocalized
mode at the facet to the mode of the nominal interconnecting waveguide (12). #; refers to
the coupling efficiency between the end face of the integrated photonic waveguide and
the optical fiber. 7, represents the efficiency of mode conversion from the waveguide to
the end-face structure. The product of these two efficiencies (17; x 772) defines the overall
efficiency of the end-face coupling structure.

For quasi-TE and quasi-TM polarizations, the coupling efficiency between the optical
fiber and the chip edge facet can be obtained by calculating the overlap integral of the
mode fields of the optical fiber and chip edge facet [20]. The definition of the mode overlap
efficiency #; can be expressed as follows:

| Eix E2dAJ?
N B PaA x [|EoffdA’

where A is the modal distribution area, while E; and E; represent the electric fields of the
fiber mode and the superimposed mode at the coupler facet, respectively. The mode trans-
formation efficiency (42) is determined by the design details of the taper structure, which
facilitates the conversion of the mode at the chip facet into the mode of the interconnecting
waveguide. Coupling loss is usually used to describe how much energy is lost during
coupling, which can be transformed with coupling efficiency # as follows:

Coupling Loss = —10 x log,,1.

The design process is carried out in two stages. Initially, the transverse field overlap
between the optical fiber mode and the waveguide mode at the chip facet is optimized.
In the second stage, a longitudinal taper structure is developed to convert the delocalized
mode near the facet into the mode of the silicon nitride wire interconnecting waveguide.
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2.3. Modeling Results

In Figure 2, we present the simulation results of the coupling loss between the end-face
coupler and fibers with different mode field diameters (MFDs) by systematically varying
the SisNy-height and SiOxN-gap of the end-face structure. The coupling loss for both TE
and TM modes, as well as the polarization-dependent loss (PDL) [21], were calculated. The
results indicate that the optimal SiOxN height and SiOxN gap for achieving the minimum
coupling loss increase with increasing MFD. For instance, for a fiber with an MFD of 8 um, the
optimized structure is H = 4.5 ym and G = 2.5 pm, offering a coupling loss of TE = 0.4 dB and
TM = 0.6 dB, while the PDL is 0.17 dB. For a fiber with MFD =5 um, the optimized structure is
H=3.5 pm and G = 1.0 pum, offering the coupling loss of TE = 0.56 dB and TM = 0.30 dB, while
the PDL is 0.26 dB. We selected H = 4 um and G = 1.75 um as the optimal design for a fiber
with an MFD of 6 pm, achieving the lowest coupling loss (TE = 0.29 dB, TM = 0.31 dB) and
near-zero PDL (PDL = 0.02), and demonstrating a favorable balance between coupling loss
and alignment tolerance. Figure 3 shows the mode field distribution of the selected end-face
structure and the fiber with an MFD of 6 pm. The Gaussian-like mode field profile of the fiber
matches that of the end-face structure, minimizing mode mismatch loss with a 771 of 98%.
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Figure 2. Impact of different SiOxN heights (H) and gaps (G) on coupling loss between double-layer
SiOxN film edge coupler and fibers with different MFDs: (a) TE mode coupling loss, (b) TM mode
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Figure 3. Mode profile comparison between the optimized structure (H = 4 um, G = 1.75 pm) of
Section 1 and fiber: (a) TE Mode and (b) TM Mode of Section 1; (c) Fiber Mode (MFD = 6 um).

In the design outlined in Section 2, tapered structures are utilized to facilitate the tran-
sition from a 400 nm silicon nitride strip waveguide into a double-layer SiOxN waveguide.
A key feature of the transformation structure is that a smaller tip dimension typically results
in a higher conversion efficiency. In our simulation, the taper tip’s minimum feature size is
strategically set to 100 nm to optimize manufacturability and performance. The Lumerical’s
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EigenMode Expansion (EME) method was utilized to calculate the transmission efficien-
cies of both transverse electric (TE) and transverse magnetic (TM) modes, relative to the
length of Section 2, as depicted in Figure 4a. The results indicate that for lengths exceeding
600 microns, both TE and TM modes attain exceptionally high conversion efficiencies,
consistently surpassing 99%. Sub-wavelength grating (SWG) structures [22] are integrated
to decrease the transition length. However, such integrations also escalate manufacturing
complexity and can lead to additional optical losses. Figure 4b,c provide further insight
into smooth mode transition by illustrating the electric field evolution of the TE and TM
modes, respectively, when the length of the transition length is set to 600 um.
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Figure 4. Simulation results for (a) transmission efficiencies of TE and TM modes versus the taper
length of Section 2 (G1 = 1.75 um, G2 =5 um, W_tip = 100 nm, W = 1 um). Electric field evolution of
Section 2 for (b) TE mode and (c) TM mode at 600 um section length.

In edge coupler designs, substrate leakage loss is a critical consideration, especially
as the optical mode size expands significantly in the Spot Size Converter (S5C) region.
The optical field’s extension into the substrate can result in additional propagation losses,
primarily influenced by the thickness of the BOX layer separating the silicon substrate
from the waveguide. To investigate this effect, we performed simulations to calculate the
substrate leakage loss in the region where the mode size is maximized. The simulation
considered varying BOX layer thicknesses and evaluated the corresponding leakage loss for
both TE and TM polarizations. A transmission length of 500 um was chosen for the analysis
to ensure the results reflect the leakage behavior over a sufficiently long propagation
distance. The results are summarized in Figure 5. It can be seen that for BOX thicknesses
of 6 um or greater, the leakage loss for both TE and TM polarizations falls below 0.1 dB,
effectively eliminating substrate leakage as a significant source of loss.

Finally, the alignment tolerance of the end-face coupling structure with the fiber
was analyzed in detail, including both the horizontal (AX) and vertical (AY) directions.
Figure 6a,b present the coupling loss of the TE and TM modes under different alignment
tolerances, respectively. The results demonstrate a remarkably large alignment tolerance
of the proposed structure. Both the TE and TM modes can achieve a +2.5 um alignment
tolerance with a 3 dB penalty in both the X and Y directions. It should be noted that while an
optimized design with larger H and G can further improve alignment tolerance, it inevitably
leads to higher coupling loss and PDL. Furthermore, we have expanded our tolerance
analysis to account for the simultaneous variation in both the X and Y directions, as shown
in Figure 6¢. For the simultaneous variation in both the X and Y directions, the 3 dB
alignment tolerance was reduced to £1.75 um. This reflects the more stringent tolerance
requirements when both axes are varied together and demonstrates the effect of correlated
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variations in fabrication. The impact of wavelength on coupling loss was investigated,
as shown in Figure 6d. Simulation results over the ultra-broadband wavelength range
of 1300-1700 nm show that the coupling loss of the TE mode is less than 0.45 dB, with a
variation of less than 0.2 dB, while the coupling loss of the TM mode is less than 0.6 dB,
with a variation of less than 0.3 dB. These results indicate that the proposed end-face
coupling structure exhibits excellent performance in terms of alignment tolerance and
wavelength independence.
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Figure 5. Simulated substrate leakage loss of 500 um propagation length as a function of BOX thickness.
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Figure 6. Alignment tolerance analysis of the end-face coupling structure: (a) horizontal (AX), (b) ver-
tical (AY) directions, (¢) simultaneous variation in horizontal and vertical (AXY), and (d) wavelength
dependence of coupling loss.

3. Discussion

In this paper, we have proposed a novel end-face coupling structure that offers ex-
cellent properties. To obtain a better assessment, we summarize the comparison between
our device and several designs in Table 1. As shown, our proposed device demonstrates
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excellent coupling efficiency for both TE and TM modes, leading to ultra-low polarization-
dependent loss (PDL). At the same time, it maintains a large mode size, which is well-
matched to fibers with an MFD of 6 pm. This large mode size significantly enhances
alignment tolerance, further improving the practicality of our device.

Table 1. Comparison of various edge couplers.

. Coupling Waveguide .
Device Structure Loss TE/TM PDL MFD 3dB Tolerance Type Experiment
Inverse taper [5] 0.36/0.56 dB 0.2dB 4 um +1.75 um 500 nm SizNy Yes

Multlple-taper 1.5/2dB 1dB 5 um Not shown 220 nm Silicon Yes
design [7]
Silica glass .
waveguide [23] 0.6/0.8 dB 0.2 dB 10.4 um +4.5 um 750 nm SizNy Yes
Multi-Segment .
Tnverse-taper [24] 0.22/0.31 dB 0.09 dB 3.2um +1.4 um 400 nm SizNy No
Trident layers [25] 0.91 dB (TE) / 3.2um Not shown 400 nm SizNy No
Multiple layer ) o /04498 0.25dB 8.2 um Not shown 220 nm Silicon No
structure [26]
This work 0.29/0.31 0.02 dB 6 um +2.5 um 400 nm SizNy No

In the development of our photonic structures, we have implemented a vertically
aligned SiOxN thin-film layer on the substrate, distinguishing our structure from the
conventional horizontal film structures typically employed in end-face coupler designs.
Vertically aligned SiOxN thin-film layers can be fabricated with a self-aligned technique
commonly used in the production of MOS transistors in integrated circuits [16-19]. This
method allows for the precise placement and alignment of the SiOxN film layers relative to
the underlying silicon nitride waveguides. The core concept involves depositing a thin film
directly onto the etched substrate, followed by reactive ion etching (RIE) without the need
for an additional photolithography step. Due to the anisotropic nature of RIE, the etching
is much more effective in the vertical direction, allowing complete removal of the film from
horizontal surfaces while preserving the film on the vertical sidewalls.

The fabrication process of the proposed structure involves several key steps, as shown
in Figure 7. First, the end-face silicon nitride waveguide begins with the etching of the
strip waveguide structure, followed by deposition of a 3 um thick silicon oxide cladding
layer. Next, a silicon oxide layer is patterned and etched using a dry etching process with
vertical sidewalls. A metal hard mask is typically used in this step to achieve a high aspect
ratio. After etching the silicon dioxide, a 100 nm thick SiOxN thin film is deposited over the
structured silicon dioxide layer using low-pressure chemical vapor deposition. Following
deposition, the SiOxN layer undergoes a selective etching process using reactive ion etching
without the need for photolithographic patterning. Finally, larger than 3 um cladding oxide
is deposited using either PECVD or LPCVD. This self-aligned approach to layer deposition
and patterning simplifies the fabrication process while enhancing the precise thickness
control of the SiOxN layers, ensuring robust control over the optical path and interactions
within the device.
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Figure 7. Fabrication process of the proposed structure: (1) silicon nitride waveguide pattern and
cladding silicon oxide deposition, (2) silicon oxide pattern, (3) SiOxN deposition, (4) Anisotropic RIE
etching process (red arrows), (5) after RIE etching process, (6) final cladding silicon oxide deposition.

4. Conclusions

In summary, we have proposed a novel end-face coupling structure that offers ex-
ceptional performance in terms of coupling loss, alignment tolerance, and polarization
independence. By carefully engineering the double-layer SiOxN thin-film waveguide, we
have achieved a highly optimized design that minimizes coupling loss while maintaining
a large tolerance for alignment errors. Specifically, the proposed structure exhibits a cou-
pling loss of 0.29 dB for the TE mode and 0.31 dB for the TM mode, along with a large
3 dB alignment tolerance of £2.5 pm in both the horizontal and vertical directions and a
polarization-dependent loss (PDL) of 0.02 dB. Our proposed method provides a new way
of realizing a high-performance edge coupler for a wide range of photonic applications.

We believe our work paves the way for high-performance coupling solutions for
silicon nitride (Si3N4) photonic integrated circuits.
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