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Abstract

This paper investigates the design and optimization of grating coupler topologies intended for efficient light
coupling between SiN and GaN waveguides (WGs) for heterogeneous visible light photonic integrated
circuit applications. The proposed systems allow co-directional mode transfer at a source wavelength of
450 nm. The couplers use a periodic structure to achieve phase matching between the WG modes; the first
features a double grating coupler in the SiN and GaN layer, and the second features a single grating in
GaN layer. The finite-difference time-domain simulations were used for extensive optimization to explore
solutions using apodization and varying bonding layer widths. Maximum coupling efficiencies for 100nm
and 300nm bonding width designs were 14.6% and 83.1%, respectively. Fabrication tolerance analysis,
concludes that the low bonding width SGC design shows potential for practical applications, and high
bonding width DGC warrants further development.

Introduction

Heterogeneous integration of semiconductor lasers onto silicon nitride (SiN) photonic platforms is a
promising approach for realizing on-chip lasers with augmented functionalities such as tuneability and low
linewidth //]. Photonic integration circuit (PIC) operating in lower visible wavelength range like blue (450
nm) has potential applications including quantum computing /2/, augmented and virtual reality, biosensing
[3], [4], and advanced optical communications, e.g., under water /5]. This require high performance , low
linewidth, tuneable lasers. Integrating visible light emitters with compact, low-loss SiN circuits enables this
requirements. There are several integration approach such as molecular wafer bonding and DVS-BCB
adhesive bonding to combine III-V materials with silicon photonics. However, a critical challenge in these
systems is the efficient light coupling between the active and passive regions. Adiabatic couplers are
commonly employed for mode transfer in heterogeneous platforms, as they provide gradual mode
transformation and low insertion loss. However, designing adiabatic couplers for visible wavelengths
presents significant challenges due to the reduced device dimensions and increased mode confinement
associated with shorter wavelength. These constraints results in sub-100 nm taper tips, which are difficult
to fabricate reliably and reproducibly /6].

To address these limitations, this work investigates the use of grating-assisted radiation mode coupling as
an alternative strategy for efficient light coupling between GaN and SiN waveguides. As radiation mode
coupling can allow thicker bonding layer and it can also low relaxed alignment requirements. Grating
couplers (GCs) utilize periodic surface structures to facilitate phase matching and enable the transfer of
optical modes from high-index GaN (n = 2.4) to lower-index SiN (n = 2.0) waveguide layers. We present
the design and optimization of two distinct grating coupler topologies tailored for visible light operation at
a source wavelength of 450 nm. The first topology employs a double grating coupler in both GaN and in
SiN passive waveguide layers, while the second topology features single grating coupler integrated into the
upper GaN layer. Both designs are systematically analysed with respect to varying bonding layer
thicknesses, which play a crucial role in determining coupling efficiency and fabrication tolerance.

Comprehensive simulations are performed to evaluate the optical performance of the proposed couplers,
including mode overlap, coupling efficiency, and sensitivity to fabrication variations. The most successful
design is the single GaN-layer grating coupler, which achieves 83.1% co-directional coupling efficiency at
450 nm with a compact 8.7 um grating length. By contrast, the dual-grating configuration demonstrates
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Figure 1: Schematic of the double grating coupler design in GaN and SiN waveguide layers,
design parameters and the input and output port are also depicted.

qualitatively higher robustness to bonding-layer variations at the expense of lower peak efficiency, making
it a proof-of-concept path for thicker-bonding-layer integration. These findings highlight the potential of
grating coupler-based schemes for scalable, high-performance heterogeneous integration of visible light
sources on SiN photonic platforms. This work provides valuable design guidelines for the development of
integrated visible photonic.

Theory

Optical coupling between two layers can be facilitated by using radiation mode coupling, where a plane
wave mode radiated from one WG layer and be coupled to the other WG by tuning the period of the GCs
in both the layers. The pair of matched GCs can be fabricated in SiN and GaN layers to enable optical
coupling using these radiation modes. This kind of coupling can allow large bonding layer thickness
between GaN and SiN which can result in better tolerances and also relax the alignment requirements. The
properties of the outgoing light from the GC such as its transmission angle and directionality are defined
by multiple parameters including grating pitch (A), etch depth (d), fill factor (F) defines as F = w/A), where
w is the ridge width. A pitch of the firs-order grating can be estimated by the Bragg’s condition given as,

mA = A(Mgpp — Moy Sin(0)) (D
where m is the grating order, A is the propagation wavelength, n.ss is the effective index of the grating,

n,, is the effective index of the oxide or BCB bonding layer, and 0 is the diffraction angle of light, as
shown in Fig. 1. The neff of the grating region with periodic etched and un-etched area is estimated as,
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Figure 2: (a) optical field profile along the propagation direction for a double grating coupler design, obtained by 2D-FDTD
simulation, (b) optical coupling efficiency as a function of pitch variation in GaN and SiN layers, (c) coupling efficiency variation
as a function of bonding layer thickness.
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Figure 3: Coupling efficiency of the DCG design as function of (a) operating wavelength, (b) lateral misalignment between SiN
and GaN layer.

Nesr = Fnyg + (1 — F)- n, (2)

Here, n,q is the effective index of the input WG and n, is the effective index of the etched WG region of
the GC. Using apodization can potentially improve grating efficiency by changing the distribution of the
grating’s scattering strength along its length [9]. This is done by starting the grating with an initial fill factor
F, and decreasing it by a certain amount A, for each iteration, giving as

E, = Fp — An 3
where F, is the fill-factor of the nth ridge from the beginning of the GC.

Double grating coupler configuration

To enable light coupling between SiN and GaN WG layers, we have designed the matched double grating
coupler (DGC) structure. The GC in SiN is designed to direct the light out of plane and it is coupled to the
fundamental mode in the GaN WG though the matched gratings in GaN. The parameter optimization is
carried out in Lumerical using 2D finite-difference time-domain (FDTD) and the effective index of the
fundamental modes are obtained in finite-difference eigenmode solver (FDE). The thickness of the SiN
layer is fixed as 200 nm, which is suitable for visible wavelength, particularly in blue region (450 nm). The
bonding layer thickness t;,,4 and the GaN layer thickness t;,y are varied during simulation to study the
tolerances. The parameter optimization is done by the particle swarm optimization (PSO) algorithm in 2D-
FDTD, which uses a randomly generated set of potential topologies within the provided solution space to
iteratively search for an optimal solution that maximizes the objective function [12]. The initial
optimization focused on maximising the transmission efficiency (T) defined by ratio of the total transmitted
power through the output port (P;) and the total input optical power (P;in), with the ports shown in Fig. 1.
The optimized parameters for DGC design with 300 nm bonding layer thickness and 450 nm operating
wavelength are listed in Table I, and the simulated optical filed profile along the direction of propagation
is shown in Fig. 2(a), simulated by 2D-FDTD.
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Figure 4: (a) Schematic of the single grating coupler (SCG) design in GaN, design parameters are also depicted, (b)
simulated optical field profile along the direction of propagation for SGC design.



Table-I: Optimized parameter for double grating coupler DGC design

Optimization parameters GaN grating SiN gratings
Apodization (A) Acan= 0%, Asin=0.623%,
Initial fill factor (Fo) Fo,gan = 40%, Fo,sin=40%,
Etch depth (d) dGan= 89nm, dsin=112nm,
Pitch (A) AGan=293nm, Asin=316nm,
Length of the grating (L) Lean=8.1pum, Lsin=9.2pm
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Figure S: Coupling efficiency variation of SGC design as function of wavelength, pitch, and
bonding layer thickness (tox).

We have achieved a coupling efficiency (CE) of 14.6 % with this configuration. The lower value of CE is
due to scattering of light in both directions, and it highly depends on pitch mismatch, shown in Fig. 2(b),
demonstrates that a mismatch of £5nm can reduce CE to <2%, indicate that the transmission angles between
the two GC is very important for such coupling structure. However, the bonding thickness tolerance is very
robust in this case, as shown in Fig. 2(c), which shows that the CE vary only ~ 2% for £50nm deviation in
the bonding layer thickness. The lateral miss alignment tolerances between SiN and GaN layer is also
simulated, as depicted in Fig. 3(a). This CE experience a decrease of < 1% decrease with 100 nm of the
miss alignment. The CE over a wavelength range for this design is depicted in Fig. 3(b). This shows a
relatively narrow bandpass characteristic, with its half-power bandwidth around 40 nm, although the peak
is just over 450 nm. While the overall efficiency is much lower for this DGC configuration, it serves as a
proof-of-concept for coupling across wider bonding layer thicknesses and demonstrates that co-directional
power transfer is achievable with further optimization of transmission angel achievable through
apodization.

Single-side GaN grating configuration

We have explored another design approach where we have gratings only in GaN WG layer. The schematic
of this configuration is shown in Fig. 4(a), and it reduces the number of optimization parameters and gave
us better results compared to DGC design. The single-side grating coupler (SGC) optimization is also
performed in 2D-FDTD using PSO algorithm. The best results were obtained with a fully etched-through
grating and smaller pitch (Agan), so the search space was adjusted accordingly with a fixed etch depth. The
highest CE achieved by this coupler was 83.1%, the optimized parameters are listed in Table-II. The optical
filed profile along the direction of propagation obtained by 2D-FDTD is shown in Fig. 4(b), at the operating
wavelength of 450 nm. The coupling occurs due to a grating-assisted index matching between the GaN and
SiN layer without an intermediate radiative mode. This directly drives the mode into the GaN layer, since

Table-II: Optimized parameters for single grating coupler in GaN.
Fill factor Etch depth Pitch GaN Thickness Bonding layer thickness
(Fo) (dGan) (AcaN) (tGaN) (tbond)
60.7 % 243 nm 180 nm 243 nm 100 nm




the GaN layer’s effective index is reduced according to the equation (2). With this configuration we can
achieve higher coupling efficiency for the thin bonding layers, which is suitable for oxide-oxide fusion
bonding, were intermediate bonding layer can be < 100 nm /7/. For higher bonding layer thicknesses, there
is not enough modal overlap to couple the light into the GaN layer only by using a SGC in the GaN layer.
The tolerances of this SGC for bonding layer thickness, pitch, and operating wavelength is shown in Fig.
5(a-c).

For the SGC design with a thin bonding layer, there is a decent tolerance for bonding thickness deviation,
with maximum efficiency reached slightly below the 100nm thick bonding layer. Pitch and wavelength
tolerances are more robust than for the DGC, although deviations of +15 nm result in CE values just over
60%. Additionally, the CE as a function of wavelength in Fig. 5 shows a half-power bandwidth just under
60nm, meaning minimal filtering would occur if used with a large linewidth light source.

Conclusion

This study successfully designed and optimized two GCs for 450nm visible light coupling between SiN
and GaN WGs, reaching CE values of 14.6% and 83.1% for wide and short bonding widths respectively.
By using FDE and FDTD simulations, parameters such as grating pitch, etch depth, duty cycle and
apodization factor were optimized to maximize visible light coupling for both of these grating designs. The
DGC design serves as a proof of concept, with extended research needed to refine the technique. Future
work involving the matched DGC system optimizations should focus on maximizing directionality for both
couplers in the DGC design. The proposed SGC design demonstrates promising potential for practical
applications.
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