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ABSTRACT: Silicon nitride (Si3sN4) has emerged as a compelling platform for visible-light, quantum-photonic, and nonlinear-optical
applications because of its broad transparency window, low propagation loss, and negligible two-photon absorption. However, the mod-
erate refractive index of SizN4 poses a challenge for efficient fiber-to-chip coupling using grating couplers. Although advantageous for
wafer-scale testing and flexible layouts, SigNy4 grating couplers suffer from low grating strength, which limits their coupling efficiency.
Here, we experimentally demonstrate high-efficiency grating couplers on a hybrid amorphous-silicon/silicon-nitride (a-Si/SizN4) plat-
form. Uniform devices are presented for TE and TM polarizations in both the O- and C-bands, while apodized-focalizing designs are
demonstrated for both polarizations in the O-band and for TE polarization in the C-band. The fabricated devices achieved record coupling
efficiencies of —1.6 dB and —1.2 dB in the O-band for TE and TM polarizations, respectively, and —1.3 dB and —2.9 dB in the C-band
for TE and TM polarizations, respectively. The measured peak wavelengths deviated from their nominal values, primarily because of
variations in the refractive index of the fabricated SisN4 and the grating duty cycles relative to their design values. These shifts are
well reproduced by simulations incorporating fabrication biases and can be compensated for by adjusting grating parameters or the fiber
coupling angle. To the best of our knowledge, these are the highest coupling efficiencies demonstrated to date for silicon nitride grating
couplers in the O-band for both polarizations and in the C-band for TM polarization. For TE polarization in the C-band, fabrication de-
viations shifted the peak coupling wavelength to 1512 nm, resulting in the highest efficiency reported to date for a silicon nitride grating
coupler operating in the S-band. These results demonstrate a practical approach for achieving low-loss fiber-to-chip coupling in SizNy
photonic integrated circuits, addressing a longstanding challenge in the platform and supporting the development of scalable systems for
datacom, telecom, nonlinear photonics, and quantum technologies.

1. INTRODUCTION

he growing demand for high-capacity, energy-efficient sys-

tems has driven the photonics industry to diversify by lever-
aging the unique characteristics of different material platforms
according to the requirements of specific applications. In par-
ticular, the silicon nitride (SizN4) photonic integrated platform
is now recognized as an important alternative to the currently
predominant silicon-on-insulator (SOI) platform [1, 2]. With its
lower refractive index, nsi;n, ~ 2 [3], SisNy waveguides of-
fer sufficient optical confinement while significantly reducing
scattering losses from sidewall roughness relative to SOI [4, 5].
The lower refractive index contrast also relaxes sensitivity to
fabrication deviations, enabling more consistent device perfor-
mance [5-9]. The bandgap can range from 2.7eV to 5.0¢V,
corresponding to a transparency window that can extend down
to wavelengths near 250 nm [4, 10]. These properties have posi-
tioned SigN, as an ideal candidate for applications in the visible
spectrum, where SOI waveguides cannot be used [7, 11]. Fur-
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thermore, SisN, has a thermo-optic coefficient approximately
one order of magnitude lower than that of silicon [3, 12], mak-
ing it particularly robust to environmental fluctuations [13, 14].
Lastly, SigNy exhibits negligible two-photon absorption and
is well suited for high-power and nonlinear photonics applica-
tions [15, 16].

Despite its numerous advantages, key challenges remain be-
fore the full potential of the SisN, platform can be realized.
In particular, the development of high-efficiency fiber-to-chip
coupling interfaces, which are essential for complex optical
systems, is hindered by the moderate refractive index contrast
between the SigNy core and silicon dioxide (SiO3) cladding.
Grating couplers [17-19], often favored over edge couplers
because of their compatibility with flexible chip layouts and
wafer-scale testing [20,21], typically suffer from low grating
strength in silicon nitride. Compared with SOI couplers, con-
siderably less light is diffracted out of the chip over a propaga-
tion distance comparable to the mode-field diameter (MFD) of
the optical fiber’s Gaussian-like mode profile. As a result, the
coupling loss of SigNy single-etch grating couplers has gener-
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FIGURE 1. Schematic of a grating coupler based on the a-Si/SisN4 platform with a silicon nitride waveguide layer and high-index amorphous silicon

overlay grating.

ally been larger than —2 dB [22-27], whereas sub-1-dB cou-
pling loss is readily achievable in SOI [28, 29].

Several strategies for enhancing the performance of SigNy
grating couplers have been reported in the literature. Grating
apodization provides some improvement by increasing the cou-
pling efficiency (CE) via improved overlap between the opti-
cal fiber mode and the radiated field. However, apodization
needs to be used in combination with other strategies that com-
pensate for the low grating strength and directionality [30,31].
Backside mirrors are a common approach for improving grat-
ing directionality by reflecting light toward the optical fiber
that would otherwise be radiated into the substrate. This has
been demonstrated with metallic mirrors [7,31] or Bragg re-
flectors formed with alternating layers of silicon dioxide and
silicon [32-35] or SizNy [36,37]. Although this approach
has yielded coupling efficiencies as high as —0.55dB in the
C-band [31], it requires specialized fabrication processes that
make backside mirrors an inconvenient choice in many contexts
where grating couplers are critical, such as wafer-scale testing
in photonics manufacturing or rapid device prototyping.

Blazed gratings formed by angled or multi-level etching can
similarly enhance directionality by promoting constructive in-
terference in the upward direction [30, 38—40]. However, mul-
tiple etch depths are not commonly available on the SigNy plat-
form. Instead, multi-layer configurations offer a practical solu-
tion, as the dual integration of silicon and SizNy layers is be-
coming increasingly common [41,42]. Early demonstrations
of this approach included SizN4-on-SOI [43-45], dual-layer
SigNy [46], and dual-layer SigN, on SOI [47]. More recently,
depositing amorphous silicon (a-Si) on top of SizN,; waveg-
uides has gained significant attention because it leverages the
high refractive index contrast of silicon gratings while limit-
ing overlayer processing to the localized areas where the cou-
plers are formed [48—53]. In simulations, this approach has
yielded coupling efficiencies as high as —0.39dB in the C-
band [52] and —0.83 dB in the O-band with the inclusion of
an aluminum mirror [54]. However, experimental demonstra-
tions of a-Si/SigN, grating couplers have been limited. This
strategy was implemented on an ultra-low-loss 100 nm SigNy
platform, with a reported coupling efficiency of —5dB [53].
On the 800 nm platform, a-Si/SizNy devices reached —1.4 dB
and —2.2dB in the C-band with and without a backside mir-
ror, respectively, as well as —2.3dB for TM polarization and
—3.0dB for TE polarization in a polarization-insensitive de-
sign in the O-band [51]. We believe that the potential of this
approach is yet to be fully explored, especially on the common
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400 nm SigN, platform, and that it is a promising path toward
achieving sub-dB grating coupling loss in SigsN4 waveguides.
In earlier work [50], we proposed a high-efficiency grating
coupler design based on SizN, waveguides with an amorphous
silicon overlayer. Metamaterial grating apodization and beam
focalization were combined to optimize coupler performance.
Here, we move beyond previous design and simulation studies
to demonstrate the concept experimentally for the first time. We
report devices optimized for the O-band (1260—1360 nm) and
C-band (1530-1565 nm), which are key wavelength regions for
telecommunications and datacenter interconnects. This work
marks a significant advancement in developing practical, high-
efficiency coupling interfaces for SigN4 integrated photonics.

2. WAVEGUIDE PLATFORM AND UNIFORM GRATING
COUPLER DESIGN

Fig. 1 shows a three-dimensional (3D) diagram of a uniform
grating coupler on our hybrid a-Si/SigNy photonic integration
platform. This platform leverages the advantages of SizNy
and silicon simultaneously on a single chip. The 400-nm-thick
SizNy layer (hsign, ), With a 3.25-pm buried oxide layer (hsio, ),
provides the interconnecting waveguides, which benefit from
the comparatively low propagation loss of this platform. Mean-
while, the diffraction gratings are formed in the 220-nm amor-
phous silicon overlayer (h,.si) to exploit the higher refractive
index of a-Si, thereby achieving high grating strength. A 100-
nm SiOs buffer layer (hputrer) separates the SizNy and a-Si lay-
ers to protect the waveguides during the grating definition step.

The grating couplers were designed using Ansys Lumerical
finite-difference time-domain (FDTD) simulation soft-
ware [55]. First, uniform grating couplers were designed as
reference benchmarks. These couplers are defined by their
period, A, and the length of the grating teeth, [ 4, as shown in
Fig. 1. The ratio between A and [, defines the duty cycle (DC),
which is commonly used to parameterize the longitudinal
structure of the grating, i.e., along the z-axis in Fig. 1. The
width of uniform grating couplers, wy, as labelled in Fig. 1, is
set such that the width of the mode propagating in the waveg-
uide matches the MFD of the optical fiber mode. A linear
adiabatic taper of length /; is used to gradually transition from
the single-mode interconnecting waveguide to the width wg of
the SigNy slab underneath the a-Si grating. Alternatively, the
taper length can be reduced by curving the grating structure
along circular arcs, with the input waveguide positioned at
the centre of curvature [56]. This approach was not used
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TABLE 1. Nominal parameters and simulated coupling characteristics for the uniform a-Si/SisNy grating couplers.

Ao (nm)  Polarization A (nm) DC (%) Coupling angle Coupling efficiency (dB)
1310 TE 550 32 —31 —1.33
™ 660 56 —13° —1.28
TE ° —1.
1550 950 42 9 1.38
™ 730 52 —23° —2.01

in this work, as it could introduce increased sensitivity to
misalignment between the SigNy and a-Si structures. For a
uniform grating coupler, the diffraction angle 6 is given by the
grating equation [57]:

(M

o — m

Nelad SIN O = N+ n

where nlaq 1 the refractive index of the top cladding; ny is

the effective index of the Floquet-Bloch mode propagating in

the grating region [58, 59]; m is the diffraction order; A is the
free-space wavelength; and A is the grating period.

In simulations, the coupling efficiency is calculated as the
product of the power radiated upward by the grating (P,,) and
the field overlap (OL) between the radiated field and the optical
fiber mode profile. The couplers were designed for standard
single-mode fibers, which have a near-Gaussian mode profile
with mode-field diameters (MFDs) of 9.2 um and 10.4 um at
the central wavelengths of the O-band (1310 nm) and C-band
(1550 nm), respectively. The field overlap between the optical
fiber mode E'y and the field radiated by the grating F, was
calculated using the complex overlap integral:

2
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Optimal parameters for uniform grating couplers were obtained
by performing a sweep of the period and duty cycle using
two-dimensional (2D) FDTD simulations of the device cross-
section in the z-y plane. For each parameter set, the coupling
efficiency was calculated and saved in a design map, which was
then used to identify the best candidates. Optimized parame-
ters and simulated coupling characteristics are summarized in
Table 1.

The advantage provided by the high-index a-Si overlayer is
clear from the predicted coupling efficiencies summarized in
Table 1. Forming the grating structure above the SizN4 waveg-
uides breaks the vertical symmetry, which enhances the grat-
ing’s directionality and therefore improves performance via a
direct increase in P,,. Another important factor linked to di-
rectionality is the coupling angle. Reflection of the downward-
radiated light at the interface between the SiO5 and the Si sub-
strate produces a Fabry-Perot effect. For each wavelength,
there are specific diffraction angles at which the interference
is constructive in the upward direction, toward the fiber, rather
than downward into the substrate. Therefore, the angle is
treated as a free parameter to achieve the highest coupling ef-
ficiency. The devices listed in Table 1 have different coupling
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angles chosen to minimize power lost through leakage into the
substrate.

3. APODIZED-FOCALIZING GRATING COUPLER DE-
SIGN

Next, we enhance the coupling performance via apodization
and beam focalization. Uniform grating couplers have a con-
stant grating strength, resulting in a radiated field with a decay-
ing exponential profile whose overlap with a Gaussian profile
is theoretically limited to 80% [18, 19, 60]. Apodization is used
to vary the grating strength along the coupler length and thereby
reshape the radiated field. A Gaussian beam can be produced
by gradually increasing the grating strength at the beginning
of the coupler, followed by uniform periods at the peak grat-
ing strength [61]. We apodized the structure using subwave-
length metamaterials [62—64]. These periodic structures have a
pitch significantly smaller than the wavelength, allowing them
to form an effectively homogeneous anisotropic medium with
an equivalent refractive index between those of constituent ma-
terials [65, 66]. This additional degree of freedom in refractive-
index control has been used to enhance the performance of grat-
ing couplers on both SOI [67-70] and SizNy platforms [26, 27].
Here, we implement this approach for the first time on an a-Si-
on-SigNy platform.

In our design, trenches with a subwavelength periodicity
Agwg along the transverse axis are etched into the first few pe-
riods of the coupler to control the grating strength. The duty
cycle of the subwavelength structure, which sets the segment
width wgy,g, is gradually increased along the grating to achieve
apodization effect through the corresponding evolution of the
refractive index contrast. Fig. 2 illustrates a 3D schematic of
the apodized-focalizing (AF) grating coupler.

In an apodized grating coupler, the reduced grating strength
in the first few periods translates to less upward-radiated power
(Pyp) than a uniform device of the same length operating at the
highest grating strength. Although this improves field overlap
and reduces back-reflections, the performance gains can be oft-
set by reducing upward-radiated power. To mitigate this effect,
we use beam focalization, leveraging a grating geometry that
shapes the wavefront to focus the light into a fiber positioned at
a specific height above the chip surface [27, 30,31, 38, 50, 71].
Since the wavefront emitted by the grating converges toward
the fiber, the field diameter near the chip surface is larger than
that of the fiber mode. This relaxes the trade-off between over-
lap and P, since a longer structure can be used to compensate
for the lower grating strength in the initial periods by radiat-
ing more light over a longer propagation distance. Along the
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FIGURE 2. Grating coupler for Si3N4 waveguides with an a-Si overlayer, featuring subwavelength metamaterial apodization and beam focalization.
The labelled coordinates were used to calculate the curvature of the grating structure.

TABLE 2. Optimized parameters of the apodized-focalizing grating couplers.

O-band TE O-band TM  C-band TE
Number of apodized periods 7 8 11
Number of homogeneous periods 41 29 37
Grating period (nm) 537-585 631-706 835-914
Metamaterial index 2.4 — ngsi 1.8 — nasi 1.9 — nasi
Diffraction angle —23°--35° —7°-——18° —2°-6°
Duty cycle 26% 40% 28%
Optical fibre height 55 um 55 pm 75 pm
Optical fibre angle —26° —7° 4°
Simulated coupling efficiency —0.91dB —1.17dB —1.03dB

longitudinal axis, focalization is achieved by chirping the pe-
riod to gradually vary the diffraction angle from an initial angle
0; to a final angle 6, in accordance with Eq. (1), as the light
propagates through the grating. Focalization along the trans-
verse axis is implemented by curving the grating structure, as
illustrated in Fig. 2.

The coupler’s longitudinal geometry is defined by the num-
ber of periods in the metamaterial-apodized section (NNyp,) and
in the uniform section (%V,), metamaterial refractive indices
(nswg), structural parameters of unetched grating teeth (A; and
l;), and grating curvature. These parameters were optimized
using a genetic algorithm (GA) based on 2D simulations of the
coupler’s longitudinal cross-section. In these simulations, the
metamaterial is represented as a homogeneous medium with re-
fractive index ngywg. Once ngyg values are optimized, Agyg and
Wswg parameters required to synthesize these metamaterial in-
dices are determined. At each iteration of the GA optimization,
the algorithm selects values for Ny, and N, the initial and
final grating strengths in the apodized section, and the radia-
tion angles ; and 0. These values are then mapped to cor-
responding metamaterial indices and structural parameters ac-
cording to characteristics selected by the GA. To simplify the
design process, the grating duty cycle (I;/A;) is kept constant
throughout the coupler, so that only the appropriate A; needs
to be selected. The coupling efficiency, calculated from a 2D
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simulation, is then used to update the parameters in the opti-
mization algorithm. This iterative process continues until the
algorithm converges to a design with optimal performance. Pa-
rameterizing the grating geometry and using computationally
efficient 2D simulations accelerate convergence of the GA pro-
cess. As shown in [50], an optimized design can be obtained af-
ter a few thousand simulations. Because each 2D simulation re-
quires only a few seconds, the entire optimization can typically
be completed in several hours. To further refine the design, the
optimization was repeated for different fiber heights. There is a
trade-off between focal length and bandwidth due to the disper-
sive nature of the beam-focalization phase profile [71]. Optimal
fiber height was chosen to be as short as possible to maximize
the bandwidth while maintaining high coupling efficiency.
Table 2 summarizes optimized parameters and 2D simula-
tion results of apodized-focalizing grating couplers. For the TE
polarization in the O-band, the equivalent metamaterial refrac-
tive index is increased from 2.4 to n,s; = 3.9376 (at 1310 nm)
over the first 7 periods of the grating. The duty cycle is 26%,
and the grating period is chirped from 585 nm to 577 nm in the
apodized section and then from 575 nm to 537 nm in the fol-
lowing 41 periods with homogeneous grating strength. This re-
sults in a diffraction-angle change from —23° to —35° along the
propagation direction over the full length of the coupler. The
phase-chirping effect focalizes the diffracted beam field along
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FIGURE 3. Model of the equivalent metamaterial refractive index as a function of the duty cycle with Agy = 600nm in the (a) O-band and (b)
C-band for TE polarization. The highlighted points indicate the parameters used to synthesize the nsw, values obtained from the GA optimization.

the longitudinal direction to the target mode size of 9.2 um ata
focal distance of 55 um above the chip surface. The total cou-
pler length is 26.8 um, and the 2D simulations predict a fiber-to-
chip coupling efficiency of —0.91 dB with the fiber positioned
at an angle of —26°. The high efficiency is obtained primarily
because of the high directionality of 91%, the mode-field over-
lap of 92%, and very low back-reflections of 0.02% (—37 dB).

The GA-optimized design for the TM polarization in the O-
band has metamaterials with equivalent refractive indices rang-
ing from 1.8 to m,s; over 8 periods of the apodized section.
The grating has a uniform duty cycle of 40%, and the period
is chirped from 706 nm to 697 nm in the apodized section and
from 697 nm to 631 nm in the remaining 29 periods, resulting
in a total length of 24.9 um. Light is coupled to a fiber 55 pm
above the chip at an angle of —7°. The calculated directionality
is 88%, the overlap integral is 92%, and the back-reflections are
1% (—20 dB). The coupling efficiency in 2D FDTD simulations
was —1.17 dB, with a 1-dB bandwidth of 28 nm.

For the TE polarization in the C-band, the SWG equiva-
lent refractive index in the optimized design varies from 1.9
to n,si = 3.8287 (at 1550 nm) over the first 11 periods of the
grating. In the apodized section, the grating period is chirped
from 914 nm to 885 nm. The homogeneous section comprises
37 periods with a pitch ranging from 884 nm to 835nm. The
grating’s duty cycle is 28%. Light is coupled to a fiber 75 um
above the chip at an angle of 4°. The total coupler length is
41.7 pm, and the directionality is 84%. The calculated over-
lap integral reaches 95%, while the back-reflections are 0.56%
(—22dB). The 2D FDTD simulations predict a coupling effi-
ciency of —1.03 dB and a 1-dB bandwidth of 28 nm.

Apodization provided only a minimal performance increase
for the TM polarization in the C-band compared with the other
devices. Therefore, only the uniform device was developed for
this case, allowing chip space to be prioritized for the higher-
efficiency O-band and TE-polarized C-band designs. After the
2D optimization was completed, the final design step was to
determine the structural parameters of the metamaterials and
the transverse geometry of the coupler. Based on minimum
feature sizes achievable with the fabrication process, an SWG
pitch of Ay, = 600nm was used to accommodate the wide
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range of equivalent metamaterial refractive indices in our opti-
mized designs. Although this pitch is larger than what would
be generally considered the deep-subwavelength regime, where
analytical models provide accurate parameter fits [62, 63, 69],
3D FDTD simulations showed that it is sufficiently small to
suppress diffraction effects. A model describing the relation-
ship between the duty cycle of the subwavelength structures
(Wswe/Aswg) and their equivalent refractive index in our a-
Si/Si3Ny configuration was created using two sets of 3D FDTD
simulations. First, using parameters in Table 1, uniform grat-
ing couplers were simulated with grating teeth replaced by a
material with a manually defined refractive index. The index
was swept from 1 to n,.g; to capture the dependence of grat-
ing strength on the refractive index of the grating teeth. The
grating teeth material was then reset to a-Si, and the teeth were
segmented along the transverse axis to form the subwavelength
metamaterial with Ag,, = 600 nm. A second simulation sweep
was performed, varying the duty cycle of subwavelength struc-
tures from 0% to 100% in steps of 1%. The relationship be-
tween duty cycle and equivalent refractive index was then de-
termined by comparing the grating strengths and diffraction an-
gles from the two 3D FDTD simulation sweeps. The parameter
fit with the selected metamaterial parameters is plotted for the
O-band in Fig. 3(a) and for the TE polarization in the C-band
in Fig. 3(b).

We employ a ray-optics approach to design the grating cur-
vature that provides beam focalization along the transverse axis
of the grating coupler. For each period of grating, the tooth is
curved such that the optical path length between any point on
the plane phase front entering the coupler and the optical fiber
is constant along a given grating tooth. This is done by solving
Eq. (3) using the coordinates labelled in Fig. 2 and the effective
index, Ny

2
Ny + \/(’Ip —x) +y;+ 23

= negae+\/(we — zp)’ + 42 3)

Since the longitudinal structure of the grating was determined
during the 2D optimization process, the central point of each
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FIGURE 4. Scanning electron microscope images of uniform a-Si/SizNy grating couplers, showing (a) top and (b) angled views.

grating tooth, labelled as point C in Fig. 2, was used as a refer-
ence to simplify the calculation of remaining coordinates.

4. FABRICATION AND EXPERIMENTAL RESULTS

We used a 200 mm silicon wafer with a 3.25 um SiO- buried
oxide and a 400 nm Si3N, layer formed by a low-pressure
chemical vapour deposition (LPCVD) process. The waveguide
patterns were defined using 248 nm deep ultraviolet (DUV)
lithography with a 680 nm-thick JSR M91Y positive-tone re-
sist, followed by inductively coupled plasma (ICP) etching us-
ing SFs/C4Fg chemistry. The resist was removed using Oo
plasma and an RCA-1 cleaning step. Afterwards, the 100 nm
SiO2 buffer layer was deposited using plasma-enhanced chem-
ical vapour deposition (PECVD). This was followed by a sec-
ond DUV lithography step with a 1.3 pum M91Y resist to define
the overall region enclosing the grating coupler, onto which
220 nm of amorphous silicon was sputtered and patterned by
lift-off. The wafer was then diced into individual chips for
sample-level processing. Each sample was spin-coated with a
250nm ZEP resist, and the grating patterns were defined us-
ing electron-beam lithography. These patterns were transferred
into the a-Si layer using ICP etching, with slight over-etching
(~10nm) into the buffer oxide. The final resist removal was
performed using an N-Methyl-2-pyrrolidone cleaning process.

Several design variations were fabricated in addition to nom-
inal designs to compensate for fabrication uncertainties, such
as changes in layer thickness, deviations in the refractive in-
dices of a-Si or SizNy, and over- or under-etching of the grating
structures. For the uniform couplers, these variations included
biases of £20 nm in the grating period and 5% in the duty cy-
cle. For apodized-focalizing couplers, the variations covered a
range of +5% for the duty cycles of both the diffraction grat-
ing and the subwavelength grating, as well as variations in the
grating radii of curvature.

4.1. Uniform Grating Coupler

Fig. 4 shows scanning electron microscope (SEM) images of
uniform grating couplers on the a-Si/SigNy platform. The de-
vices were characterized in a back-to-back configuration us-
ing fiber-chip-fiber transmission measurements. For the O-
band test structures, the single-mode interconnecting waveg-
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uides have a width of 0.8 um, with a total length of 3.05 mm.
The couplers have a width of 13.1 um and are connected to the
single-mode input waveguide by a 180-um-long linear taper. In
the C-band, the input waveguide width is 1 um, and the propa-
gation distance between couplers is 2.55 mm. The tapers have
a length of 180 um for a grating width of 15 pm.

Separate test structures were fabricated to measure waveg-
uide propagation losses using the cut-back method. Based on
these measurements, the waveguide loss was determined to
be 0.72 dB/cm (TE) and 0.78 dB/cm (TM) in the O-band, and
1.14 dB/cm (TE) and 1.18 dB/cm (TM) in the C-band. Fiber-to-
fiber transmission measurements without the chips were per-
formed to determine the setup loss, which includes the loss
of the fiber patch cords and the polarization controller. The
loss of linear tapers was considered to be part of the coupler
loss. Based on 3D FDTD simulations, the taper loss is ex-
pected to be below 0.2 dB. The waveguide loss (lygouyg) and the
experimental-setup loss (a.ys) were subtracted from the mea-
sured back-to-back transmittance (7°) to obtain the coupler’s
efficiency CE using Eq. (4). We note that factor 2 in the denom-
inator accounts for the two nominally identical grating couplers
in each back-to-back test structure.

T — lygOrwg — Qtsys

CE =
2

“)

Beginning with O-band designs, the fabricated uniform grat-
ing coupler with the best performance for TE polarization was
the variation with a grating period of 570 nm and a duty cycle
of 37%. Fig. 5(a) plots the measured coupling efficiency. The
measured peak coupling efficiency was —2.2 dB, with a 1-dB
bandwidth of 31 nm centred at 1308 nm. The simulation re-
sult for a uniform grating coupler with the same parameters is
shown by the red curve. These results show the influence of de-
viations between nominal design parameters and fabricated de-
vices. The structural and material parameters of the simulation
model were varied in a series of FDTD simulations, and the cal-
culated coupling efficiency was compared with the experimen-
tal results. It was found that reductions in the refractive index
of the SizNy layer and in the grating duty cycle yielded a more
accurate model of the fabricated devices. Such fabrication devi-
ations are reasonable considering the potential variability of the
refractive index during the formation of SigN, films [4, 10] and
fabrication errors during the patterning step of the a-Si gratings.
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FIGURE 5. Experimental results showing the highest coupling efficiencies achieved with uniform a-Si/SisN4 grating couplers designed for (a) TE
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FIGURE 6. Experimental results showing the highest coupling efficiencies achieved with uniform a-Si/SisNy grating couplers designed for (a) TE

and (b) TM polarizations in the C-band.

The best agreement with experimental results for TE polariza-
tion in the O-band was found with a 3% reduction in the SigNy
refractive index (nsi,n, = 2.0654 at 1310nm) and a 9% re-
duction in the grating duty cycle. The corresponding simulated
coupling efficiency is shown in Fig. 5(a) (green curve). For
TM polarization, a peak coupling efficiency of —2.4 dB, with a
1-dB bandwidth of 39 nm centred at 1300 nm, was achieved by
the coupler with a nominal period of 680 nm and a duty cycle of
56%. Fig. 5(b) plots experimental and simulated results. Fol-
lowing the analysis for TE polarization, it was determined that
the fabricated device had a coupling efficiency consistent with
the same 3% reduction in SizNy refractive index and a grating
duty cycle reduced to 49% (Fig. 5(b), green curve).

For TE polarization in the C-band, a peak coupling effi-
ciency of —2.2 dB was measured for the grating with a period
of 970 nm and a duty cycle of 49.5%. The corresponding 1-
dB bandwidth was 47 nm. Fig. 6(a) shows experimental results
(blue curve) and biased simulation results (green curve) with
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the best agreement. The difference between the simulated and
measured coupling efficiencies is consistent with the trend ob-
served for the O-band devices. Introducing a bias in the silicon
nitride refractive index (nsi;n, = 2.0631 at 1550 nm) and in-
cluding an over-etch of the grating trenches in the FDTD model
yielded the best alignment of the peak wavelength between the
simulated coupling efficiency and the experimental measure-
ment. The duty cycle in the biased simulation was reduced to
41.5%.

Next, a peak coupling efficiency of —2.9dB, with a 1-dB
bandwidth of 48 nm, was measured for TM polarization. The
best performance grating had a period of 755nm and a duty
cycle of 52%. Fig. 6(b) plots the coupling efficiency of the fab-
ricated device with the corresponding simulation results. In the
biased simulations with a lower SizN, refractive index, a duty
cycle of 45% compensated for the shift between the experimen-
tal and simulated peak coupling wavelengths.
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FIGURE 7. SEM images showing (a) top and (b) angled views of an apodized-focalizing a-Si/SizN4 grating coupler with subwavelength metamate-
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Overall, the performance of uniform a-Si/SigN, grating cou-
plers represents a modest improvement over single-etch SizNy-
only grating couplers [26,27] and is comparable to previously
reported mirrorless multi-layer approaches [51].

4.2. Apodized-Focalizing Grating Coupler

Finally, we present experimental results for apodized-
focalizing devices. By implementing subwavelength metama-
terial apodization and wavefront focusing on the a-Si/SigNy
platform, we bring the experimental performance close to the
1-dB level.

Fig. 7 shows scanning electron microscope images of one
of the fabricated apodized-focalizing grating couplers. For the
O-band test structures, the single-mode interconnecting waveg-
uides have a width of 0.8 um and a total length of 2.60 mm. The
taper length is 450 um, and the grating has a width of 19.1 um.
In the C-band, the input waveguide width is 1 um, and the prop-
agation distance between couplers is 1.26 mm. The tapers have
a length of 600 um for a grating width of 21.8 pm.

The couplers were characterized using the same back-to-
back methodology as uniform devices. An initial measurement
of the coupling efficiency was taken with the fibers positioned
close to the chip surface. The fibers were then raised incre-
mentally, with additional transmission measurements taken at
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each subsequent height. This process was repeated for every
fabricated device variation to identify the coupler with the best
performance.

For TE polarization in the O-band, a maximum coupling effi-
ciency of —1.6 dB was achieved by the device with a 5% fabri-
cation bias applied to the grating duty cycle. Fig. 8(a) shows
experimental results. The 1-dB bandwidth was measured to
be 20 nm, centred at a wavelength of 1307 nm. This trade-off
between peak coupling efficiency and optical bandwidth, com-
pared with uniform devices, is due to the wavelength-dependent
beam-focalizing phase profile. Initial measurements taken at
the nominal angle of —26° exhibited a peak efficiency shifted
toward the lower end of the O-band. This shift was corrected
by increasing the fiber angle to —32°.

As with uniform devices, the performance of fabricated
apodized-focalizing couplers differs from simulation results.
The green line in Fig. 8(a) shows the simulation results with the
duty cycle reduced by 4% and using the corrected value of the
SigNy refractive index. This fabrication bias is consistent with
the observations from the uniform devices and produces simu-
lations that more accurately model the fabricated devices. For
TM polarization, the nominal design variant yielded a peak cou-
pling efficiency of —1.2dB with a 1-dB bandwidth of 32 nm.
As shown by experimental results in Fig. 8(b), the peak wave-
length was shifted toward shorter wavelengths, with the peak
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TABLE 3. High-efficiency Si3zNy-based grating couplers with multilayer configurations or backside reflectors.

Wavelength  Polarization Description Peak CE (dB)  1-dB bandwidth (nm) Reference
TE Dual-layer grating —2.2 72.9 [6]
TE/TM Tri-layer grating —4.8 100 [7]
TE/TM Overlay grating —2.2 - [8]
O-band TE Overlay grating —2.2 31
TE AF overlay grating —-1.6 20 .
This work
™ Overlay grating —24 39
™ AF overlay grating —-1.2 32
TE Overlay grating —2.2 45 [8]
TE Overlay and metallic reflector —-14 37.5 [8]
TE Bragg reflector —-1.17 40 [9]
TE AF with metallic reflector —0.55 - [10]
C-band ]
TE Dual-layer grating -1.3 80 [11]
TE Overlay grating —2.2 47
TE (S-band) AF overlay grating —-1.3 24 This work
™ Overlay grating -2.9 48

Coupling efficiency [dB]

sl Experimental
Biased simulation

1520 1540 1560

Wavelength [nm]

1500

FIGURE 9. Experimental coupling efficiency and corresponding biased
simulation results for the apodized-focalizing a-Si/SizN4 grating cou-
pler designed for TE polarization in the C-band.

coupling efficiency occurring at 1260 nm. In this case, increas-
ing the fiber angle to compensate for the wavelength shift re-
sulted in a deterioration of the peak coupling efficiency.

A peak coupling efficiency of —1.3dB was achieved for
TE polarization by the coupler with a 5% bias applied to the
diffraction-grating duty cycle and a 2.5% bias applied to the
subwavelength-grating duty cycle. Fig. 9 shows experimental
results and corresponding biased simulation results. As for the
O-band couplers, the peak coupling efficiency is blue-shifted.
The 1-dB bandwidth is 24 nm, centred at 1512nm. Further-
more, since this design operates at a positive diffraction angle,
the fiber angle would have to be reduced to compensate for the
wavelength shift. However, due to physical limitations of the
fiber mount used in the experimental testing station, the angle
could not be reduced below 5°. Although the wavelength of
1512 nm is outside the C-band, it falls within the S-band, which
has gained significant interest for multi-band fiber communica-
tion networks [72].
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5. SUMMARY AND CONCLUSION

For all three design cases, apodized-focalizing grating couplers
yielded a substantial improvement over uniform devices. In the
O-band, the peak coupling efficiency was increased by 0.6 dB
and 1.2dB for TE and TM polarizations, respectively. Sim-
ilarly, a 0.9dB performance enhancement was achieved for
TE polarization in the C-band. The wavelength shifts in the
peak coupling efficiency observed for TM polarization in the
O-band and TE polarization in the C-band can be readily cor-
rected by adjusting the grating period, as was done with uni-
form devices. In Table 3, our results are compared with previ-
ously reported experimental demonstrations of high-efficiency
SizNy-based grating couplers using non-standard fabrication
approaches based on backside reflectors and multilayer stacks.

To the best of our knowledge, peak coupling efficiencies of
—1.6dB and —1.2dB for TE and TM polarizations, respec-
tively, are the highest reported to date in the O-band on a SigNy
platform. With the addition of a metallic backside mirror, our
FDTD simulations predict that the performance could be fur-
ther enhanced to —0.5 dB for TE polarization and —0.7 dB for
TM polarization. Furthermore, we have demonstrated excel-
lent performance in the C-band. For TE polarization, our re-
sult of —1.3dB represents the highest efficiency reported to
date without using metallic or Bragg reflectors, which would
require custom backside processing steps. The grating is also
etched on a single layer, making it more fabrication-robust
compared to multi-layer geometries. While comparable per-
formance has been reported for a SigN4-on-SOI configura-
tion [43], that approach requires gratings formed in both layers
of the chip, which increases the sensitivity to layer misalign-
ment. Lastly, our uniform design with a coupling efficiency of
—2.9dB marks a 3.6 dB improvement over previously reported
SizNy devices for TM polarization in the C-band [73].

In this work, we have presented the design and experimen-
tal demonstration of high-efficiency grating couplers for SigNy
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waveguides using an amorphous silicon overlayer. Forming
the grating structure in a higher-index top layer breaks the
device’s vertical symmetry, enabling higher grating strength
and improved directionality compared with moderate-index-
contrast SigNy gratings. Although this hybrid a-Si/SigNy plat-
form adds some complexity to the fabrication process, the over-
layer processing is confined to the small grating-coupler re-
gion. The packaging tolerance is governed by the coupler’s
alignment tolerance, which is comparable to that of conven-
tional grating couplers. Furthermore, for large-scale manu-
facturing, the electron-beam lithography used here to define
the grating can be replaced with DUV lithography. Both uni-
form and apodized-focalizing devices were developed. In the
O-band, the uniform couplers yielded superior performance
compared with SigNy-only devices and matched the results
of advanced multilayer designs reported in the literature. We
achieved record coupling efficiencies in this wavelength region
of —1.6dB and —1.2 dB by combining subwavelength grating
apodization and beam focalization with genetic-algorithm opti-
mization. In the C-band, the uniform coupler yielded a cou-
pling efficiency of —2.9dB, the highest reported to date for
TM polarization. Lastly, the coupling efficiency of —1.3dB
achieved with the apodized focalizing design for TE polariza-
tion would represent record performance for a SigNy4 coupler
designed for the C-band without a backside reflector or multi-
layer etched-grating patterns. However, due to fabrication de-
viations and the physical limitations of our experimental setup,
this coupling efficiency was measured at 1512 nm, making it
the best performance demonstrated to date for a silicon nitride
grating coupler in the S-band. These results reinforce the ef-
fectiveness of our grating-coupler design methodology on the
hybrid a-Si/SigNy platform. By combining high efficiency,
broadband performance, and compatibility with standard fabri-
cation processes, this work addresses one of the key challenges
in SigN,4 photonics. The demonstrated hybrid a-Si/Si3N4 plat-
form offers a practical solution for reducing coupling losses
while supporting wafer-scale fabrication and testing. Com-
bined with subwavelength metamaterial apodization and ad-
vanced optimization techniques, this approach offers new op-
portunities to address additional fiber-chip coupling challenges,
such as polarization diversity and multiband operation using
two-dimensional gratings. As SizN, photonic circuits continue
to grow in complexity and functionality, these advances will
help enable high-performance systems for optical communi-
cations, sensing, microwave photonics, and quantum applica-
tions.
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