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Integrated silicon nitride waveguides of 100 nm height can achieve ultra-low propagation losses below 0.1 dB/cm at the
1550 nm wavelength band but lack the scattering strength to form efficient grating couplers. An enhanced grating coupler
design based on an amorphous silicon layer on top of the silicon nitride is proposed and demonstrated to improve the
directionality of the coupler. The fabrication process is optimized for a self-alignment process between the amorphous
silicon and silicon nitride layers without increasing waveguide losses. Experimental coupling losses of 5 dB and a 3 dB
bandwidth of 75 nm are achieved with both regular and focusing designs.

Photonic technologies may provide multiple benefits in a wide
range of application fields from telecom/datacom and new
paradigms in high-performance computing to light detection and
ranging (LiDAR) systems and space communications [1-5]. For
many applications, photonics has the potential to provide a higher
speed operation and lower energy consumption compared to
solutions based on electronics. However, a key performance metric
is often ensuring the lowest insertion losses. In fact, high losses
imply that larger optical power budgets are required, which
ultimately limits the energy consumption improvement that
photonics may provide.

Insertion losses in photonic integrated circuits (PICs) are
mainly dominated by the waveguide propagation losses and
coupling losses to external optical fibers. Waveguide
propagation losses are especially critical when waveguide
lengths on the order of several centimeters are required. High-
index contrast waveguides, such as silicon waveguides,
achieve compact PIC footprints due to the high confinement
of the optical mode in the waveguide core but propagation
losses are highly sensitive to sidewall roughness. On the other
hand, low-index contrast waveguides, such as SiO»
waveguides, may provide much lower propagation losses due
to the weaker mode confinement and, therefore smaller
influence of Rayleigh scattering on sidewall roughness. A
good trade-off to fulfill both requirements are silicon nitride
(Si3N4) waveguides, which also have a relatively high-index

contrast and are complementary metal-oxide—semiconductor
(CMOS)-compatible [6].

Silicon nitride has gained a lot of interest in the last years
for implementing PICs with lower propagation losses
compared to silicon and a broader operational wavelength
band that allows applications ranging from the visible to the
mid-infrared. Furthermore, several approaches for high-
efficiency coupling with grating couplers have also been
reported [7-12]. For such approaches using ~400-nm-thick
Si3N4 waveguides, the grating strength is moderate, and the
directionality is usually improved by adding a bottom
reflector [8,9,12], or by engineering the teeth geometry [10].
However, the implementation of efficient grating coupling
approaches is more challenging in the case of ultra-low loss
waveguides based on thin SisNs4 cores [13]. A relatively
simple approach is to enhance the directionality of the grating
through the deposition of a high refractive index material in
the grating coupling area [14]. Such a concept has been
demonstrated in grating couplers for silicon waveguides
[15,16]. However, to the best of our knowledge, the
application for Si3N4 waveguides is proposed for the first time
in this work.

The paper is structured as follows. The proposed PIC
platform based on thin Si3N4 photonic waveguides with ultra-
low propagation losses below 0.1 dB/cm at 1550 nm
wavelengths is first described. Then, the design, fabrication
process, and characterization of high-efficiency grating
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couplers made by depositing an amorphous silicon layer on
top of the grating structure is addressed. Regular and focusing
coupler designs are reported with experimental coupling
losses of 5 dB, which significantly outperform the losses
achieved by a standard grating design.

A cross-section of the proposed ultra-low loss single-
mode SizN4 photonic waveguide is shown in Fig. 1(a). The
core consists of a 2.8 um wide and 100 nm high stoichiometric
Si3Ns waveguide, located on top of a 6 um thick silicon
dioxide (SiO») buffer layer that separates it from the silicon
(Si) substrate. The waveguide core is covered by a 1.6 um
thick low-temperature oxide (LTO) cladding layer. The
simulated mode profile for transverse electric (TE)
polarization at 1550 nm wavelength is shown in Fig. 1(b).
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Fig. 1. (a) Cross-section of the ultra-low loss SizN4 photonic waveguide
and SEM image of the fabricated waveguide. (b) Simulated Ex electric
field mode profile at 1550 nm.

The Si3N4 waveguide core was fabricated by low-pressure
chemical vapor deposition (LPCVD). The waveguide layer is
defined via optical projection lithography with an i-line
stepper tool and patterned via reactive ion etching (RIE). An
optimized RIE process is used, which yields steep and smooth
sidewalls that are essential for low loss operation. After the
etching step, the photoresist mask is removed using oxygen
plasma, and subsequently, the LTO cladding material is
deposited via LPCVD. Finally, the wafer is annealed at
1000°C for several hours, which is critical for improving the
quality of the LTO layer and so ensuring low-loss operation.
Indeed, any high-temperature deposition process of high-
quality SiO; should provide low losses. A scanning electron
microscopy (SEM) image of the fabricated waveguide is
depicted as an inset in Fig. 1(a). The cut-back method with
several waveguides of different length on the same chip was
used to characterize the propagation losses. To achieve a good
statistic, a full 6 wafer featuring photonic waveguides with
varying lengths from 1.5 cm to 109 cm was fabricated and
characterized thoroughly, yielding ultra-low propagation
losses below 0.1 dB/cm (see Supplementary Material for
more details).

Standard uniform grating couplers were first designed.
The refractive indices of materials used for design are
nsi=3.48, nsiop=1.45, nsizna=1.99, n.ro=1.44. Due to the thin
waveguide core, only full etching of the Si3sN4 layer, as
depicted in Fig. 2(a), is considered. However, high coupling

losses around 12 dB and very low directionality (~13 %) are
obtained for the best design with a grating period of 1.17 um,
a filling factor of 50%, and an incident optical fiber angle of
10°. Therefore, an enhanced approach is required to minimize
this value.

The directionality of the grating coupler, and so the
coupling efficiency, may be improved by depositing an
additional material with a higher refractive index on top of the
grating [17]. Following this approach, a new design was
carried out for amorphous silicon (a-Si) as the high-index
material. For amorphous silicon, the same index as silicon
was considered. The enhanced grating structure is shown in
Fig. 2(b). A scan of the optimum a-Si thickness and grating
period was carried out by means of 2D-FDTD simulations
[14], considering a filling factor of the grating of 50% and an
incident optical fiber angle of 10°. The simulated coupling
efficiency and reflectivity at 1550 nm wavelength are shown
in Fig. 2(c) and 2(d), respectively.
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Fig. 2. (a) Standard uniform grating coupler and (b) enhanced design
with a-Si layer on top. (c) Coupling efficiency and (d) reflectivity as a
function of the a-Si thickness and grating period at A = 1550 nm. (e)
Simulated transmission and reflectivity spectra.

The optimum design is found for an amorphous silicon
thickness of 35 nm and a grating period of 1.12 pm. The
simulated coupling losses are significantly reduced to 3.8 dB,
while reflectivity is close to -30 dB. The simulated spectra of
coupling efficiency and reflectivity are depicted in Fig. 2(e).
The coupling strength and coupling length of the grating are
~0.11 pm™' and ~4.55 um, according to our simulations. On
the other hand, the directionality of the grating is ~53 %,
which is a four-fold increase compared to the design without
the a-Si layer. Figure 3 shows the field distribution at 1550
nm of the standard uniform grating coupler with the best
performance and the enhanced design using the 35-nm-thick
a-Si layer. For the standard version [Fig. 3(a)], only a small
value of power is radiated due to the weak diffraction strength



of the grating. By opposite, including the a-Si layer
significantly improves the directionality of the grating in the
enhanced version, as shown in Fig. 3(b).
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Fig. 3. Field distribution of (a) standard uniform grating coupler with
optimum period and (b) enhanced grating coupler with 35-nm-thick a-
Silayer. Results are given atA = 1550 nm.

The fabrication process was adapted to allow the
fabrication of the enhanced grating coupler design. The
fabrication steps are summarized in Fig. 4(a). A 35 nm thick
a-Si layer was deposited by sputtering on top of the SizNy4
layer before patterning both layers in one RIE step using a
standard photoresist mask. Thereby a perfect alignment
between a-Si and Si3Nj stripes is achieved inside the grating.
The etching time was controlled using an endpoint detection
system that analyzes the plasma spectrum and indicates when
a layer is completely etched. Next, the a-Si layer had to be
selectively removed from the SisNs waveguides while
protecting it on the grating. For this purpose, the grating area
was covered with a resist mask, as shown in Fig. 4(b).
Subsequently, the a-Si was removed by wet chemical etching
and using a silicon etch solution (mixture of different acids)
to avoid damaging the SisNs; waveguide and so keeping the
ultra-low propagation losses (see Supplementary Material for
more details). Figure 4(c) shows a SEM image of the
fabricated grating after this step. The etching rate of Si3N4 was
measured to be approx. 0.1 nm/min, while for the a-Si it was
approximately 20 nm/min. After resist removal, the
fabrication continued with the LTO deposition and the final
annealing step. The a-Si is expected to become nano-
crystalline during this annealing, but the refractive index

remains very close to the index of a-Si so that any a-Si
crystallization is expected to have a negligible influence on
the grating coupler performance.

Input and output grating couplers were connected to 2 mm
long straight waveguides by using a linear taper structure with
475 um length. Light was injected from a tunable broadband
laser, and an external fiber polarization controller was used to
adjust the polarization to TE. A cleaved optical fiber was
placed above the input grating at 10° with respect to the
vertical axis to couple the TE polarized light into the chip. At
the output, the same scheme was used to extract the light from
the chip and measure the optical power by means of an optical
power meter. Figure 5 shows the experimental coupling
efficiency as a function of wavelength. Coupling losses of 5
dB were achieved, which is reasonably close to the simulated
value. Furthermore, a 3 dB optical bandwidth of 75 nm was
measured, being also in very good agreement with
simulations.
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Fig. 4. (a) Description of fabrication process steps to include the
enhanced grating couplers in the ultra-low loss waveguide platform. (b)
SEM image of the grating coupler with resist mask for removing the a-Si
layer from the waveguide and (c) SEM image after the etching process.
The grating has 20 periods of length (22.4 pm) and a width of 12 um.

A focusing grating coupler design with a 30 um long taper
between the grating coupler and waveguide was also carried
out to save die area compared to the initially used 475 pm
long taper. The grating coupler structure has the same design
parameters as the regular one, and it was fabricated with the
same fabrication process. The inset of Fig. 5 shows a SEM
image of the focusing grating. The measured transmission
spectrum is almost identical to the ones of the regular gratings,
as can be seen in Fig. 5, but the footprint of the overall
coupling structure is significantly reduced.
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Fig. 5. Experimental coupling efficiency as a function of wavelength for
the regular and focusing designs. The 3 dB optical bandwidth is 75 nm.
An optical image of the fabricated focusing grating is depicted in the
inset.

In summary, an enhanced grating coupler structure for
efficient coupling into ultra-low loss SisNs photonic
waveguides has been proposed and experimentally
demonstrated. Coupling losses have been minimized by
adding a thin amorphous silicon layer on top of the SizNy to
improve the directionality of the grating. The fabrication
process has been optimized to achieve a self-alignment
process between the a-Si and Si3Ns layers that form the
grating. Experimental coupling losses of 5 dB have been
demonstrated, which significantly improve the 12 dB losses
achieved by an optimized regular grating. Furthermore, a
focusing design has also been demonstrated to reduce the
coupler footprint.
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