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Silicon Nitride Spot Size Converter With Very
Low-Loss Over the C-Band

G. Brunetti, R. Heuvink, E. Schreuder, M. N. Armenise ™, and C. Ciminelli*, Senior Member, IEEE

Abstract— Photonic Integrated Circuits (PIC) provide a solu-
tion to overcome the main limitations of electronics, such as the
operating frequency and heat generation, pushing the so-called
“More than Moore” concept to increase the capacity and the
speed of data transmission. In large data centers and optical
transmission systems, PICs are interconnected by using fiber-to-
chip couplers, which are crucial to improve system performance.
An ultra-low loss interconnection (<1 dB) over a wide bandwidth
(~50 nm) is the gold standard. In this context, the silicon nitride
(SizNy) platform is a promising candidate, with propagation
losses of the order of dB/m at 1550 nm. Here, we propose the
design and the experimental results for a silicon nitride-based
fiber-to-chip interconnect, acting as a high aspect ratio waveguide
Spot-Size Converter (SSC). A coupling loss less than 0.20 dB
over the entire C-band and within a footprint of 1,800 umz
has been experimentally demonstrated, suggesting the proposed
interconnect as a promising solution for next-generation high-
density PICs.

Index Terms— Interconnections, photonic integrated circuits,
silicon photonics, spot size converter.

I. INTRODUCTION

OMPLEX optical transmission systems present a large

number of optical interconnects between fibers and Pho-
tonic Integrated Circuits (PICs) [1], [2]. High-efficiency data
transmission requires an effective fiber-to-chip coupling to
reduce the system insertion loss [3]. In particular, the major
sources of losses in PICs are coupling and scattering ones.
In recent years, significant research effort has been spent both
to reduce scattering losses by engineering waveguides with
a small overlap of the field with rough sidewalls [4], and
to investigate new optical materials, such as silicon nitride
(Si3Ny) [5], also improving the manufacturing processes.
Based on the approach above, scattering losses < 1 dB/m at
1550 nm have been achieved by using high-aspect ratio Si3Ny
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waveguide, paving the way for their use in applications where
losses are a crucial concern [6]. Coupling losses still remain
the major issue, which requires non-trivial engineering of the
fiber-to-chip interconnects.

Butt coupling between a single-mode Si-based or SiN
waveguide and a Single Mode Fiber (SMF) leads to large
coupling losses (> 20 dB). According to the optical modes
overlapping theory [7], these are caused by the large mis-
match between the Mode Field Diameter (MFD) of the SMF
(= 10 pum) [8] and the waveguide core (which is on the
order of hundreds of nm). Such a mismatch is not suitable for
PIC systems [9]. To overcome this limitation, two coupling
techniques have been proposed in the literature, including
the butt-coupling, also called edge coupling or in-plane cou-
pling [10], [11], [12], [13], [14], [15], [16], [17], and the
grating coupler, also called vertical coupling or off-plane cou-
pling [18], [19], [20], [21], [22], [23]. Both aim at improving
the performance in terms of coupling efficiency, bandwidth,
polarization sensitivity and CMOS compatibility.

For the grating coupler, the fiber is placed above the device
vertically or at a tiny angle to improve efficiency. Grating
couplers show several advantages, including compact size,
flexible coupling position, and wafer-level testing capability.
However, they suffer from large coupling losses (>1 dB for TE
and >3 dB for TM), narrow bandwidth (<80 nm @ 3dB) [19],
[20], [21], [22], [23] and an off-plane nature that makes their
integration into PICs for next-generation networks difficult.
The large coupling losses are mainly caused by the Fresnel
reflections at the air/silicon interface [18].

For the butt-coupling regime, the fiber is placed close to
the wafer facets and horizontally aligned with the waveguide.
The inverse taper coupler is the straightforward edge coupler
that acts as a Spot Size Converter (SSC), which is able to
adiabatically expand both the silicon waveguide mode and the
effective refractive index for an appropriate fiber matching,
thus reducing the related mismatch. At the input stage, the fiber
mode surrounds the SSC tip up to a certain length where the
mode is compressed into a guided one. Several configurations
of inverse tapers have been proposed in the literature, e.g.,
by exploring non-linear profiles [11], double tips [12], and
tridents [13]. However, remarkable results in terms of coupling
losses (<1 dB) and size (<hundreds of pum) have been
achieved by using complex edge couplers, as with multiple
SiN rods, knife edge shapes, or combining different materials
[14], [15], [16]. Despite the highly promising performance
results, the complicated and challenging fabrication process
clashes with mass production. For the SiN platform, the
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lower refractive index contrast leads to a larger edge coupler
length that enables the mode matching. Since the waveguide
thickness is typically lower than 400 nm, the MFD matching
of SMF with the waveguide requires the engineering of spot-
size converters, to enlarge the mode field and reduce the
coupling loss. By introducing SiOxN as the cladding layer
of 300 nm x 300 nm SiN inverse tapers, a coupling loss of
0.85 dB was experimentally demonstrated in [24], while a
coupling loss of 1.76 dB was obtained for a 700 nm x 200 nm
waveguide embedded in a 700 x 700 SU-8 waveguide [25].
Also, the aspect ratio of the waveguide at the end of SSC
plays a key role in guaranteeing low coupling loss. The
geometry of the waveguide affects the mode size and shape,
which in turn affects the coupling efficiency. In particular, the
engineering of the waveguide aspect ratio tailors the mode
profile to ensure high efficiency within a small footprint. Here,
we demonstrate for the first time in literature the benefits
of a high aspect ratio-based reverse SSC, that merges low
propagation losses (of the order of dB/m at 1550 nm) with
high coupling efficiency. An SSC with a minimum/maximum
tip of 800 nm and 2.8 um, respectively, and a total length of
600 pum has been designed by using the Beam Propagation
Method (BPM). The design of the SSC has been carried out
aiming at simultaneously matching all the requirements of
compactness, low insertion loss, broad-band operation as well
as ease of manufacture. About this point, all designed features
result suitable for the fabrication at the current commercial Si-
photonics fab, in contrast to concurrent reverse SSCs reported
in the literature [26], which shows tip width less than 100 nm,
that can be realized only by using electron-beam lithography
or by using expensive ArF immersion lithography. The use of
dedicated fabrication processes braked the use of reverse SSCs
in commercial PICs. A coupling loss of less than 0.20 dB/facet
has been experimentally proven over the whole C-band that fits
well with the simulated results. According to our knowledge,
the proposed SSC ensures the lowest coupling loss, combined
with a large bandwidth, as reported in the literature, paving
the way for using inverse SSC in high-volume PICs.

II. PROPOSED SPOT S1ZE CONVERTER

The proposed SSC consists of an inverse taper L long whose
narrow tip wysyn wide is aligned to the SMF core. The SSC
is able to convert large mode incident from the optical fiber,
with an MFD on the order of 10 um, to the compressed
guided mode in the photonic waveguide wys4x wide, as shown
in Fig. 1(a). The bare waveguide is a SiO; fully embedded
Si3zNy4 waveguide, with a thickness 4 of 100 nm and a width
w (see Fig. 1(b)) whose fabrication is widely described in
Section III. The interleaving of the thin core within SiOj
cladding leads to a well laterally confined mode within the
waveguide, also reducing the mode interaction with sidewalls
and so the propagation losses (of the order of dB/m) [27].
For the design, the fundamental Transverse Electric (TE)
mode has been taken into account, since it is mostly applied
in optical communication applications. To properly engineer
the proposed SSC, 2D Beam Propagation Method (BPM)
simulations combined with the effective index method have
been carried out by assuming SMF as a source with an MFD

IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 35, NO. 22, 15 NOVEMBER 2023

by

\. \"\. i i /
Y8 {
\ O\ o |
N X W
\ ¥
\ b ¥
v N n
\ X i
—

(a)

Si !
=5
- 3N
TSN, h ER:S
SiO,! w ' 2o
3g
3

Si 0

(b) ©

Fig. 1. (a) SizNg4 Spot Size Converter (SSC) with a length L and
minimum/maximum tips with a width of wys;n/wprax(SiO; - and Si - top
cladding layers are not shown); (b) Si3N4 waveguide cross-section with a
thickness 2 ( = 100 nm) and width w; (c) TE distribution at the fiber tip
(aspect ratio 8:1).
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Fig. 2. acoupling (dB) vs. Aspect ratio (wpyax: h), by assuming L =

1000 um and wpsyy = 0.8 um, as the minimum width that ensures TE
excitation.

of 10 pum. Firstly, to determine the optimal aspect ratio for
the final waveguide, expressed as the ratio between width and
thickness, a wysyy of 0.8 wm has been considered. This is the
minimum waveguide width that ensures the excitation of the
TE mode.

Figure 2 shows the coupling losses c¢oupiing (dB) by varying
the aspect ratio and considering a length of L = 1000 pum,
which allows for nearly constant losses. The curve shows
an exponential decreasing trend starting from 3.5 dB at the
aspect ratio of 8:1 (wpyexy = 800 nm - & = 100 nm) up to
0.2 dB at the aspect ratio of 28:1 (wyey = 2.8 um - h =
100 nm). As w,,,, increases, the confinement within the core
and the MFD adiabatically increase (MFD = 3.6 um with
Wmax = 2.8 um), with a resulting decrease in the coupling
losses. In Fig. 2, a maximum aspect ratio value of 28:1 has
been considered both to avoid the excitation of higher order
modes and to be compliant with the most promising waveguide
reported in the current literature, which exhibits propagation
loss on the order dB/m over the C-band [5]. To evaluate
the impact of L and wps;n on the performance, the contour
plot of acoupiing is shown in Fig. 3(a), by considering h =
100 nm and wpax = 2.8 um. Results show that the acoupling
losses increase with increasing wysjn, while they adiabatically
decrease as the length L increases due to the spread of the
mode along the taper. The TE field distribution at the taper tip
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Fig. 3. (@) acoupling (dB) contour plot vs. L and wyyy with wyax =
2.8 pm; (b) @coupling (AB) over L with wysyny = 0.8 um and wyax =
2.8 pum.
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Fig. 4. SEM image of the SSC input (a) and output sections (b), with a

resulting w;,;, ~ 785 nm and wygx ~ 2.776 um.
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Fig. 5. (@) acoupling (dB) at each facet of more than 70 devices (#) at

1550 nm; (b) ccoupiing (dB) of the proposed SSC over the C-band. Error
bars have been calculated by considering the standard deviation with respect
to the mean value, labelled with stars.

with an aspect ratio 8:1 (Fig. 1(c)) leads to an overlap integral
with the SMF mode of about 96.95 %. A length of 600 um
has been considered in the following with estimated losses
of 0.18 dB. This length in the quasi-flat region of the trend
(see Fig. 3(b)) ensures almost stable losses also by taking into
account the fabrication tolerances.
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The TM mode insertion loss analysis has been also carried
out with the same approach as the TE one, with a simulated
value of acoupiing = 0.6 dB for L = 1000 pm.

III. SSC FABRICATION

The fabrication of the SSC has been carried out at LioniX
International BV. The device manufacturing started with a
silicon substrate and a 15 pum thermally grown silicon dioxide
layer. High-quality Si3N4 100 nm-thick was deposited via Low
Pressure Chemical Vapour Deposition (LPCVD). Deep Ultra-
violet (DUV) lithography allowed to define the waveguides
and the SSC. Dry etching was used to etch through the SizNy
film, thus defining the waveguide core widths. 1102 nm-thick
SiO; layer was then deposited using TetraEthylOrthoSilicate
(TEOS)-based LPCVD. A three-hour 1150 °C anneal was
performed after the deposition, with a resulting shrinkage
of the TEOS layer (thickness &~ 1038 nm). The resulting
protrusion of SiO, (=~ 200 nm) above the waveguide cores
was removed through Chemical Mechanical Polishing (CMP).
After polishing, an additional silicon substrate with a 15 um-
thick SiO; layer was placed in contact with the starting wafer
through wafer bonding at room temperature and pressure [28].
Since the quality of the chip facets is critical to improve the
coupling losses, the facets were prepared by using mechanical
dicing and then polishing to obtain a smooth sidewall with
low surface roughness. Figs.4(a-b) show the SEM image of
the SSC input- and output-section (at a distance of 1.004 mm
to the input), respectively.

IV. EXPERIMENTAL RESULTS

Due to the low coupling losses of SSCs, a cut-back method
has been used to measure both the propagation losses and
the coupling efficiency, by considering the loss of a device
as the sum of the propagation loss in the straight section
(proportional to the length) and twice the input section loss
(assuming the input/output SSCs show the same losses). Fer-
mat spirals with total lengths of 6.6 cm, properly engineered
to avoid cross-coupling between waveguide coils and bending
losses (minimum radii of 2 mm) [29], and multiple straight
waveguides with lengths of about 13 mm have been used. For
the experimental characterization of the devices under test,
a frequency tunable laser (Keysight Technologies®81606A)
with a linewidth < 10 kHz and a frequency resolution of 1 nm
within the range 1450-1650 nm have been used to excite
the TE mode together with a fiber polarization controller.
The input/output polarization maintaining FC/PC SMFs are
placed close to the facets, with a spacing of the order
of several microns. A refractive index-matching oil (Sigma
Aldrich®AP100) has also been used to further reduce the
scattering noise at facets caused by the undesired Fabry-Perot
cavity between fibers and chip facets. Fig. 5(a) reports on the
y-axis the coupling losses for each facet of the more than
70 fabricated devices at 1550 nm, reported on the x-axis.
A mean value of ooupiing €qual to 0.18 dB with a standard
deviation o of 0.12 dB has been experimentally measured.

A value of propagation losses of SizNs-based waveguides
and Fermat spirals of 13.16 £ 9.56 dB/m was measured,
in accordance with other results reported in the literature [30].
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Since the dispersion of Si3Ny varies by just 0.06% within
the 1530 — 1570 nm range, a broadband operation over the
C-band has been measured, as shown in Fig. 5(b). The mean
value of ctcoupiing ranges from0.17 dB to 0.23 dB, demonstrat-
ing the feasibility of the proposed SSC in telecom PICs, with
outstanding results improvement, in terms of coupling loss,
with respect to the state-of-the-art [10], [11], [12], [13], [14],
[15], [24], [25].

V. CONCLUSION

Optical interconnects in PICs are a critical issue to face to
achieve efficient data transmissions. In particular, PICs often
need to be coupled to optical fibers to become a functional
part of optoelectronic systems. However, the mode mismatch
between the fiber and the PIC leads to large coupling losses
that could affect the performance of the overall system. Here,
we report a quasi-lossless reverse SSC based on a SizNg
waveguide, whose aspect ratio has been engineered to achieve
the lowest coupling losses. An aspect ratio of 8:1 and 28:1 for
the minimum and maximum tip, respectively, with a length of
600 um guarantees coupling losses of 0.18 dB, as predicted by
means of 2D-BPM simulations. Experimental results confirm
the predicted losses (= 0.18 + 0.12 dB @ 1550 nm) with
a broadband behavior over the whole C-band. To the best of
our knowledge, the obtained outcomes represent the minimum
coupling losses ever achieved in the C-band among the current
state-of-the-art.
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