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Abstract: Silicon photonics is one of the most prominent technology platforms for integrated
photonics and can support a wide variety of applications. As we move towards a mature industrial
core technology, we present the integration of silicon nitride (S5iN) material to extend the capabilities
of our silicon photonics platform. Depending on the application being targeted, we have developed
several integration strategies for the incorporation of SiN. We present these processes, as well as
key components for dedicated applications. In particular, we present the use of SiN for athermal
multiplexing in optical transceivers for datacom applications, the nonlinear generation of frequency
combs in SiN micro-resonators for ultra-high data rate transmission, spectroscopy or metrology
applications and the use of SiN to realize optical phased arrays in the 800-1000 nm wavelength range
for Light Detection And Ranging (LIDAR) applications. These functionalities are demonstrated using
a 200 mm complementary metal-oxide-semiconductor (CMOS)-compatible pilot line, showing the
versatility and scalability of the Si-SiN platform.

Keywords: silicon photonics; silicon nitride; transceiver; multiplexing; grating coupler; Coarse
Wavelength Division Multiplexing (CWDM); LIDAR; optical phased array; beam steering; frequency
comb; Kerr nonlinearity

1. Introduction

Silicon photonics offers cost-effective and scalable solutions to a wide range of mature
and emerging applications, such as telecommunication and datacom [1-3], high-performance
computing [4], quantum communications and computation [5-7], LIDAR (Light Detection And
Ranging) [8-11], and nonlinear optics [12-14]. In the last few years, silicon platforms have been
enriched with complementary functionalities by integrating other optically active materials into the
platform, while preserving the complementary metal-oxide-semiconductor (CMOS) compatibility. For
example, we have reported the heterogeneous integration of III-V materials in Si platforms to realize
III-V /Si hybrid laser sources [15-17]. In addition, fast and efficient photodiodes can be obtained by
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growing Ge on Si [18]. It is then possible to combine the optoelectronic properties of these materials
with high-speed and efficient Si modulators based on p-n junction [19].

A particularly interesting example of a CMOS-compatible waveguiding material is silicon nitride
(SiN). Indeed, several demonstrations of monolithic integration into silicon photonics platforms have
been reported [20-24], as SiN presents particularly attractive properties for passive photonic devices.
Thanks to its low optical index (ngjn ~ 2 when ng; ~ 3.5), the index contrast with the S5iO, cladding is
reduced compared to Si. As a result, SIN monomode waveguides are less sensitive to edge roughness
and therefore have lower propagation losses; for the same reason, SiN-based devices are less sensitive
to fabrication variations. In addition, SiN has a much broader wavelength transparency range (between
500 nm and 3.7 pm [25]), and photon absorption is also absent over a wide wavelength range. Moreover,
SiN presents a rather large Kerr nonlinearity (10 times that of silica [13]). Finally, the thermo-optical
coefficient of SiN is one order of magnitude lower than that of Si [26], thus making possible the
realization of nearly athermal devices [27-29]. These properties can be used advantageously in a
photonics platform for optical transceivers; strategies for increasing the data rate of optical transceivers
often rely on wavelength division multiplexing (WDM) [30]. However, a major challenge for integrated
silicon (de-)multiplexers is the shift in spectral response when fabrication variations and environment
temperature fluctuations occur (for example between the transmitter and receiver circuits). The use
of a SiN-based multiplexer can address favorably both issues [28,29,31]. Another, more disruptive
way to increase the data rate of the optical link is to use the nonlinear properties of SiN to generate
a frequency comb for massively parallel telecommunication wavelength channels. The nonlinear
properties of SiN can also be useful for spectroscopy and metrology [14,32]. For frequency comb
generation in the C-band, a fundamental concern is the absorption caused by residual N-H bonds
remaining in a non-stoichiometric SiN film. This problem can be solved by long and high-temperature
annealing [12], but this rules out compatibility with active optoelectronics devices such as photodiodes
and p-n junction silicon modulators, as such a high temperature would cause undesirable dopant
diffusion. To address this incompatibility, we recently developed a crack-free and annealing-free
deposition method to grow relatively thick (over 700 nm) SiN film [32,33]. Finally, its wide wavelength
transparency range make SiN a useful material for photonic applications outside the usual telecom
bands, for example for the realization of integrated optical phased arrays (OPAs) for near-infrared
LIDAR applications [34]. This is very attractive, as integrated OPAs have the advantage of enabling
non-mechanical, arbitrary beam shaping and steering, thus creating a path for low-cost systems with a
small physical footprint [9-11].

While SiN offers very appealing passive properties, it lacks active functionalities. There is
therefore a clear advantage to integrating both Si and SiN within the same integrated platform to
benefit from the active properties of silicon, such as, for example, high-speed modulation. We review
here the various integration processes and applications of SiN in a silicon photonic platform using
the fully CMOS-compatible fabrication line at CEA-LETI based on 200 mm Silicon-On-Insulator (SOI)
wafers. Depending on the targeted application and the operation wavelength, different types of
SiN are considered: A low-stress, low-deposition temperature, Plasma Enhanced Chemical Vapor
Deposition (PECVD) SiNx process is developed for (de-)multiplexing operation of optical transceivers
for data center applications in the O-band. An annealing-free, crack-free, close to stoichiometry
Si3Ny deposition process is developed for nonlinear generation of a frequency comb in the C-band.
Both types of SiN are used to demonstrate two-dimensional (2D) beam steering with OPA for
LIDAR application at ~900 nm. In the first part, we present the fabrication processes leading to
the integration of both types of SiN to the photonics platform and we show optical characterizations
of basic properties of the SiN waveguides (propagation losses, thermo-optic coefficient and Si-SiN
interlayer transition). Then we detail the main results for the previously cited applications: thermally
stable coarse-WDM (de-)multiplexer and broadband grating fiber coupler for optical transceivers,
comb generation by a micro-resonator for Kerr-based broadband sources, and 2D beam steering with
OPA for LIDAR applications.
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2. Fabrication Process and Waveguide Performances

2.1. Fabrication Processes

Over the last few years, our silicon photonics platform has become increasingly mature.
High-performance optical components have been developed and repeatedly tested to build a complete
device library [2] with reproducible performance. This Si platform is the starting point for the
integration of the SiN layer. The process starts with 200 mm Silicon-on-Insulator (SOI) substrates
with 300-nm-thick Si and buried oxide (BOX) thickness of 2 pm. The Si process flow is designed to
support various sets of devices using a multilevel etch defining silicon thicknesses of 50, 150 and
300 nm. A Deep Ultra Violet 193 nm lithography is used to pattern all three silicon etching levels
providing an overlay control below 50 nm and definition of various shapes (isolated and arrayed lines
and trenches) with critical dimensions as low as 120 nm (see Figure 1a). A Si3sN4 hard mask is used
for the first Si level, ensuring low waveguide roughness leading to low optical propagation losses in
silicon waveguides.
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Figure 1. (a) Cross-section of the full Si-SiN platform based on SOI 300 nm (gray waveguides) and
SiN (green waveguide), together with metallic heaters, PN modulator, Ge photodiode and metallic
interconnection. The BOX is 2 um. (b) SEM cross-section view obtained by FIB cut of Si and SiN
waveguides. Si is 300 nm thick, SiN is 600 nm thick. The interlayer SiO, thickness is 200 nm.

To integrate an additional layer on top of the patterned Si, one needs to start with a flat oxide
surface. Oxide encapsulation of patterned Si structures is therefore followed by Chemical Mechanical
Polishing (CMP) to planarize the top oxide down to the Si3Ny4 hard mask. The presence of dummy
structures allows a high enough Si density for clear end point detection. This process is followed by
another SiO, deposition. With a median value of 207 nm of SiO, on top of Si and a standard deviation
of 4 nm over the 200 mm wafers, this process provides a flat surface with a very good uniformity
of the interlayer thickness, which is important for hybrid devices such as Si-SiN grating couplers or
Si-SiN transitions. Integrating a new material while staying compatible with a CMOS process imposes
several challenges. In particular, a low thermal budget is necessary to prevent degradation of other
components, in particular, active devices with doped regions. In addition, the new material should
not induce further mechanical deflection of the wafer to maintain a low bow, compatible with the
200 mm facilities. Depending on the targeted applications, we developed two different silicon nitride
integration processes, taking into account the aforementioned constraints: a low stress, low deposition
temperature non-stoichiometric SiN in the O-band and a nearly stoichiometric Si3N4 material with a
low quantity of residual N-H bonds for lower absorption in the C-band. The former is used when
preservation of the doping profile of active devices (p-n Si modulator and Ge photodiode) is the prime
concern and is preferred for applications such as optical transceivers for datacom in the O-band where
the material absorption is very low. The latter is used for applications in the C-band, where N-H
bonds must be eliminated to minimize optical absorption.

e SiNx for optical transceiver for Datacom in the O-band
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To preserve the doping of implanted active devices, we developed a plasma-enhanced chemical
vapor deposition (PECVD), non-stoichiometric, low-stress SiNx deposition process at 300 °C. The SiN
film thickness is 600 nm (see Figure 1b), and its refractive index, measured by ellipsometry, is ngjny =
1.88 at 1.31 um. This rather low value indicates the deposited film is not stoichiometric with a rather
high fraction of nitrogen.

e SizNy for wideband comb generation

To control strain and to prevent cracks from appearing, the silicon nitride layer is deposited via
low-pressure chemical vapor deposition (LPCVD) in two steps of 370-nm-thick layers each [32]. The
deposition is carried out with a tailored ultra-low deposition rate (<2 nm/min) to produce a very
high-quality film. Furthermore, between the two deposition stages, the wafer is rotated by 45° in
order to distribute the uniaxial strain along the overall film thickness, thus avoiding film cracks upon
subsequent subtractive patterning. Each deposition run is carried out at 780 °C with post-deposition
cooling to around 630 °C for 20 min. The resulting film is close to stoichiometry, and its optical index
is ngizna = 2 (more details will be given in the nonlinear Section 4).

e SiN for near infrared LIDAR

For LIDAR applications in the near infrared, both types of SiN can be used indifferently; however,
stoichiometric SizN4 shows slightly lower losses at a wavelength of ~900 nm. For this application we
therefore chose a 300 nm thick Si3Ny. Finally, a 10/100 nm Ti/TiN metal layer separated by a certain
distance from the SiN layer was incorporated. This layer can be used to form resistive wires (heater in
Figure 1a), allowing for phase shifts in the SiN waveguides using the thermo-optic effect. Electrical
contact to the heater was achieved using vias and AlCu contact pads.

All types of silicon nitride waveguides are patterned using 248 nm Deep Ultra Violet (DUV)
lithography and CF4-CHjF;-O; chemistry-based reactive-ion etching. The produced structures range
from 200 nm tips, spaces and lines to hundreds of micrometers. The selective etching provides a
low edge roughness and a vertical sidewall. Figure 1b shows a FIB cross-section of the final Si-SiN
stack with a 200 nm SiO, interlayer thickness. SiN structures are encapsulated by 1 um SiO, before
optical characterization.

2.2. SiN Waveguide Optical Characterization

We characterized the fabricated SiN structures in terms of propagation losses, bend losses and
thermal properties. In addition, we obtained state-of-the-art performances for Si-SiN interlayer
transition, making it possible to fully exploit the potential of the multilayer Si-SiN platform. SiN
waveguides and structures are characterized on a semi-automatic 12-inch probe station at the wafer
level with a tunable laser source (Tunics T100S, Yenista, Lannion, France) and its complementary
photodetector (CT400, Yenista, Lannion, France) with pm resolution. A fiber-to-fiber setup is used
for propagation loss measurements. Unless mentioned otherwise, devices are characterized through
surface grating couplers with a scattering angle of 11.5° (8° in the S5iO; cladding), which is compatible
with packaging standards.

e SiN waveguide propagation and bend losses

The propagation and bend losses of Si and SiN single-mode waveguides are summarized in
Table 1. Propagation losses are extracted from the transmission of 20-, 40- and 60-mm-long spiraled
waveguides, de-embedded from the grating coupler transmission, on up to 45 dies for each wafer.
Notably, thanks to a measurement conducted at the 200mm wafer level, we are able to extract statistical
data which is reported in Table 1. In Si, both strip and rib losses (3.6 and 1.5 dB/cm respectively) are
consistent with the previously reported silicon waveguides characteristics [2], and we can conclude that
adding the SiN layer does not affect the performance of the Si waveguides. As expected, propagation
losses are much lower in SiN thanks to a lower sensitivity to waveguide roughness, itself resulting
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from a lower optical index contrast with the SiO, cladding compared to Si. We obtain 0.8 dB/cm in
the O-band for the PECVD SiNXx, 1.5 dB/cm in the C-band for 750 nm thick LPCVD SizNy and 1 (1.5)
dB/cm at 940 nm for 300-nm-thick Si3Ny (SiNx respectively). The higher propagation loss measured
in the C-band for LPCVD Si3Ny is probably due to remaining N-H bonds causing absorption, despite
a deposition process tailored to minimize the amount of residual hydrogen atoms.

Table 1. Si and SiN waveguide properties and propagation losses.

. SizNy . SisN
Waveguide Si Rib Sistip ~ OINPECVD ypeyp  SINPECVD peyp o0
1310 nm 940 nm
1550 nm nm
dimension w x h (um) 0.4 x0.3 0.35 x 0.3 0.7 x 0.6 0.75 x 0.75 0.6 x 0.3 0.6 x 0.3
Propagation Loss (dB/cm) 15 3.6 0.8 15 15 1.0
3 sigma (dB/cm) 0.45 0.9 0.3 - - 0.4

Due to a low mode confinement (itself due to the low optical index), SiN bend waveguides require
a higher bend radius compared to Si to minimize the bend losses. For the 600-nm-thick PECVD SiNx
(the lowest optical index), we measure 0.06, 0.03 and 0.015 dB/90° bend for radii of 20, 30 and 40 pm,
respectively. In the 300-nm-thick LPCVD Si3Ny, thanks to a higher optical index, losses are below
0.01 dB for a 15 pm radius bend. As a comparison, in Si, we measure 90° bend losses below 0.03 dB for
both 30 um radius bend rib waveguide and 9 um radius bend strip waveguide.

e PECVD SiN thermo-optic coefficient

The thermo-optic coefficient of SiNx is estimated by measuring the wavelength resonance thermal
shift of a ring resonator. The resonance spectra acquired at temperatures from 25 °C to 80 °C of a
30 um radius SiNx ring coupled to an adjacent bus waveguide are shown in Figure 2a. The resonance
spectral shift is 14 pm /K, which translates into a thermo-optic coefficient of 1.7 x 10~ K~!. This
value is indeed more than one order of magnitude lower than for silicon in telecommunication bands,
which confirms the relevance of SiN for applications where thermal stability is essential, as for the
(de-)multiplexer.
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Figure 2. (a) SiN ring resonance shift against T. Each color represents a measurement at a different
temperature, from 25 °C to 80 °C. The resonance shift with temperature allows to extract the SiN
thermo-optic coefficient o = 1.7 x 1075 K~1. (b) Measured spectrum of the Si-SiN transition insertion
loss. Inset: side view of the transition with the optical mode from a BPM simulation. (c) Wafer mapping
of the transition insertion loss (in mdB). Inset: histogram of the wafer level insertion loss. The median
value is 0.09 dB and the standard deviation is 0.01 dB.

e S5i-SiN interlayer transition with PECVD SiN

To fully exploit a multi-layer Si-SiN platform, there is a need for a compact, efficient and broadband
interlayer transition between Si and SiN [20,35-37]. These requirements are well satisfied using
adiabatic taper interlayer transitions. The principle of the interlayer transition is to reduce the
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dimension of the high index waveguide to lower its effective index below the effective index of
the low index waveguide. Due to the large index difference between Si and SiN, index matching
requires narrowing the Si waveguide down to the smallest width allowed by the design rules. In
addition, our multi-level Si platform also allows narrowing the Si waveguide height to a thickness of
150 nm. Therefore, we designed a Si-SiN transition based on inverse tapers of Si and SiN using a tip
width at the minimum dimension permitted by the design rule i.e., 120 nm in Si and 200 nm in SiN,
with a Si height of 150 nm and a length of 150 um. A side view of the optical power profile after beam
propagation method (BPM) simulation is shown in the inset of Figure 2b.

From up to 90 cascaded Si-SiN transitions, we extract the single transition spectrum shown in
Figure 2b. It shows a particularly flat spectrum, with a 0.09 dB insertion loss over the 1260-1350 nm
range. Figure 2¢, the wafer map of this measurement indicates very uniform performances of the
transition with a median insertion loss of 0.093 dB and a 3 sigma of 0.04 dB. We believe this good
uniformity is due to the well-controlled SiO, interlayer thickness. Included in this value is the insertion
loss (measured at 0.02 dB) of the transition from 300-nm-thick to 150-nm-thick Si waveguides, which is
30 um long. The total insertion loss of the transition is comparable to the normal propagation losses of
an equivalent length of waveguide.

3. SiN for Coarse Wavelength Division Multiplexing (CWDM) Optical Transceivers
in the O-Band

CWDM is a standard providing a channel spacing of 20 nm that is large enough to tolerate the
possible wavelength deviation of the lasers. It is, therefore, an attractive solution to increase the
data rate of optical transceivers while using uncooled laser, which limits the power-consumption of
the transceiver. However, for a 4-channel CWDM transceiver, the optical bandwidth of the circuit
reaches 80 nm, making the waveguide-to-fiber coupling difficult with a Si grating. Thanks to its low
optical index, an SiN-based grating presents a larger bandwidth, which is helpful for CWDM circuit
testing [38]. In this section, we present a CWDM SiN multiplexer with a low thermal sensitivity and a
SiN-based grating coupler for broadband fiber coupling.

3.1. CWDM SiN Echelle Grating Multiplexer

Echelle gratings (EG) are diffraction grating spectrometers whose principle is based upon phase
matching the light reflected from neighboring facets. Using a slab waveguide as a free propagation
region (FPR), we describe a simple grating on a classic Rowland mounting using the following
equation [39]:

mA

neff(A)

where 6; (70°) and 6, (88°) are the angles of incidence and diffraction of the mth (3rd) diffraction order,
A is the wavelength in free space, d (1.76 pm) is the spacing of the grating teeth, and Neff (1.748) is
the effective index of the slab mode at 1310 nm, while the Rowland mounting radius is 55 um. In
particular, the input access waveguide to the FPR was tapered from 700 nm up to 2.4 um in order to
minimize the scattering losses at the entrance of the slab region due to the modal propagation mismatch
between the effective indices of the slab and the rib. Concerning the output, an array of multimode
waveguides (MMWs) 2.2 um in width ensures wide channel bandwidth and low insertion losses,
while maintaining high interchannel isolation. In addition, the grating teeth were blazed, chirped
and oriented to focus the light into the selected diffraction order, and dimensioned according to the
proximity of the neighboring teeth in order to reduce cross-shadowing, thus enhancing performance.

Optical and scanning electron microscope (SEM) images of the EGs (de-)multiplexers are
illustrated in Figure 3a,b, respectively. A close to 90% reflectivity of the EG facets is ensured through
the use of 1st-order DBRs with a 50% fill factor and 422-nm periodicity (Figure 3b). For this device, a
slightly different fabrication process was used to show the full potential of SiN Echelle Multiplexer:
Dose-optimized 8-inch VISTEC variable-shape e-beam lithography was used for the SiN patterning. A

d(sin6; + sin6,) =
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300-nm-thick PECVD-grown SiO; layer over the SiN layer was used as a hard mask for protecting
the waveguides from ion bombardment during encapsulation, as well as to ensure optimum pattern
transfer from the e-beam resist to the nitride layer.

o
3

E

co06

2

z 05

El

804

B

£03 .

202

LR 13 pm/°C

2

s0.1 d

z !
% 40 s0 e 70 80

Stage temperature (°C)

i 1 I 1
1280 1290 1300 1310 1320 1330 1340
Wavelength (nm)

gl A
60 1270

Figure 3. Optical (a) and scanning electron microscope (SEM) (b) images of the CWDM echelle grating
(de)-multiplexer realized on 200-mm SiNOI platform. Close-up SEM pictures of the DBR-assisted facets
used to improve the grating reflectivity. (c) Transmission spectrum of the 20-nm-spaced 4-channels
echelle grating de-multiplexer across the O-band. Raw data (dashed line) and fitted plot (solid lines).
(inset) Wavelength red detuning between 30 °C and 80 °C reveals a thermal dispersion coefficient of
13 pm/°C.

The results are shown in Figure 3c. The measurements reveal insertion losses averaging 1.5 dB
across the four transmission channels, an average interchannel isolation above 30 dB (when determined
at the center of the transmission channel), and a precise channel spacing of nearly 20 nm. A —1 dB
channel bandwidth varying between 7 and 9 nm and a channel-to-channel non-uniformity of 1.4 dB
were found. As well as that, phase errors arising from local facet imperfections or non-verticality both
have an impact on the defocusing of the image spot at the output, impinging slightly on insertion losses.

The thermal chromatic dispersion (i.e., the temperature-related wavelength shift) of the device
itself when operating at increasing temperature is also important, as it impacts the flexibility of the
device when operating in radically different environments, especially at the receiver side of the optical
link. Recently, state-of-the-art SiN Mach-Zehnder multiplexers have been realized, with a reported
thermal chromatic dispersion of 18.5 pm/°C [17]. Similar measurements were carried out on the SiN
EGs presented in this paper, indicating an even lower thermal detuning coefficient, measured at below
13 pm/°C, as shown in the inset of Figure 3c. This is possible thanks to the EG operating over a slab
FPR instead of rib/strip waveguides. In fact, the effective index variation of a slab waveguide is
noticeably lower compared to those of strip or rib waveguides, making SiN EGs an attractive solution
on the path toward quasi-athermal behavior.

3.2. SiN-Si Hybrid Grating Fiber Coupler

The transmission characteristics of single polarization grating couplers (SPGC) are often
summarized in terms of the minimum insertion loss and the —1dB (or —3 dB) bandwidth (BW).
While these figures of merit provide a useful comparison between different designs, for SPGCs
destined for use in WDM applications, it may be more practical to consider the range of insertion loss
values directly over the entire utilized spectrum. Typical values for the insertion loss/—1 dB BW of
a standard silicon O-band SPGC are 2—4 dB/20-30 nm. Such grating couplers, centered at 1310 nm,
have insertion losses of at least 10 dB at the extremes of the CWDM band, ruling out their use in
CWDM systems and even rendering reliable wafer-scale characterization of CWDM devices difficult.
While it may be difficult to envisage the deployment of grating coupler-based fiber couplers in CWDM
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systems in preference to non-diffractive coupling methods (particularly in the receiver circuit, due
to complications relating to the unknown incoming polarization state in the fiber), large-bandwidth
SPGCs would be an invaluable tool for the development of the CWDM device library.

It can be generally said that, for a given fiber type, a wider transmission band will result from a
reduction in the effective index of the grating. While using materials with lower optical indices (such
as SiN) to make fiber grating couplers tends to lead to wider transmission spectra, these gains are often
associated with increased insertion losses. The inclusion of the SiN layer in this process allowed us to
compare Si, SiN and hybrid SiN/Si SPGCs for their use in CWDM applications and device testing.
The standard Si SPGC is a partially etched (300/150 nm nominal Si thicknesses), apodised design. The
SiN grating design is based on fully etched SiN lines and trenches, optimized for a peak transmission
at 1310 nm. The BOX thickness is 2 um, but with the SiN being 200 nm above the Si layer, the total
substrate-SiN distance is 2.5 um. Figure 4a,b shows a hybrid SiN/Si design as introduced by Sacher
et al. [38]. The SiN waveguide is connected to a primary, fully etched grating, beneath which is a
secondary Si grating. The secondary Si grating, while having the same period, may be displaced with
respect to the primary SiN grating (denoted as AxSi in Figure 4a, which allows a lithographic control
over the grating directionality. This is not possible with a conventional single-layer grating, where
the directionality is fixed by the thickness of the etched and unetched layer thicknesses. As was also
demonstrated in [38], allowing the fiber angle to be a free parameter allows further optimization of the
grating directionality for a particular BOX thickness. In this study, however, the fiber angle was fixed
to the typical standard value of 8° (in the SiO; cladding) to allow compatibility with standard test and
packaging procedures.

i AXSi 350nm

‘------------------ﬁ«--
{i Si 50nm

—_—
(2)
~

80nm CWDM

2D-FDTD insertion loss (dB)
Measured insertion loss (dB)

80nm CWDM
) .
5 U | ! | 1 15 .
1260 1280 1300 1320 1340 1360 1260 1280 1300 1320 1340 1360
Wavelength (nm) Wavelength (nm)

Figure 4. (a) Schematic side view of the SiN/Si grating; (b) SEM image of the hybrid SiN-Si grating
coupler; (c) Simulated insertion loss of the apodised Si design (black line), the uniform SiN design
(blue line), the best-performing simulated SiSiN design (dashed green line), and the best-performing
fabricated SiSiN design (solid green line). (d) Same as (c), but for the measured designs.

Figure 4c shows the results of 2D-FDTD simulations of the transmission spectra of the Si-only
(black line) SPGC (into an optimally placed SMF28 fiber). This grating has a simulated group index (ng)
value that varies from 3.0 to 2.88, a —1 dB BW of 30 nm and an insertion loss of 1.6 dB to 13 dB over
the CWDM band. The SiN-only grating coupler (blue line) has a ng value of 1.56, a —1 dB bandwidth
of 54 nm, and an insertion loss of 6.8 dB to 10.0 dB over the CWDM band. Varying the various free
parameters of the SiN/Si hybrid SPGC in order to minimize the insertion loss of the CWDM band led
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to a simulated -1 dB bandwidth of 64 nm (the ng value of 1.58 is very similar to the SiN-only grating)
and insertion losses of —3.0 dB to 5.5 dB (dashed green line). This represents a significant improvement
to both the Si-only and SiN-only grating couplers for CWDM applications. The solid green line in
Figure 4c shows the simulated transmission spectrum of the best-performing fabricated design, as
described below. The various design parameters and simulated transmission characteristics of each
SPGC type are summarized in Table 2.

Table 2. Summary of grating parameters and simulated and measured insertion loss (IL) and bandwidth

(BW).
. . 2D-FDTD 2D-FDTD  Measured Measured
Grating Period i (nm) Unetched/Etched  yipyyiy 1 4BBW  CWDMIL  1dBBW
Type (nm) Thickness (nm) (am) (am) (dB) (m)
Si 468-488 - 300/150 1.6-15 30 1.9-13.0 26
SiN 965 - 600 6.8-10.0 54 8.0-13.0 45
Si/SiN 2 950 200 600 3.0-5.5 64 - -
Si/SiN b 975 150 600/50 2.7-6.9 50 2.9-5.2 48

2 Simulated and ® measured designs with lowest losses over the CWDM band.

For a more accurate measurement of grating coupler transmission, a fiber array with height
control is used to couple the incident light in a reproducible way across the 200 mm wafer. Figure 4d
shows the measured coupling efficiency for the apodised Si design (black line), the uniform SiN
design (blue line) and the best-performing SiSiN design (green line). The measurements show good
correspondence between the simulated and measured values, the insertion loss values are typically
several tenths of dBs higher than the simulated values, which may be accounted for by taking into
account reflections caused at the cladding/air and air/fiber interfaces in the measurement. Among the
various SiN/Si design variants tested, the design with the lowest insertion losses over the CWDM
band had slightly different geometrical parameters compared to the best-performing simulated design
(See Table 2). This is presumably due to inaccuracies in the SiN/Si relative mask alignment and slight
differences in the simulated and processed grating element morphology. A wafer-scale measurement
over 43 dies gives a median minimum insertion loss of —3 dB with a 3 sigma of 0.46 dB and a median
maximum insertion loss over the entire CWDM band of —5.8 dB with a 3 sigma of 0.77 dB. These
results confirm the suitability of this type of SPGC as a reliable wafer-level characterization tool for
CWDM components.

4. Optical Frequency Comb Generation in Annealing- and Crack-Free Siz N4

Kerr optical frequency combs (OFCs) constitute a paradigm shift in the development of
high-capacity data transmission, high-precision metrology, frequency synthesis, and integrated
spectroscopy [14]. Since 2010, silicon-nitride-on-insulator (SiNOI) has been seen as an attractive
chip-based platform for the generation of wideband frequency combs pumped at telecom wavelengths,
because of its relatively high nonlinearity (x6 larger than that of highly nonlinear Hydex glass [13]), as
well as the absence of two-photon absorption and free carrier generation, which plague crystalline
silicon. In this context, the monolithic integration of Kerr-based frequency combs with Si photonics
and CMOS circuits paves the way for on-chip high-capacity transmitters that would benefit from the
maturity and low cost of CMOS manufacturing and scalability.

The realization of relatively thick (>7-800 nm) stoichiometric Si3Ny films, as required by microring
frequency combs, which imply both a tight confinement of light and anomalous group velocity
dispersion (GVD), remains challenging. In particular, all prior works have systematically made use of
Nj-atmosphere long high-temperature annealing of the deposited silicon nitride film at >1200 °C for at
least 3 h [12,40-42]. This rather extreme annealing step has been accounted for by the need to densify
the silicon nitride film by driving out excess hydrogen and to break N-H bonds, so as to get closer
to a stoichiometric SizNy film, reducing the material absorption loss in the C-band. Such annealing
induces stress, eventually leading to crack formation during device processing unless sophisticated
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pre-patterning strategies are adopted prior to the film deposition [40,41]. Now, from the perspective of
silicon optoelectronics-nonlinear optics co-integration, such extreme annealing cycles would severely
degrade the front-end-of-the-line (FEOL) silicon optoelectronic circuits underneath. Specifically, doped
components and circuits would be unacceptably affected by the undesirable dopant diffusion in
junction-based Si modulators and by the hetero-interface degradation of Ge-on-Si photodetectors.
As an alternative, in 2013, optical parametric oscillation was demonstrated by using the proprietary
composition of Hydex microresonators [13]. As previously stated, the nonlinear parameter v of Hydex
is 6 times lower than silicon nitride. Consequently, generating frequency combs in such material
requires more power, increasing the risk of waveguide fusing, and device failure.

In early 2018, we reported a new method that avoids thermal annealing for growing relatively
thick (740 nm) crack-free Si3Ny-based straight nanowaveguides with good linear and nonlinear
properties measured by self-phase modulation [33].

Here, we report a comb generated by a micro-resonator fabricated by an intrinsically
CMOS-compatible annealing-free silicon nitride, following a tailored deposition method which
minimizes the hydrogen content instead of hour-long 1200 °C post-annealing. Our annealing-free
and crack-free fabrication process provides our devices with the right specifications (i.e., micro-ring
group velocity dispersion and characteristics) to underpin Kerr frequency combs, thus representing
a significant step toward the full compatibility of Si3sNy-based Kerr comb sources with the thermal
budgets of Si photonics processing.

To control the strain and to prevent cracks from appearing, the silicon nitride layer is deposited
on a (non-patterned) substrate via low-pressure chemical vapor deposition (LPCVD) in two steps
of 370-nm-thick layers each. The deposition is performed with a tailored ultra-low deposition rate
(~2 nm/min) to yield a very high quality film [33]. Under such low deposition rates, the thermal
activation energy enables silicon and nitrogen to be disposed at the silicon nitride film surface via
atomic surface migration phenomena, while compelling hydrogen to escape the film. Furthermore,
between the two deposition stages, the wafer is rotated by 45° in order to distribute the uniaxial strain
along the overall film thickness, thus avoiding film cracks upon subsequent subtractive patterning.
Each deposition run is carried out at 780 °C with post-deposition cooling to around 630 °C for 20 min.
Controlled ramp-ups and -downs from/to 780 °C at 10 °C/minute to/from 630 °C are used prior to
each deposition, which is carried out under a 112 mTorr pressure using NH3 (200 sccm) and SiH,Clp
(80 scem) as precursor gases. By measuring the wafer bow, before and after removing the silicon nitride
from the wafer back side, the material morphological characterization revealed a tensile strain around
+1200 MPa, highlighting the as-deposited stoichiometry of the material and minimization of residual
hydrogen content [41].

The optical spectrum out of an annealing-free silicon-nitride-on-insulator micro-ring with a 56
um radius is shown in Figure 5a. An optical picture of the ring is shown in Figure 5b. The cross-section
dimensions (1.5 pm-wide x 740 nm-thick) of the ring waveguide ensure that GVD is anomalous at
the 1569 nm pump wavelength. The loaded quality factor of the microring—which is separated by
a 350 nm gap from the bus waveguide—exceeds 580,000. A relatively smooth native line spacing
(~406 GHz) frequency comb spanning about 800 nm between 1300 nm and 2100 nm is obtained for
~1 W continuous-wave power (Pj,) coupled in the bus waveguide (i.e., a value comparable to that
required for similar rings in high-temperature annealed Si3Ny [43]. The Optical parametric Oscillator
(OPO) threshold power was measured to be around 83 mW (see Figure 5c).



Appl. Sci. 2019, 9, 255 110f 16

Optical Frequency [THz]
230 214 200 187 176 166 157 150 143

1300 1400 1500 1600 1700 1800 1900 2000 2100
Wavelength [nm]

L]
. L]
75 80 85 90 95 100 105
Input power [mW]

Figure 5. Comb generation using annealing-free silicon nitride on insulator. (a) An 800-nm-spanning
comb generation using a 56-um-radius Si3zNy4 microresonator for Py, ~ 1 W. (b) Optical microscope
and (insets) scanning electron microscope images of the ring and coupling region. (c) Plot of
short-wavelength OPO power with input power in the bus waveguide.

In conclusion, these results [32] show that it is possible to generate a wideband comb
at telecom wavelengths using annealing-free silicon nitride nonlinear circuits featuring a full
FEOL process compatibility with Si photonics. Via such demonstration, we claim the first-time
realization of annealing-free silicon nitride frequency comb microresonators, following a tailored
deposition method, minimizing the hydrogen content. Our annealing-free and crack-free fabrication
process provides our devices with the right specification (microring group velocity dispersion and
characteristics) to underpin Kerr frequency combs, thus representing a significant step toward the full
compatibility of Si3zNy-based Kerr-comb sources monolithic integration with standard CMOS and Si
photonics processing.

5. SiN for Near Infrared LIDAR

Over the last decade, optical phased arrays (OPAs) have attracted significant attention due to their
potential use in a broad range of advanced technological applications, including light detection and
ranging (LIDAR), free space communication, and holographic displays [8]. This interest arises from
the advantage that OPAs enable non-mechanical, arbitrary beam shaping and steering. Furthermore,
it has been shown that OPAs can be implemented using integrated photonics, creating a path for
miniaturized low-cost systems [9,44,45]. OPA integration has been explored on various photonic
platforms, of which silicon photonics is particularly attractive due to its CMOS compatibility and high
refractive index contrast [46]. Advanced OPA circuits have been demonstrated at telecommunications
wavelengths using silicon, such as a fully integrated device for two-dimensional beam scanning [10],
ultra-low divergence beams [11,34], and coherent LIDAR circuits [47,48]. However, the use of silicon
provides some limitations in terms of wavelength transparency and maximum optical power. Here,
the use of (SiN) presents a host of interesting possibilities, as outlined in the following.

Compared to Si, which absorbs light at photon energies greater than its bandgap (~1100 nm) the
transparency window of SiN is much larger and is suited for applications at wavelengths down to
at least 500 nm. Furthermore, weak nonlinear losses allow SiN circuits to operate at higher optical
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powers than Si, which is important for time-of-flight LIDAR. SiN has recently been demonstrated for
OPA integration [34,49,50].

To allow the construction of proof-of-concept OPA circuits, we designed and characterized (typical
measured insertion losses at A = 905 nm shown in brackets) a new device library. Key components
include fiber grating couplers (—4.9 dB), single-mode straight and bent waveguides (—1.0 dB/cm,
minimum bend radius ~15 pm), 1 x 2 multimode interference splitters (0.12 dB), heater-based phase
modulators (87 mW /m), ring resonators, and output grating couplers.

To demonstrate the use of this platform for LIDAR applications, we used these building blocks
to design an optical circuit comprising four small OPA circuits linked to a single optical input via a
switching network, with which we demonstrated rudimentary two-dimensional beam steering at a
fixed wavelength of A = 905 nm (see Figure 6) [51].
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Figure 6. (a) Artistic illustration of an integrated OPA. The output beam (depicted in white)
can be steered in two dimensions (represented in yellow). (b) Schematic image of the proposed

=

OPA

two-dimensional beam steering circuit. A switching network allows access to four different OPAs, each
with a distinct emission angle in 6. Phase shifters allow the introduction of a phase difference between
the OPA channels for beam steering in ®.

To demonstrate the functionality of the OPA circuit, we put in place a set-up that allows wafer-level
beam calibration of the far field emission. A fiber couples 905 nm light to the circuit via the input fiber
grating coupler, a multi-channel electrical probe allows the application of up to 25 individual drive
voltages to the circuit and the output light is detected in the far field by a full frame CMOS camera
placed above the OPA output. Custom driving electronics work in conjunction with the camera via a
hill-climbing optimization algorithm to form a beam at the desired output angle.

The normalized cross-sections in ¢ and 6 of the main lobe of the optimized beam are shown in
Figure 7a in black and blue, respectively. A Gaussian curve was fitted to the data in order to obtain
the full width at half maximum (FWHM). The measured FWHM are 4.3° and 0.7° in ¢ and 6. Both
values are in in good agreement with the expected beam FWHM in ¢ of 4.3° (calculated from the OPA
geometry) and 0.6° in 6 (from FDTD simulations of the output grating coupler).
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Figure 7. (a) Cross-sections in ¢ and 6 of the main lobe to determine the FWHM. (b—d) Examples of
output beam intensity profiles showing beam steering in two dimensions.

The OPA output beam was steered in ¢ over a range of 17.6°, limited by the appearance of
higher-order diffraction lobes, and over a range of 3° in 6, by routing to various OPAs using the
ring-based routing sub-circuit. A selection of beam steering results are shown in Figure 7b-d, where
the normalized intensity plots of the beam recorded by the camera can be seen for angles of ¢/0 =
10°/1°, ¢/ =4°/1° and ¢/0 = 10°/3°, respectively.

These results demonstrate the possibilities offered by the SiN-based integrated photonics platform
for free-space applications at near infrared wavelengths. In the case of integrated beam steering circuits
for LIDAR, further development of individual components and circuit architecture will allow the
evolution of the current proof-of-concept circuits into circuits that satisfy the scanning range, resolution
and power consumption requirements of real-world systems. In addition, although these circuits
use only the SiN layer for waveguiding due to the optical transparency at the operating wavelength,
the proximity of an underlying silicon layer provides several possibilities, such as for monitoring
photodiodes and reflecting layers for reducing substrate losses at the output grating couplers.

Furthermore, expansion of the current near-infrared device library and farfield characterization
system may allow the possibility of using SiN-based integrated photonics for other types of free-space
imaging systems such as facial recognition.

6. Conclusions

We have presented the development and several applications of a flexible multilayer Si-SiN
CMOS-compatible photonics platform. Regarding datacom applications, we have shown how SiN
allows the realization of robust and quasi-temperature insensitive (de-)multiplexers for CWDM optical
transceivers, as well as for broadband fiber grating couplers. Another promising application of
SiN in telecom and datacom is for frequency comb generation, which we have demonstrated in a
non-annealed Si3Ny micro-resonator. Finally, by exploiting the wide transparency range of SiN, we
presented a functioning integrated OPA for 2D beam steering, operating in the near infrared, at 905 nm.
In the context of silicon photonics platform maturation, these results show the versatility, as well
as the relative simplicity, of SiN guiding layer integration, thus opening the way to a wide range of
large-scale and low-cost applications.
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