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Abstract: Silicon nitride is an excellent material platform for its extremely low loss in a
large wavelength range, which makes it ideal for the linear processing of optical signals on
a chip. Moreover, the Kerr nonlinearity and the lack of two-photon absorption in the near
infrared enable efficient nonlinear optics, e.g., frequency comb generation. However, linear and
nonlinear operations require distinct engineering of the waveguide core geometry, resulting in
a tradeoff between optical loss and single-mode behavior, which hinders the development of
high-performance, ultralow-loss linear processing blocks on a single layer. Here, we demonstrate
a dual-layer photonic integration approach with two silicon-nitride platforms exhibiting ultralow
optical losses, i.e., a few dB/m, and individually optimized to perform either nonlinear or
linear processing tasks. We demonstrate the functionality of this approach by integrating a
power-efficient microcomb with an arrayed waveguide grating demultiplexer to filter a few
frequency comb lines in the same monolithically integrated chip. This approach can significantly
improve the integration of linear and nonlinear optical elements on a chip and opens the way to
the development of fully integrated processing of Kerr nonlinear sources.

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License.
Further distribution of this work must maintain attribution to the author(s) and the published article’s title,
journal citation, and DOI.

1. Introduction

Photonic integrated circuits (PICs) are devices that manipulate light by confining it in a core
material with a high refractive index, surrounded by a cladding material, typically silicon oxide
(Si03y), which displays a lower refractive index [1]. These devices are usually fabricated on a
wafer in a planar process, where only one core material with a defined thickness is included. The
core material and geometry play a key role in determining what functionalities can be integrated
into a single PIC. The silicon-on-insulator (SOI) platform has been extremely successful in PIC
development because most basic optical operations can be implemented in this material, such as
low-loss routing [2], modulation [1] and detection [3], and the manufacturing cost is low thanks
to the direct compatibility with the CMOS processes. However, dedicated platforms generally
outperform Si in specific operations, such as ultralow-loss routing [4] and near-infrared nonlinear
optics in silicon nitride [5—7], detection in germanium [8], electro-optic modulation in lithium
niobate [9], and light generation in, e.g., indium phosphide [10]. Therefore, when designing a
PIC, the specific trade-offs of the platform of choice have to be considered. To overcome this
limitation, numerous efforts have been made to integrate multiple materials and platforms on
the same PIC. By combining multiple platforms, the PIC can achieve denser routing [11], better
fiber-to-chip coupling [12], integration of light sources [13,14], or more efficient modulation
[15].
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Among the different material platforms, silicon nitride (SizNy4) stands out for ultralow-loss
PICs thanks to the broad transparency window, from visible to mid-infrared [16,17], and the
compatibility with CMOS processes, which guarantees reliability and scalability. Moreover,
SizNy displays high Kerr nonlinearities and lacks two-photon absorption in the near-infrared,
which makes it an excellent platform for nonlinear optics, e.g., microcomb generation [5,18-22],
noiseless parametric amplification [23] and supercontinuum generation [24-28].

Ultralow-loss (few dB/m) Si3N4, has been demonstrated in single-mode waveguide geometries
[4,29] and in dispersion-engineered, strong-confinement strip waveguides [23,30]. The latter
structure, however, typically results in waveguides that support more than one spatial mode
(see further detailed analysis in the following section). Single-mode operation is necessary to
realize optical signal processing [31], where dispersion-engineering is not paramount. In a planar
integrated platform, with a thickness chosen to satisfy dispersion-engineering requirements, the
single-mode-condition can only be attained by sufficiently decreasing the width of the waveguide,
resulting in increased interaction with the sidewalls and enhanced scattering losses due to
roughness [32,33]. This indicates a fundamental tradeoff between optical confinement, scattering
loss, and single-mode operation in silicon nitride as we analyzed in [34]. This tradeoff affects the
performance of practical systems that rely on or can benefit from the co-integration of linear
and nonlinear processing blocks [35-38]. Here, we overcome this problem by integrating two
distinct layers, individually optimized to perform either linear processing (single-mode waveguide
geometry) or nonlinear Kerr applications (dispersion-engineered silicon nitride). Adiabatic
interposers are designed to interface these two layers. We demonstrate a bi-layer integration
architecture (Fig. 1(a)) operating in the ultralow loss regime. As a proof of concept, we designed
a comb demultiplexer, shown if Fig. 1(b), which can be employed in comb-based wavelength
division multiplexing transmitters [39].
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Fig. 1. Multilayer integrated SizNy platform. (a) Layer stack of the platform with the
nonlinear layer fabricated in a strong-confinement dispersion-engineered SizN4 and the
linear layer fabricated in single-mode geometry Si3N4 waveguide. Metal traces are included
for thermo-optic phase tuning of the SizN4 waveguides. (b) Frequency comb demultiplexer
exploiting the multi-platform approach.

2. Linear and nonlinear performance tradeoffs

In this section, we analyze the tradeoff between dispersion engineering and single-mode operation
in strip silicon nitride waveguides operating in the telecom range (1.5 um). We consider the
term dispersion engineering as the capability of the waveguide to offset the inherent material
dispersion for the fundamental mode. In the NIR, both bulk silicon nitride and silica exhibit
normal dispersion. We illustrate the examples here with the rectangular geometries that bring the
overall dispersion of the fundamental TE mode close to zero.
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Figure 2(a) analyzes the dispersion of the fundamental TE mode and the number of modes
sustained by a rectangular core structure. The refractive index data used in the simulation
are obtained by spectroscopic ellipsometry in the wavelength range 210 to 2500 nm. Two
aspects are clearly apparent, namely, that attaining anomalous dispersion is concomitant with
having a waveguide geometry that sustains more than two modes, and reaching single-mode
behavior in a strongly-confined geometry forces the mode to have significant interaction with the
sidewalls. Because one of the primary sources of scattering loss in a waveguide is the sidewall
roughness [17,32], the above analysis demonstrates a complex tradeoff between dispersion
engineering, single-mode condition, and scattering loss. Ultralow-loss single-mode waveguides
can be achieved by abandoning a strong-confined geometry, i.e., by considering a much thinner
waveguide core [4] at the expense of larger bending radii. It is possible to achieve anomalous
dispersion in thin Si3N4 by coupling two waveguides with dissimilar cross-sections on the same
layer [40—42], where the desired dispersion is obtained via the linear coupling between the modes.
However, this approach is narrowband and is suitable mainly for telecom or microwave photonics
[41].

The tradeoff between scattering loss, single-mode operation, and dispersion engineering has
been widely discussed and analyzed in the literature [17,33]. To the best of our knowledge,
however, no experimental study analyzes waveguide geometries with different core thicknesses
in detail. In this section, we test (and later validate) the general assumption that thinner
single-mode waveguides display lower losses than thicker single-mode geometries. We consider
three particular waveguide geometries: a dispersion-engineered waveguide with core thickness
740 nm and width 1900 nm (A), a single-mode waveguide with the same thickness and width
800 nm (B) and a thinner single-mode waveguide with core thickness 200 nm and width 1500 nm.
The thickness of the latter waveguide was selected to achieve moderate confinement of 34%
compared to 90% of waveguide A and 80% of waveguide B. Waveguide C maintains a reasonably
small critical bending radius of 100 um despite the reduced confinement. The modes and core
geometries are displayed in the insets of Fig. 2(b), (c), and (d).

To evaluate the loss of the three selected waveguide geometries we fabricated two samples,
one for each thickness. The fabrication process was performed on a 100 mm wafer following the
same process reported in our previous work [6,43], adapting the process parameters to the two
different SizNjy thicknesses. The samples include multiple ring resonators with point coupling
and a radius of 227 um. This value minimizes the bending loss in both platforms and results in a
free spectral range (FSR) of approximately 100 GHz. The ring resonator response was evaluated
in the wavelength range 1500-1600 nm using a frequency comb calibrated swept-wavelength
interferometry setup, as reported in [44]. The histogram of the intrinsic linewidth (ko/27)
is reported in Fig. 2(b), (c), and (d). The histograms report the statistical distribution of the
linewidth for all the resonances measured.

The dispersion-engineered waveguide (A) displays the best equivalent propagation loss with
the most probable value of the histogram at 2.7 dB/m. The increased interaction with the sidewall
roughness of the single-mode waveguide (B), results in higher propagation losses (30 dB/m).
However, when the platform is optimized for single-mode operation as in waveguide C, the
propagation loss is 4.1 dB/m and the waveguide supports only the TEyy and TMgg modes.

From the characterization of the three core geometries, we conclude that a platform dedicated
to linear operation would provide a seven-fold improvement in terms of propagation loss. This
analysis motivates the development of the bi-layer approach presented in the following section.
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Fig. 2. Performance tradeoffs. (a) The color map shows the simulated group velocity
dispersion coeflicient () as a function of the core geometry at wavelength 1550 nm for a
waveguide with 87° sidewall angle. The zero dispersion line (blue) denotes the boundary
between anomalous dispersion (3, <0 above the line) and normal dispersion (below the line).
The bottom left corner does not support any mode, hence 3, is not defined. The yellow solid
lines mark the core geometries that either do not support any mode (bottom left corner),
support one mode or support the fundamental mode in both polarizations. We consider the
latter area as the single-mode (SM) waveguide. On the right of the SM line, the waveguide is
multimode (MM) in at least one polarization. The red-dashed lines show the effective area
of the fundamental TE mode. The points marked with A, B, and C show the core geometries
considered in this study. (b)-(d) Histograms of the measured intrinsic linewidth «(/27) and
the equivalent propagation loss for the three geometries fabricated. In the insets, we show
the x component of the electric field of the fundamental TE modes of the waveguides with
the respective core dimensions.
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3. Multilayer integration

Multilayer integration of photonic integrated circuits has been investigated to combine different
materials [45—48], to improve the density of interconnects [49] and improve the coupling to
optical fibers [12,50]. In this work, we combine two platforms fabricated in the same material
(Si3Ny) but with different thicknesses.

The two photonic layers are fabricated at the wafer level with a process compatible with
front-end-of-line CMOS manufacturing [51] starting from a 100 mm Si wafer, oxidized to obtain
3 um of thermal SiO,. The steps of the fabrication are reported in Fig. 3(a). After oxidation, we
pattern stress release structures to avoid cracks in the SiN layer [52] and we deposit a thickness
of 740 nm of stoichiometric Si3N4 via low-pressure chemical vapor deposition (LPCVD). This
forms the nonlinear layer (NLL) with the dispersion-engineered SizN4 waveguides. Electron
beam lithography (EBL) is used to define the waveguides and we etch the wafer with CHF3 based
inductive coupled plasma etching. A buffer layer of SiO; is deposited via LPCVD with precursor
tetraethyl orthosilicate (TEOS). This buffer layer is used as a top cladding for the first layer and
it serves as a sacrificial layer for the planarization process which is performed via chemical
mechanical polishing to a target thickness. We deposit 200 nm of Si3Njy for the linear layer (LL)
on the planarized surface and pattern it with a second EBL exposure, aligned to the NLL. A
second deposition of 3 um of TEOS serves as top cladding. On top of the cladding, we fabricate
metal heaters via a lift-off process of evaporated TiPt. Patterning is performed via maskless UV
lithography. Finally, the chips are singulated with a combination of SiO, etching and deep Si
etching. The process of the two individual layers is what we reported in our previous work [6,43]
with the exception of the SiO, deposition. In this work, it is crucial to have a homogeneous layer
of SiO,, because different deposition techniques give different material density and hardness.
The hardness of the material determines the CMP removal rate thus an interface between two
materials in the buffer layer can introduce unwanted residual morphology [53].

The LPCVD deposition of TEOS is a conformal process that produces a layer of high quality
Si0O;,, which copies the etched morphology on the top surface of the PIC (Fig. 3(a) iv). The surface
morphology needs to be removed to have a flat surface for the next layer to be fabricated without
any extra loss. Moreover, the surface roughness of the deposited TEOS can be significantly higher
compared to the surface roughness of the thermal SiO; and the deposited SizNy, as reported
in Fig. 3(c). This could lead to additional scattering loss in the second layer. Therefore, the
planarization step plays a crucial role in the performance of a multilayer PIC.

We used chemical mechanical polishing (CMP) to planarize the surface morphology and define
the residual thickness on top of the dispersion-engineered waveguides. We initially calibrated the
removal rate of TEOS on unpatterned wafers by measuring the SiO, thickness across the wafer
before and after polishing with white light reflectance spectroscopy. The removal rate was used
to decide the thickness of the TEOS buffer layer to completely planarize the surface morphology
given a pattern density of 1%, comparable to the average pattern density of our design. Indeed,
the removal rate of the surface morphology depends on the pattern density of the bottom layer
[54]. Therefore, we added dummy structures to homogenize the pattern density and we deposited
a thick buffer oxide layer to attain a homogeneous residual thickness between the NLL and the
LL.

This allowed us to reach a 389+70 nm residual thickness on top of the dispersion-engineered
layer with a target residual thickness of 300 nm. The error is calculated as the standard deviation
of the residual thickness distribution. The average value is larger than the target, but we decided
not to perform a correction polishing step because some points on the wafer had a residual
thickness as low as 220 nm. Further polishing would have increased the risk of removing the
buffer layer between NLL and LL, compromising the performance of the devices. We confirmed
via eigenmode expansion simulation that a residual thickness between 100 nm and 600 nm does
not significantly affect the performance of the coupler.
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Fig. 3. Multilayer integration process. (a) Fabrication flow of the multilayer device.
(b) Surface profiler scan (top) of an array of waveguides before (blue) and after (red)
polishing. Atomic force microscopy (AFM) micrograph was acquired on the sample after
polishing and a profile is reported (bottom) showing a small residual step. (c) AFM
micrographs of the sample in different phases of the process. From top left clockwise:
thermal oxide before SizN, deposition, deposited Si3Ny4, TEOS after and before polishing.
All the micrographs share the same colormap scale, reported on the right.

It is crucial to preserve the performance with the added fabrication complexity. CMP is a
process that involves chemicals that can affect the optical performance, e.g., KOH [53,55], and
nanoparticles of SiO,, which can adhere to the surface and be difficult to remove. To minimize
the added loss due to CMP we cleaned the wafer by submerging it in a megasonic bath and
we performed RCA cleaning maintaining the wafer in wet condition. This helps minimize the
number of particles that bond on the wafer surface before they are removed by the cleaning
process.

After polishing, the surface morphology is completely removed, as shown in Fig. 3(b). Only a
step of a few nanometers is present, akin to the waveguide morphology. Since the two layers are
not optimized for waveguide crossings, this residual step will affect the two platforms only where
the NLL and the LL overlap, which happens only at the 3D couplers shown in Fig. 4(a).

Another advantage of the CMP process is the reduction of the surface roughness of the
deposited TEOS layer. In Fig. 3(c) are reported atomic force microscopy (AFM) scans of the
oxidized Si wafer, the LPCVD Si3Ny4 and the LPCVD TEOS before and after polishing. All the
raw scans were processed by removing a second-degree polynomial plane and rows alignment
via slope removal (polynomial of degree 1). The roughness error was calculated as the standard
deviation of three measurements taken on different wafers with the same material and similar
processing parameters. The thermal SiO, displays the best roughness and the Si3Ny4 deposited
with LPCVD shows a moderate increase in roughness. The TEOS after deposition displays the
worst surface roughness, approaching the nanometer scale. However, after CMP the residual
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Fig. 4. Interlayer coupling. (a) Schematic of the 3D coupler and evolution of the mode
along the double adiabatic taper. (b) Simulation of the alignment tolerance of the 3D taper
for shifts of the top layer in the x direction. The solid line represents zero offset and the
dashed lines have an offset increment of 100 nm. Inset: SEM top view of the alignment
marker with the LL marker and the buried NLL marker (partially highlighted in red). (c)
Experimental insertion loss (blue) of a 3D coupler with error bar and simulated loss obtained
with FDTD simulation.

roughness is equivalent to the thermal SiO,, thus restoring a pristine surface where to fabricate
the second layer of SizNy.

To couple the two platforms we used a 3D coupler based on a double inverted taper structure
[45,49], as shown in Fig. 4(a). This type of coupler adiabatically transfers the mode from the
bottom waveguide to the top waveguide.

The double tapered geometry makes this coupler broadband, with an FDTD simulated 0.1dB
bandwidth of ~600 nm, and resilient to misalignment, as shown in Fig. 4(b). Shifting the top
taper up to 100 nm in the x direction does not affect significantly the transmission efficiency of
the coupler as shown in the eigenmode expansion simulations reported on 4(b). Nevertheless, an
alignment better than 100 nm must be achieved to not introduce any extra loss in the transition.
For this reason, we used buried SizN4 markers, detectable with a deep scan of the EBL at 100 keV
acceleration. The alignment between the two layers was measured with a Vernier scale and
scanning electron microscopy (SEM) as reported in the inset of Fig. 4(b). Here we can see a top
view of the Vernier scale after etching the LL. The LL marker is clearly visible on the top and the
buried NLL marker is partially highlighted in red to improve the contrast. The shift between the
markers of the Vernier scale is lower than the resolution of the measurement, therefore, we can
estimate it to be better than 100 nm.

We used the cut-back method to experimentally evaluate the performance of the 3D couplers.
We measured the response of different waveguides where we cascaded an increasing number of
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paired 3D couplers. We linearly interpolated the responses of the devices and obtained the loss
per 3D coupler as the slope of the fitted data. The uncertainty reported is calculated from the
covariance matrix of the linear fitting. The uncertainty is relatively large and reaches negative
values. The negative values have no physical meaning, and they occur due to the uncertainty
of the slope calculation when fitting the signal. Indeed, the response of the cascaded couplers
is dominated by the insertion loss of the facet (~1.5 dB/facet), which is affected by the quality
of the fiber-to-waveguide alignment. Nevertheless, we can see good agreement between the
experimental data and the FDTD simulation, thus, we can conclude that the coupling between
the two layers introduces negligible loss across a large bandwidth.

After fabrication of the two layers, we tested the waveguide designs A and C with the same
methods described in section 2; now the two ring resonators are fabricated in the same chip.
The performance of both platforms is maintained with the multilayer integration. Indeed, we
measured an equivalent propagation loss of 3.6 dB/m for design A and 5 dB/m for design C, in
line with what we observed in the two independent wafers. This is the first time to our knowledge
that a dispersion-engineered silicon nitride layer is co-integrated with a linear single-mode
processing unit while preserving ultralow losses.

4. Linear processing of power-efficient microcombs

The multilayer approach is beneficial when a combination of linear and nonlinear operations
must be performed on the same chip. As a proof of concept, we designed a power-efficient
microcomb [56] and combined it with the LL in two distinct devices: one simple demonstration
of the stability of the comb with a 3D coupler and the demultiplexing of the frequency comb.

In the first test (Fig. 5(a)), we combined the microcomb with a 3 dB splitter based on a
multimode interference (MMI) coupler, fabricated in the NLL. One of the two branches is
coupled out of the chip and used as a reference arm (NLL output in Fig. 5(a)). On the other
branch, we added a 3D coupler as described in section 3. The 3dB coupler was characterized to
have 0.35 + 0.09 dB loss by using the cut-back method and cascading seven couplers. Using
a splitter before the 3D transition guarantees that the signal at the NLL output is comparable
to the one before the 3D coupler. After the coupler, the signal is routed to the edge of the chip
to the LL output. In Fig. 5(b) we show the two combs generated and measured from the two
different ports and the respective beat notes. Both combs display conversion efficiency >34%
and >52 lines with power above -20 dBm. This means that neither the power splitter nor the 3D
coupler significantly affects the performance of the generated comb. Moreover, by monitoring the
repetition rate beatnotes in Fig. 5(c) we can see that the coherence of the microcomb is maintained
in the transition between the platforms. This is crucial for coherent optical communication [57].

In the second demonstration, we combine the same power-efficient microcomb with a
demultiplexer on chip based on an arrayed waveguide grating (AWG) designed to filter nine lines
of the frequency comb. The AWG is designed and fabricated in the LL. A microscope picture of
the device is reported in Fig. 5(d). As in the previous demonstration, we included a 3dB splitter to
monitor the frequency comb before it is processed by the AWG. However, in this demonstration,
the splitter is added in the thin layer. This allows us to have a more consistent reference of the
comb measured at the monitor port and at the input of the device under test, i.e., the AWG. The
MMI coupler designed in the LL was characterized to have 0.3 = 0.1 dB of insertion loss.

The AWG is designed as a 2x9 channel device with 100 GHz channel spacing. One of the two
input channels is used as a comb input, the other one is included as a monitor. The nine output
channels of the AWG are routed to the edge of the chip and coupled to the measurement setup
via tapered fibers. Before demultiplexing the microcomb, we characterized the response of the
AWG with a broadband laser frequency comb with 250 MHz spacing to evaluate the response
of the device, reported in Fig. 5(f). The AWG shows an insertion loss of 2.5 dB for the best
channel. The channel spacing is >90GHz for channels 1-5 and then it drops to 80GHz. The high
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Fig. 5. Linear processing of microcomb. (a) Microscope picture of the power-efficient
comb generator combined with a 3dB splitter and a 3D coupler. The NLL and the LL outputs
are marked with blue and orange respectively to identify the lines in (b) and (c). The bright
lines and pads are the metal heaters and probe pads. (b) On-chip power of the power-efficient
microcomb measured at the NLL (blue) and the LL (orange) output. Both display conversion
efficiency >34% and >52 comb lines have power > — 20 dBm. (c) Repetition rate beat notes
of the soliton generated. The resolution bandwidth (RBW) is 100kHz. (d) Microscope
picture of the power-efficient comb generator combined with an AWG to demultiplex nine
frequency lines. (e) Comb lines from the microcomb with conversion efficiency 27% and 69
lines with power > — 20 dBm. The pump location is 1550.95 nm. (f) Characterization of the
AWG channels. (g) Demultiplexed comb lines from channels 3 and 4 of the AWG.
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insertion loss and low channel spacing accuracy are due to Si3Ny residuals at the interface with
the waveguides and the free propagation region. In this region, the pattern density and the narrow
gaps of 300 nm make the resist developing and etching more challenging, hence they are more
prone to unetched Si3Ny residuals. Further process calibration for densely patterned areas can
drastically improve the performance of this device.

The demultiplexing of the microcomb was done by tuning the comb so that one of the frequency
lines matched one of the channels of the AWG. The generated frequency comb matched to the
response of the AWG is reported in Fig. 5(e). In Fig. 5(g), we report two of the demultiplexed
lines.

5. Conclusions

In the telecom range, a Si3Ny platform designed for Kerr nonlinear optics displays a fundamental
tradeoff between loss, confinement, and multimode behavior, which hinders ultralow-loss linear
operations. In this work, we have reported an approach to overcome these limitations by
monolithically integrating two layers of SizNj4 operating in the ultralow-loss regime and tailored
for nonlinear and linear operations, respectively. The linear and nonlinear platforms are integrated
without significant degradation of the waveguide propagation loss and with negligible transition
loss.

This work opens an avenue of opportunities for high-performance linear processing of
Kerr nonlinear sources, ranging from quantum optics [38] to chip-scale synthesizers [35].
Furthermore, the additional layer would allow for the development of low-loss fiber-coupling
interfaces [58] and a decrease in reflections to slab waveguides of higher-refractive index materials
[59], thus facilitating the dense heterogeneous integration with ultralow-loss silicon nitride for
high-performance PICs.
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