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Abstract: Integration of SiN films with Si photonics platforms is attractive for the 3D integration
of multiple waveguide levels in optical routing circuits. This paper reports on the optical
characterization of SiN films deposited by PVD and PECVD with the STMicroelectronics 300
mm Photonic R&D platform at CMOS-compatible temperatures. SiN deposition was engineered
to reduce the propagation losses caused by 2nd harmonic vibrational absorption of NH bonds.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Silicon photonics has undergone extensive development during the last three decades thanks to
the transparency and high refractive index of silicon in the near infrared, as well as advanced
CMOS manufacturing, allowing size reduction and large-scale integration of passive building
blocks for optical routing [1–2] and efficient modulation [3–6]. The lack of active functions such
as optical sources and detectors is due to the indirect band gap of silicon. When an active device
is needed, heterogeneous integration of III-V [7] and Ge on Si [8–9] materials is widely used on
300 mm wafer photonic platforms fabrication [10–11].

Nowadays, demand for integrated photonics has expanded to many fields, such as sensors, where
materials other than Si are preferred, such as silicon nitride (SiN) [12]. SiN has lower thermal
conductivity which is important for athermal devices and a bandgap exceeding 4 eV which avoids
two-photon absorption at high power. Moreover, its lower refractive index contrast with SiO2
reduces vertical wall roughness induced propagation losses for single mode waveguides operating
just below the cutoff of the first higher order mode above the fundamental [13]. Multilayer SiN
deposited by low pressure chemical vapor deposition (LPCVD) on silicon photonics substrates is
available from Ligentec (thick SiN platform) [14–16], LioniX International (Triplex) [17–20],
AMO GmbH (nanophotonic platform) [21–24], CNM-VLC silicon nitride platform [25–28], and
IMEC (BioPIX) [29–34]. Deposition at higher temperature with LPCVD (>700°C) is preferred
over plasma-enhanced chemical vapor deposition (PECVD,< 400°C) to avoid the propagation
losses in the C band due to NH bonds.

Physical vapor deposition (PVD) has become attractive recently for manufacturing SiN
waveguides with relatively low losses (1.6 dB/cm) at a 400°C peak processing temperature
[35]. Furthermore, PVD at lower temperatures (200°C) leads to a reduction of the unwanted
NH bond absorption. This paper presents two PVD low temperature SiN deposition processes
for CMOS-compatible fabrication of integrated photonics devices. Basic passive integrated
photonics structures were fabricated to characterize their performance compared to SiN films
deposited by PECVD.
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2. SiN deposition process

SiN film deposition was performed on 300 mm SOI wafers (2 µm underlying thermal SiO2
layer to prevent leakage to the substrate). SiN film thickness was fixed at 350 and 600 nm to
preserve compatibility with the standard processes available on the STMicroelectronics industrial
R&D platform for processing of photonic integrated circuits on 300 mm silicon-on-insulator
(SOI) wafers. To overcome the losses from NH bonds resulting from PECVD deposition,
we investigated PVD using RF sputtering with a silicon target and an argon/nitrogen plasma
(deposition temperature below 200°C for CMOS compatibility). The stoichiometry of the plasma
is varied to control the optical refractive index of the films. We compared the performance
of PVD films deposited under two sets of conditions with films deposited using the standard
PECVD process.

The first PVD film (“PVD 1”) was deposited using a plasma of Ar and N2 with a Ar/N2 ratio
of 0.3. The second PVD film (“PVD 2”, “Si-rich”) was deposited using a Ar/N2 ratio of 0.25.
Table 1 gives the thicknesses of the deposited films as well as their optical indices measured
using ellipsometry and fitted with Cauchy’s dispersion law.

Table 1. Thicknesses and optical refractive indexes of
the SiN films deposited by PVD and PECVD

n (λ= 1.31 µm) n (λ= 1.55 µm) SiN thickness

PVD 1 1.944 1.942 632 ± 8 nm

PVD 2 1.989 1.985 627 ± 16 nm

PECVD 1.913 1.910 600 ± 20 nm

3. Waveguiding component design

A variety of photonic structures such as strip waveguides, multi-mode interferometers (MMI),
and ring resonators, were patterned and fabricated using the SiN films and encapsulated in
TEOS silicon oxide. TE/TM mode effective indices in the strip waveguides were estimated for
wavelengths between λ=1.2 µm and λ=1.7 µm using a custom-developed full vectorial finite
difference mode solver [36–37]. Cartesian and cylindrical coordinates were used respectively
for the design of straight and bent waveguides. Waveguides having a 600 nm thickness were
designed to have a width below 700 nm, to ensure single mode operation across the considered
spectral range. Transparent boundary conditions were used for the calculation of bending losses.
Bending radii were set to 20 µm to limit radiative bending losses to under 0.2 dB/90° at 1.55 µm
(modeled and measured bending losses are compared in the next section).

Figure 1 shows the mode solver estimations of quasi-TE mode effective index versus wavelength
for 500 nm and 600 nm wide waveguides fabricated with (a) PVD1 and (b) PVD2 films. To
facilitate the comparison of the mode solver predictions with experimental measurements below,
3rd order polynomial models were fitted to the mode solver results according to Eq. (1):

neff = a4λ
3 + a3λ

2 + a2λ+ a1 (1)

The mode matching method (MMM) was used to design a polarization insensitive MMI
splitter. This method consists in segmenting the MMI structure into three parts (input waveguide,
multimode section, output waveguides, see Fig. 2 a). A mapping of light intensity for the TE
mode in the MMI splitter is shown in Fig. 2 b). For each section, both guided and radiative modes
are calculated to estimate their transmission and reflection coefficients. In the input waveguide,
the fundamental TE and TM modes are computed (both even), while in the output waveguide,
the fundamental TE (even) and TM (odd) modes are computed. At least 5 TE and TM modes
are required in the multimode section for realistic modeling of the device (scattering losses
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(a) (b)

Fig. 1. Mode solver estimations (points) for quasi-TE mode effective indices for 500 nm
and 600 nm wide waveguides with 3rd order polynomial fits (lines) to the mode solver data
for (a) PVD 1 and (b) PVD 2 SiN films.

below 0.1 dB in the output waveguides). The smallest dimensions that satisfy this condition
are a width of WMMI= 3.2 µm and a length of LMMI= 7.7 µm. The spacing between the output
waveguides (spMMI = 1.9 µm) and the length of the multimode section are chosen to match the
output positions of TE and TM modes in the MMI, maximizing transmission in the output
waveguides. For this design, modeled transmission losses are below 0.1 dB, without the need for
adiabatic tapers between the multimode section and the output waveguides.

WMMI

LMMI

spMMI

(a) (b)

Fig. 2. (a) Geometry of the MMI and illustration of the mode matching method to model the
light propagation through the splitter for the TE polarization; (b) Mapping of light intensity
distribution in the MMI splitter (WMMI = 3.2 µm, LMMI = 7.7 µm – light propagation is
from bottom to top)

4. Test structure characterization

The test structures shown in Fig. 3 were fabricated with the three SiN films of Table 1. Linear
propagation losses were measured with structure (a), radiative bending losses for 20 µm radius
90° turns were measured with structure (b), and straight waveguide dispersion was measured
with structure (c).

Linear propagation losses were measured using a broadband superluminescent diode (SLED)
and a polarization maintaining tapered fiber to inject light by butt-coupling in the structures
shown in Fig. 3(a). Transmission was measured with an optical spectrum analyzer (OSA). Loss
levels were determined by differential measurements from three devices with an identical number
of corner sections but with straight sections of varying length between the corners (4.2, 7 and
9.2 cm). At each wavelength, transmission measurements as a function of length were fitted
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(a)

(b)

(c)

Fig. 3. Test structures used for optical characterization: (a) spirals for linear propagation
loss measurements, (b) sequence of 90° turns, with 1× 2 MMI splitters and straight reference
arms, for bending loss measurements, (c) asymmetric Mach-Zehnder interferometer for
dispersion measurements.

using linear regression where the slopes provided the propagation losses in dB/cm. The York
method [38–39] was used to calculate the standard deviation between the measurements and the
model using error estimations on both coordinates (0.1 µm rms error on waveguide length due
to stitching effects on the UV mask, 10% rms error on output power estimated from repeated
measurements).

Linear propagation losses as a function of wavelength in a 700 nm wide waveguide for
the 3 film types are shown in Fig. 4 for (a) TE polarization and (b) TM polarization. The
PECVD film shows low propagation losses around 1310 nm (-0.71± 0.11 dB/cm), whereas
around 1550 nm the NH absorption peak [40] causes higher losses (-3.20± 0.33 dB/cm at
1560 nm). This problem was solved by the PVD 2 film which does not show any absorption
peak around 1550 nm (-1.62± 0.11 dB/cm). However, PVD 2 shows higher losses at 1310 nm
(-3.52 dB/cm± 0.11 dB/cm). Finally, though the PVD 1 film shows an absorption peak around
1550 nm, it has lower propagation losses compared to PVD 2 at 1310 nm. While its losses are
higher compared to the PECVD film at that wavelength, losses could be decreased by increasing
the film density.

Quasi-TE mode bending losses though 20 µm radius 90° turns were measured using the
structures shown in Fig. 3(b) having varying numbers of turns (20, 40 and 60), with a straight
reference arm for normalization with respect to input power. Imbalances between the output
arms of the MMI splitters were less than 0.1 dB over the measurement spectral range. Losses
were calculated by first subtracting the output power from the reference arm followed by linear
regression on the data, where the slope yielded the value for losses per 90° turn. As above,
the York method was used to calculate the standard deviation between the measurements and
the model. Figure 5 shows experimental results for 500 nm and 600 nm wide strip waveguides
fabricated from PVD 1 and PVD 2 SiN films. The dashed lines show the modeled purely radiative
bending losses. As seen in the figure, for wavelengths below 1450 nm, the measured losses are
very close to the radiative bending losses predicted by the model. As the wavelength increases,
the mode profiles widen and losses from vertical sidewall roughness become significant, adding
to radiative bending losses such that the modeled and measured values diverge.

Waveguide dispersion was measured using the structures shown in Fig. 3(c). The asymmetric
Mach-Zehnder interferometers (MZI) were fabricated with both 500 nm and 600 nm wide
waveguides using PVD 1 and PVD 2 films. Figure 6 shows the measured and modeled values of
the MZI output as a function of frequency (quasi-TE mode) for a device fabricated from 600 nm
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Fig. 4. Estimation of linear propagation losses from experimental measurements obtained
with structures shown in Fig.3a fabricated with the three types of SiN films: (a) TE and
(b) TM polarizations (700 nm width waveguides). The error bars indicate the maximum
deviations from the linear regression slopes at each point (N= 3 with 4.2, 7 and 9.2 cm).
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Fig. 5. Estimation of quasi-TE mode bending losses from experimental measurements
through 20 µm radius 90° turns obtained with structures shown in Fig.3b for 500 nm and
600 nm width strip waveguides fabricated with (a) PVD 1 (b) PVD 2 films. The error bars
indicate the maximum deviations from the linear regressions at each point (N= 4 with 0, 20,
40 and 60 bends). The dashed lines show the modeled purely radiative bending losses.

wide waveguides on PVD 1 film. The output for the MZI can be modeled as (2):

Pout = A(λ) · cos2
(︃
π.neff(λ) · ∆L

λ

)︃
+ Offset(λ) (2)

where A(λ) is the oscillation amplitude envelope (mainly due to the power spectrum of the
source), Offset(λ) is the offset from the horizontal axis due to the imbalance between the 2 arms
of the MZI resulting from fabrication defects, ∆L is the length difference between the 2 arms of
the MZI (100 µm by design), and neff is the mode effective index in the straight sections. The
A(λ) and Offset(λ) parameters are estimated directly from the experimental data in Fig. 6. The 5
remaining model parameters (∆L and the ai in neff modeled by a 3rd order polynomial) are found
by Levenberg-Marquardt non-linear minimization [41] (the fitted polynomial model parameters
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in Fig. 1 and the fabrication value of ∆L are used as initial estimates). Table 2 shows fitted model
parameters for 500 nm and 600 nm wide waveguides fabricated from PVD 1 and PVD 2 films.
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Fig. 6. Measured and modeled MZI output as a function of frequency for a device fabricated
from 600 nm wide waveguides on PVD 1 film (quasi-TE mode).

Table 2. Fitted model parameters to Eq. (2) for 500 nm and 600 nm wide
waveguides fabricated from PVD 1 and PVD 2 films

a1 a2 a3 a4 ∆L (µm)

PVD 1 600 nm 2.031722 -0.207645 -0.137300 0.050496 98.54

PVD 2 600 nm 1.863484 0.262994 0.461895 0.1241670 99.42

PVD 1 500 nm 2.077583 -0.336101 -0.069309 0.040907 98.40

PVD 2 500 nm 2.150789 -0.348823 -0.085166 0.048302 99.58

Waveguide dispersion, D, is calculated as:

D(km · ps - 1 · nm - 1) = -
λ

c
·
∂2neff

∂λ2
=-

104

3
(2a3λ + 6a4λ

2) (3)
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Fig. 7. Dispersion for straight waveguide sections as a function of wavelength estimated
with Eq. (3) and the model parameters from Table 2. For the PVD2 film, the zero-dispersion
wavelength is very close to 1310 nm.
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Figure 7 shows the resulting dispersion for straight waveguide sections as a function of
frequency, estimated with Eq. (3) and the model parameters from Table 2. For the PVD 2 film, the
zero-dispersion wavelength is very close to λ= 1240 nm. This characteristic can be interesting
for frequency-comb generation [16].

5. Conclusion

Two types of silicon nitride films deposited by PVD with the STMicroelectronics platform
were characterized in terms of linear propagations losses, bending losses, and dispersion over a
1300 nm to 1700nm bandwidth. The low temperature (200°C) deposition of PVD is compatible
with the CMOS process. For the PVD 2 film, propagation losses (1.62 ±0.11 dB/cm at 1550 nm)
were significantly lower compared to PECVD (>3.5 dB/cm at 1550 nm). These losses could be
further reduced by increasing film density. Estimations of dispersion in the straight waveguide
sections showed a near zero dispersion behavior close to 1240 nm.
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