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We report supercontinuum generation in nitrogen-rich (N-rich) silicon nitride waveguides fabricated through
back-end complementary-metal-oxide-semiconductor (CMOS)-compatible processes on a 300 mm platform.
By pumping in the anomalous dispersion regime at a wavelength of 1200 nm, two-octave spanning spectra cover-
ing the visible and near-infrared ranges, including the O band, were obtained. Numerical calculations showed that
the nonlinear index of N-rich silicon nitride is within the same order of magnitude as that of stoichiometric silicon
nitride, despite the lower silicon content. N-rich silicon nitride then appears to be a promising candidate for

nonlinear devices compatible with back-end CMOS processes.
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1. INTRODUCTION

For many years, nonlinear optics has been unlocking new func-
tionalities in optical communications (imaging or sensing, for
example). Among these functionalities, we can cite electro-
optic modulation through the Pockels effect, parametric ampli-
fication, or frequency conversion. There is a particular interest
in applications involving frequency conversion. In this context,
third-order nonlinear effects are of great concern, especially
supercontinuum generation (SCG).

The latter has been widely studied in photonic crystal fibers
[1], leading to advances in optical coherence tomography [2],
precise measurement of optical frequencies [3], sensing and
microscopy [4], to name a few. Recently, efforts have been
made to develop SCG on-chip. High nonlinearities have been
achieved, e.g., in chalcogenide glasses [5] or III-V materials
[6,7]. However, these materials are not appropriate for large
scale and low-cost production of compact electronics and
photonics devices due to their lack of complementary-metal-
oxide-semiconductor (CMOS) compatibility. This obstacle can
obviously be overcome with silicon photonics. Silicon has a
high nonlinear index, and interesting SCG results have been
demonstrated in the past few years [8—14]. However, the large
two-photon absorption (TPA) in the near-infrared wavelength

2327-9125/20/030352-07 Journal © 2020 Chinese Laser Press

range is a major drawback for nonlinear photonics using silicon
[15]. On the other hand, a silicon nitride (SiN,,) platform is
compatible with silicon technology and offers a nonlinear index
10 times higher than that of silicon dioxide with negligible TPA
in the near-infrared wavelength range [16]. Hence, in the last
decade, multiple studies have demonstrated wide SCG in SiN,,
waveguides featuring broadband spectra [17-29]. Applications
of supercontinuum in SiN, have been shown with, for example,
an f-to-2f interferometer for carrier envelope offset frequency
detection [21,24,30-32], or mid-infrared generation of disper-
sive waves (DWs) for gas spectroscopy [28]. However, most
of the reported SiN, devices were fabricated using high tem-
perature processes such as low-pressure chemical vapor depo-
sition (LPCVD) or annealing steps to avoid cracks in the films
and to achieve ultralow linear losses. Such high temperature
fabrication steps are not compatible with back-end CMOS
processes, hindering the integration of SiN, active devices on
electronic—photonic-integrated circuits for large-scale and low-
cost production. Plasma-enhanced chemical vapor deposition
(PECVD) addresses this issue since it is a low temperature dep-
osition method (<500°C) widely used to deposit SiN, films
in CMOS foundries. Nonetheless, this deposition method in-
volves the use of precursor gas such as silane, resulting in N-H
dangling bonds in the SiN, film, known to be responsible for
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strong absorption at wavelengths around 1.5 pm. Recently, re-
sults have been published indicating the possibility of drasti-
cally reducing the linear losses at 1550 nm by employing
deuterated SiN, to shift the absorption band due to N-H
bonds from 1.5 pm to 2 pm, allowing low loss in the C band
without needing high temperature processes [33]. Wang ez al.
also established a back-end CMOS-compatible process to fab-
ricate silicon-rich nitride waveguides [34] through bandgap en-
gineering. Despite showing good nonlinear properties and low
TPA at 1550 nm wavelength, the linear losses are still high
(10 dB/cm) because of Si-H and N—H bonds as a result of
the film deposition method. Other work has been done on an
annealing-free process using stoichiometric SiN, based on an
ultralow deposition rate in LPCVD [35]. Several deposition
steps with different orientation of the wafer are operated to
avoid cracks by spreading the tensile stress in diverse directions.
This study demonstrated a frequency comb generation by
pumping a waveguide at 1550 nm wavelength. These methods
can be back-end compatible solutions for nonlinear photonics
in the C band, but still no advances have been shown to reduce
linear losses in the O band (1260-1360 nm) with similar proc-
esses. In this work, we focus on SCG within this range in the
frame of the STMicroelectronics industrial platform, aiming
at data communications application at 1.31 pm wavelength.
In this case, it is necessary to reduce the effective index of
the SiN, waveguide for optimal fiber-to-chip coupling. The
use of a nitrogen-rich (N-rich) SiN, is favorable in this case
since the refractive index of SiN,. decreases when increasing the
amount of nitrogen [36], and it can be deposited with a low-
temperature PECVD technique. Moreover, the N-H bonds do
not affect the propagation loss in the O band, and it even has
been reported that linear losses at 1.31 pm are lower for N-rich
SiN,, (<1 dB/cm) than for stoichiometric SiN, [36]. This is
the approach we chose in this study, as it permits us to obtain
low linear-loss films through a simple back end of line-compat-
ible process appropriate for the STMicroelectronics platform.
Here we report a two-octave spanning SCG covering the visible
range and the O band in N-rich SiN, waveguides fabricated on
a 300 mm platform at STMicroelectronics. Despite the non-
linear index of N-rich SiN, being unknown, we estimated the
nonlinear coefficient of our device by fitting curves obtained
through numerical simulations to the experimental data. It ap-
pears that the nonlinear coefficient of our N-rich SiN, wave-
guides is of the same order of magnitude as the one predicted
for a stoichiometric Si; N4 waveguide with the same dimensions
(y ~1 W-.m™). Since many SCG applications rely on co-
herence, we investigated the latter through numerical simula-
tion by calculating the first-order degree of mutual coherence.
It shows that for waveguides slightly longer than the soliton
fission length, the supercontinuum spectrum exhibits a high
coherence over more than one octave. Therefore, N-rich
SiN, waveguides appear to be a promising platform to develop
large-scale nonlinear photonics.

2. SAMPLE FABRICATION

The waveguides were fabricated in STMicroelectronics facilities
on a 300 mm platform. First, a thermal oxidation of a silicon
substrate is performed to obtain a 600 nm-thick silicon dioxide

(8iO,) layer. Two tetraethyl orthosilicate (TEOS) deposition
steps are carried out to form a total of 2 pm-thick SiO, layer.
Then a 600 nm-thick N-rich SiN,, film is deposited with low-
temperature PECVD (480°C, <5 Torr with SiH,, NHj3, and
N, gas). Finally, a deep-UV lithography step followed by an
etching to define the waveguide was carried out. Since the non-
linear coefficient of N-rich SiN, is unknown and expected to be
lower than the nonlinear coefficient of stoichiometric SiN,,, we
fabricated long waveguides to have an important nonlinear in-
teraction length. Thus, the initial design consists in a spiral con-
stituted of two different widths: a narrow-enough section to be
single-mode in the bending regions to prevent important bend-
ing loss; and a larger multimode section to reduce the overlap
between the fundamental mode and the sidewalls in order to
diminish the linear propagation loss in the straight regions. We
performed numerical simulations using a mode solver to find
suitable waveguide widths for the single-mode and multimode
regions for wavelengths lower than 1300 nm, since at higher
wavelengths, the linear losses of N-rich SiN, increase [36].
For a 700 nm width, the waveguide is single-mode in the
near-infrared wavelength range (1000—1300 nm) while confin-
ing the light well. This value is then the one we used for the
single-mode regions. For widths larger than 1000 nm, the
waveguide is multimode in the near-infrared wavelength range.
Furthermore, the multimode section is engineered to optimize
the anomalous dispersion, as reported in the next section.
Transverse-electric (TE) polarization will be used because the
mode simulations show a lower modal effective area A4 than
the transverse-magnetic (TM) polarization (A.s = 0.58 pm?
in TE, Agg = 0.72 pm? in TM for a 1200 nm-wide waveguide
at 1200 nm wavelength), which is an advantage for SCG as it
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Fig. 1. (a) Schematic view of the waveguide section; (b) SEM view
of spiral waveguide; (c) and (d) TE mode profile at 1200 nm wave-
length for a 700 nm-wide waveguide and a 1200 nm-wide waveguide,
respectively; (e) schematic view of the final design for the straight
waveguide (top view).
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Fig. 2. (a) Refractive index of N-rich SiN, measured by ellipsom-
etry compared to SizNy; (b) calculated dispersion parameter in an

N-rich SiN, waveguide for different widths.

results in a higher effective nonlinear coefficient. In addition to
the spirals, straight waveguides were also fabricated. As dis-
cussed further in the paper, both waveguide sections present
in the spirals affect the SCG. To be able to compare the results
of the spirals to the shorter straight waveguides, the latter are
also constituted of the two different waveguide sections, linked
by a 200 pm-long taper providing an adiabatic transition.
A schematic view of a waveguide cross section and a scanning
electron microscope view of a fabricated spiral are represented
in Figs. 1(a) and 1(b). The waveguide’s sidewalls are tilted by 3°
due to the etching process.

To characterize the index of the deposited film, an ellipsom-
etry measurement was performed on an unpatterned N-rich
SiN, layer. The corresponding refractive index is plotted in
Fig. 2(a). As expected, the refractive index of N-rich SiN, is
lower than the one of stoichiometric SiN,, (calculated using
its Sellmeier equation from Ref. [37]), since the relative amount
of silicon is reduced.

3. DISPERSION CALCULATIONS

Since pumping the nonlinear medium in the anomalous
dispersion regime to achieve broadband SCG is required, we
performed dispersion calculations to define the width of the
multimode region. While the material dispersion of N-rich
SiN, is normal, it is possible to tailor the effective dispersion
by playing on the dimensions of the waveguide geometry to
obtain an anomalous dispersion for the guided mode.
Numerical mode simulations were performed for several wave-
guide widths, and the dispersion parameter was then calculated,
as shown in Fig. 2(b). Anomalous dispersion gets stronger when
decreasing the width, as exhibited in the results for 700 and
1200 nm-wide waveguides. For the 1700 nm width, there is
no anomalous dispersion regime, which is not convenient for
SCG. It can be seen that for a 1200 nm-wide waveguide, a flat
anomalous dispersion regime is obtained, covering the entire
O band. The waveguides were then fabricated with a 1200 nm

section for the multimode regions. It is important to notice that
the 700 nm-wide section used for the single-mode regions also
displays a strong anomalous dispersion regime that has to be
taken into account in the analysis of the results. For the refer-
ence straight waveguides, a 1.2 mm-long section is 700 nm
wide, and a taper adapts the width to a 0.6 mm-long 1200 nm-
wide section. A second taper adapts the width back to 700 nm
ona 1.2 mm length, as depicted in Fig. 1(e). Spirals with differ-
ent lengths ranging from 0.6 to 5 cm were fabricated in order
to characterize the propagation loss. After measuring the linear
transmission of these spirals, we estimated the loss to be
0.6 dB/cm for the 700 nm width and 0.4 dB/cm for the
1200 nm width at 1300 nm wavelength.

4. EXPERIMENTAL RESULTS

The nonlinear characterization was performed on an 8.6 mm-
long spiral waveguide and on a 3 mm-long straight waveguide
using a 130 fs, 1 MHz pulsed laser with a tunable optical para-
metric amplifier to pump the device. The optical pulse is
assumed to be a squared hyperbolic secant with a peak power
coupled in the waveguide ranging from 250 W (37 p]J/pulse) to
9.5 kW (1.4 nJ/pulse). The pump wavelength was set to
1200 nm, near the maximum dispersion of the 1200 nm-wide
section. The experimental setup is depicted in Fig. 3. Power is
adjusted with a rotating half-wave plate followed by a polari-
zation beam splitter. The TE mode is then injected into the
sample through a wide taper with a 60x microscope objective.
Output light is collected with a second 60x microscope objec-
tive before being reinjected into a fiber connected to the detec-
tors. The coupling losses were estimated to be 7 & 0.15 dB per
facet, due to the diameter of the laser beam being larger than
the input taper and due to reflection on the facets coming from
the refractive index contrast between air and SiN,.. An optical
spectrum analyzer collects wavelengths from 850 up to
1700 nm while a grating-based spectrometer collects visible
and near-infrared light from 400 to 850 nm.

The experimental results are plotted in Fig. 4. For both
waveguide types (spiral and straight), the experimental results
were similar but the 3 mm-long waveguide has more power in
the sides of the spectrum due to lower total propagation loss. In
the following study, we focus on the 3 mm-long waveguide
since the power is higher on the global spectrum in this con-
figuration. For a peak power coupled in the waveguide lower
than 1.5 kW, we observed a broadening from self-phase modu-
lation (SPM) identifiable by the symmetric sidebands around
the pump wavelength. For peak power higher than 1.5 kW,
DWs appear, and a broadband supercontinuum is achieved
with a -30 dB bandwidth starting at 400 nm and ending at
1600 nm, corresponding to a two-octave span [Fig. 4(d), black
line]. There is a difference of background level for wavelength
under 850 nm and over 850 nm because we used two different

HWP
Fs laser — 0 . x20 90/10 coupler
—_— =
+ OPA i ED—g— D —_ -

Waveguides

NIR OSA
Visible
spectrometer

Fig. 3. Schematic view of the experimental setup. HWP, half-wave
plate; PBS, polarization beam splitter; 60x and 20x, objectives.
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(a) Experimental spectra for the 8.6 mm-long, 1200 nm-wide waveguide (blue dotted line) and the threefold 3 mm-long waveguide (black

line) for an input peak power of 3.8 kW; (b) and (c) optical images of the 3 mm-long straight waveguide and the 8.6 mm-long spiral, respectively,
from above, showing green and blue scattered light; (d) experimental (black lines) and simulated (green lines) spectra for different input peak powers;
from bottom to top: 250 W, 950 W, 3.8 kW. Curves are arbitrarily shifted for better understanding. (e) Spectral evolution along the propagation

direction for the simulated SCG 3.8 kW peak power.

detectors to extract the spectrum in these regions. A peak at
540 nm wavelength is attributed to a DW, since it is generated
in the normal dispersion regime. In addition to the peak ex-
tracted from the spectrum, we noticed a green scattered light
coming from the waveguide, which is in agreement with the
peak measured at 540 nm, and also a blue scattered light as
represented on the optical image of Figs. 4(b) and 4(c). This
blue light is not seen on the measured spectrum due to the
limited range of the visible spectrometer, whose lower boun-
dary is 400 nm. This behavior is validated by numerical sim-
ulations, as discussed in the next section. De facto, we
experimentally obtained a supercontinuum spanning over
two octaves with a coupled pump power of 3.8 kW and an
FWHM of 130 fs, corresponding to a coupled energy per pulse
of 0.56 nJ, which is comparable to the results obtained in stoi-
chiometric SiN,, reported in Refs. [18,21,25]. Still, this com-
parison does not permit us to draw any conclusion on the
inherent material properties of the N-rich SiN,, since the spec-
tral broadening arises from a combination of material properties
and waveguide dispersion.

5. NUMERICAL SIMULATIONS

To estimate the effective nonlinear coefficient of N-rich SiN,,
numerical simulations were performed to fit the experimental
data, only relying on one fitting parameter, which is the nonlin-
ear coefficient. The simulations consist in solving the generalized
nonlinear Schrodinger equation (GNLSE) [38] using a fourth-
order Runge—Kutta algorithm in the interaction picture method,

as described in Ref. [39]. The GNLSE reads as follows:

04 a * 0*A 0
= _Z / E I vl 1 / — |4 ZA, 1
oz B + lk>2ﬂk /6' atk + l}’( + Tghock at)l | ( )

where A denotes the temporal envelope of the pulse, z the dis-
tance along the propagation direction, a the linear propagation
loss coefficient, 3, the £ order of dispersion, # the time in the
comoving frame at the phase velocity of the envelope, and 7y,
a time scale describing the self-steepening effect and first-order
frequency dependence of the modal area [1]. Raman contribu-
tion was not included, as it is considered to be negligible in
silicon nitride [32]. The nonlinear coefficient y is related to the
nonlinear index 7, via the relation y = wyny (@) /[cAer(w)],
with @ being the center frequency of the pulse, ¢ the light
constant, and A (w,) the effective modal area evaluated at
. For the estimation of 7y, and y, the effective modal area
A.g was evaluated for each wavelength in the simulation win-
dow using a mode solver. Both waveguide widths of the three-
fold waveguide along the propagation direction are taken into
account. We used the 250 and 950 W peak power experimental
spectra as targets to fit the nonlinear parameter 7,, since for
these powers we only observe SPM without soliton fission, en-
abling a more accurate estimation. When comparing the simu-
lated spectra to the experimental spectra, we obtained a very
good fitting of the curves at 250 and 950 W peak power
for a nonlinear coefficient 7, ~ 1.1 x 107" m? . W-!, with
an approximate uncertainty of 10% around this value (as out-
side this range there are either no noticeable SPM features or we
observe a broadening that is too wide to be acceptable). This
value corresponds to an effective nonlinear coefficient of
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y=~13W'.m?' in the 700 nm-wide section and
y=~0.97 W' .m™ in the 1200 nm-wide section. At higher
peak power, despite a good consistency of the curve shape,
the simulated spectrum is higher than the experimental data
for wavelengths above 1.4 pm [Fig. 4(d)]. This is attributed to
a poor optical transmission at wavelengths higher than 1.4 pm
due to a high concentration of N-H bonds and leakage
through the substrate. The extracted value of the nonlinear co-
efficient 7, is lower than the one of stoichiometric SiN,. (7, =
2.4 x 107" m? . W-! [16]) as expected with the reduction of
silicon content; still, it is within the same order of magnitude.

It is also possible to predict theoretically the position of the
DWs by solving the phase-matching condition [1],

Plo) - o) - =TT )
Vg s 2

where f(w) is the frequency-dependent dispersion, wpyy is the
frequency of the DW, @, is the center frequency of the most
energetic soliton separating from the initial pulse, v, is the
group velocity at the soliton frequency, and P is the peak power
of the same soliton. The right side of Eq. (2) can be evaluated
by calculating the order /V of the initial pulse, as the peak
power of the most energetic soliton is larger by a factor of
(2N - 1)?/N? [40]. The left side of Eq. (2) is called integrated
dispersion (f,.). With Py being the initial pulse peak power,
Eq. (2) can then be written as

(2N - 1)2 rPy -

N* 2
The integrated dispersion is calculated by simulating the
dispersion of the different waveguide sections. Figure 5 shows
the calculated left side of Eq. (3) for the two different sections
present in our waveguides (700 and 1200 nm widths), assum-
ing o, and Vg5 tO be, respectively, the central pulsation and the
group velocity of the injected pulse. The soliton order of the
pulse is equal to 13 in the 700 nm-wide section and is equal to
12 in the 1200 nm-wide section. In total, the curves cross the
zero axis 3 times, indicating that three DWs are phase-matched
with the initial soliton: two associated with the 700 nm width
at 390 and 1527 nm, and one associated with the 1200 nm
width at 535 nm. The solution at 535 nm is in good agreement
with the experimental data, and the third one at 1527 nm can
be attributed to the bump observed in the experimental spec-
trum around 1530 nm. The third solution at 390 nm is not

ﬂ int © 0. (3)
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Fig. 5. Integrated dispersion for the two sections of the waveguide.

clearly visible in the measured spectrum since it is close to
the limit of the spectrometer range, yet it is clearly visible
in the simulated spectrum and is in good agreement with
the dark blue scattered light from the sample, as shown in
Figs. 4(b) and 4(c).

We also investigated numerically the supercontinuum co-
herence, as it is a key property in many SCG applications.
The coherence simulations consist in a statistical calculation
over a high number of simulated pairs of independent spectra
seeded by a quantum shot noise. At each simulation, a shot
noise is added to the initial field envelope, such as A(z) =
Ay(2) + a(z) with Ay(7) the noiseless pulse, and a(z) the shot
noise. To implement the noise in the simulation, its intensity
and phase were treated as Gaussian distributions whose varian-
ces are hvf(2Ar) and 7z, respectively, with Az being the time
discretization bin [41,42]. We simulated 40 individual spectra
and the first-order degree of mutual coherence g,, was calcu-
lated according to the procedure described in Ref. [1], giving

|4 @) 4,(@)) |
lgia(@)| = L,
V4@ PY 14 (@) )

where the angular bracket denotes an ensemble average over the
pairs of simulated spectra [4;(®), 4;(w)]. First, we performed
the simulation for a 3 mm-long waveguide. The result is plotted
in Fig. 6(b), where the orange line is the mutual degree of co-
herence, the blue lines are a superposition of the 40 simulated
spectra, and the black line is the average spectrum. It appears
that the output spectrum is submitted to strong intensity fluc-
tuations and the degree of mutual coherence is weak. Such
decoherence is typically due to modulation instability amplify-
ing the noise intensity [1]. For better understanding, we plotted
the first-order degree of coherence as a function of propagation
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Fig. 6. (a) First-order degree of coherence plotted as a function of
wavelength and propagation distance; (b) and (c) individual simulated
spectra (blue lines), average of all the spectra (black line), and degree of
mutual coherence (orange line) for a 3 mm-long and a 1.7 mm-long
waveguide, respectively.
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distance [Fig. 6(a)]. It can be seen that in the immediate vicin-
ity of the SCG (at approximatively 1.5 mm distance), the spec-
trum is highly coherent all over its wavelength range. Then, the
coherence is degraded. Hence, a solution to overcome the
coherence degradation is to use shorter waveguides, with a
length slightly higher than the soliton fission length, as shown
in Ref. [19]. An example is shown in Fig. 6(c), where the spec-
trum and its coherence are plotted for a 1.7 mm-long wave-
guide. The very small intensity fluctuations indicate that the
output spectrum is less sensitive to the noise, and the degree
of mutual coherence is nearly unity in a wavelength range from
600 to 1800 nm. This can be useful for f-to-2 f interferometry
applications, as the spectrum is highly coherent in a wavelength
range covering more than one octave.

6. SUMMARY AND CONCLUSION

In summary, we demonstrated a new platform for back end-of-
line photonics through the use of N-rich silicon nitride. Indeed,
this platform allows the fabrication of low-loss devices with a
low temperature process compatible with the cointegration of
photonics systems with electronics and active components. The
samples were fabricated on a 300 mm industrial platform, and
the waveguides used in this study showed propagation losses
lower than 1 dB/cm. Through dispersion engineering of a
waveguide by playing on its dimensions, we showed that it
is possible to obtain an anomalous dispersion regime, which
then makes the waveguide suitable for SCG. Thus, we achieved
the generation of an ultrabroadband supercontinuum covering
two octaves, comprising the visible and near-infrared wave-
length ranges. The 3 mm-long waveguide and the 8.6 mm-long
spiral waveguide were pumped at 1200 nm with a 130 fs pulse
with a coupled energy of 0.56 nJ. Numerical simulations per-
mitted us to fit the experimental spectrum and to determine the
nonlinear coefficient of the N-rich SiN, used in the experi-
ment. It resulted in an estimated 7, ~ 1.1 x 1071 m? . W~!,
which is in the same order of magnitude as that of stoichiomet-
ric SiN,.. Additional simulations showed that it is possible to
reach a very high coherence (>95%) over the whole spectrum
for shorter waveguides (~1.5 mm), which is a key property for
many SCG applications. In conclusion, this novel material
opens the way to integrated nonlinear photonics for telecom-
munications, spectroscopy, frequency metrology, or bioimag-
ing, to name some examples.
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