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Abstract: Nonlinear frequency conversion spanning from the ultraviolet to the mid-infrared (beyond 2.4 µm) is experimentally
demonstrated in multicladding silicon nitride (SiXNY ) waveguides. By adjusting the waveguide cross-section the chromatic dispersion is
flattened, which enhances both the efficiency and the bandwidth of the nonlinear conversion. How accurately the dispersion is tailored is
assessed through chromatic dispersion measurements and an experiment/simulation comparison of the dispersive waves’ wavelength
locations. Undesirable fluctuations of both the refractive index and the dimensions of the waveguide during the fabrication process result
in a dispersion unpredictability of at least 20 ps/nm/km. Finally, manipulation of the effective refractive index allows for multiple third
harmonic generated tones spanning from 381 to 715 nm.

1. Introduction

As light propagates in a waveguide a multitude of linear and
nonlinear phenomena can occur. The ability to harness and
control such phenomena is often related to the introduction of
new waveguide geometries and/or the use of innovative materials
with engineered optical properties. One well-known example
of how new geometries enhance the efficiency of light-matter
interactions came with the introduction of the photonic crystal
fiber (PCF) [1]. By optimizing the hole diameter and pitch in
PCFs, it is possible to tailor the chromatic dispersion and the
nonlinearity while maintaining single-mode confinement, thus
dramatically enhancing the efficiency of nonlinear processes [2].
As a result, broadband supercontinuum (SC) generation has, for
example, become commonly accessible, triggering breakthroughs
in several fields, such as metrology and spectroscopy [3, 4].

In the last few years, a new frontier has opened up with the use
of complementary metal-oxide semiconductor (CMOS) microelec-
tronic technology to develop silicon nanocircuits. This approach
allows the fabrication of complex photonic devices with sub-µm
sizes [5, 6]. While a wide range of nonlinear effects have been
demonstrated using CMOS-compatible materials with large non-
linearity like silicon [7–9], silicon nitride [10–15], hydrogenated
amorphous silicon [16], and aluminum nitride [17], the fabri-
cation of innovative architectures with state-of-the-art precision
can greatly enhance the efficiency of the nonlinear phenomena.
Indeed, the ability to accurately engineer the chromatic dispersion
in integrated waveguides might open new avenues for exploring
a wide range of nonlinear optical effects. However, accurate dis-
persion control in CMOS waveguides is challenging because the
fabrication process is plagued with random fluctuations that render
it difficult to accurately control both the waveguide dimensions as
well as its effective refractive index.

While in conventional optical fibers the dispersion can be pre-
determined within a precision of a few ps/nm/km, in CMOS
waveguides with large refractive index contrast, minute fabrication
inaccuracies can potentially lead to very large dispersion fluc-
tuations. Several numerical studies indicate that the chromatic

Fig. 1. Schematic of the SiXNY waveguide cross-section. (a) Single
cladding, (b) multicladding with small refractive index contrast, (c) mul-
ticladding with SiO2/SiXNY refractive index contrast, and (d) SEM
image of a SiXNY etched layer.

dispersion can be engineered by the appropriate design of a multi-
cladding cross-section [18–26]; however, a thorough experimental
analysis of how accurately the dispersion can be controlled is
still an issue in this technology. Furthermore, precise dispersion
measurements in cm-long waveguides are also challenging, adding
to the difficulty of knowing the actual dispersion and assessing
how controllable the fabrication inaccuracies can be [27].

2. SiXNY Waveguides with Engineered Chromatic Dis-
persion

SiXNY waveguides were fabricated through a plasma-enhanced
chemical vapor deposition (PECVD) process, with cross-sections
as shown in Figs. 1(a)-1(c) [27]. First, a thermal silica under-
cladding layer (2 µm thick) is deposited on a silicon substrate.
Then a SiXNY core layer with a thickness up to 915 nm is added.
An etching process allows the definition of core widths of wc = 1.3,
1.5 and 1.8 µm. Single-cladding waveguides are fabricated by
depositing a 3-µm-thick silica upper cladding on top of the SiXNY

core, as seen in Fig. 1(a). To tailor the effective refractive index



Fig. 2. Ellipsometry measurement over a 200mm wafer of the SiXNY

refractive index from a film deposited using PECVD process.

in SiXNY waveguides, two multicladding configurations are used:
with either small or large refractive index contrast. For the first case,
as can be seen in Fig. 1(b), on top of the SiXNY core two additional
SiXNY layers are deposited with thicknesses up to 400 nm and
refractive indices that are 1.5% and 3% smaller than the core,
respectively. For the large contrast case depicted in Fig. 1(c), a
silica cladding layer with a thickness up to 200 nm is deposited
first, followed by a second extra cladding layer (this time made out
of SiXNY ) with the same thickness up to t2 = 200 nm. Covering
these two cladding layers, a 3-µm silica upper cladding is finally
deposited. The waveguides exhibit a sidewall angle of 82◦, while
the sidewall thickness is ∼80% of the layer thickness.

A characterization of the refractive index and dimension fluctu-
ations of core and cladding layers could not be performed once the
waveguides were fabricated. Instead, to estimate those fluctuations,
SiXNY films were deposited with different thicknesses and under
conditions that were similar to the actual waveguides’ fabrication.
Using an ellipsometry technique, the refractive index and thickness
were measured over the whole 200mm wafer [27]. Figure 2 shows
the refractive index measurement for a 200mm wafer after an
annealing process was carried out to reduce losses. A peak-to-peak
variation of 0.7% is measured, which will produce a dispersion
uncertainty of 10s of ps/nm/km [27]. While ellipsometry measure-
ments in films estimate the parameters’ fluctuations, the fabrication
of waveguides with multiple cladding layers might affect those
fluctuations.

3. Experimental Procedures

3.1. Chromatic Dispersion Measurement

To measure the chromatic dispersion of the SiXNY waveguides, we
use a spectral domain interferometric technique. The experimental
setup is shown in Fig. 17 of [27]. The polarized light from
a broadband SC source is split into two arms, one containing
the SiXNY waveguide and the other acting as the reference arm.
Polarization controllers allow us to excite either the quasi-TE or
the quasi-TM mode of the waveguide. The light from the two arms
is then combined with a beam combiner and the interference signal
is measured using two spectrum analyzers covering a spectral
region from 600 to 2400 nm. The frequency dependency of
the effective refractive index accounts for a phase difference, φ,
between the two arms, which originates the interference spectrum.

Fig. 3. Schematic of the experimental setup.

A numerical fitting of the maxima and minima of the interference
signal allows us to retrieve dφ

dω , which is related to the propagation
constant β through β =

φ
L =

neffω
c , where L is the waveguide

length, ω is the angular frequency, neff is the effective refractive
index, and c is the speed of light. The chromatic dispersion is
calculated through D = −2πβ2c

λ2 , where β2 =
d2β
dω2 is the second

order dispersion coefficient. The measurement was performed both
with and without the chip to subtract the dispersion contribution
from the splitters, combiners, objectives, etc. Since the small
residual dispersion of the empty interferometer (with no chip)
produces a group delay difficult to measure, it can potentially lead
to a systematic error in the dispersion measurement.

3.2. Nonlinear Frequency Generation

Figure 3 depicts the setup used for frequency conversion in SiXNY

waveguides. The pump source is a mode-locked fiber laser, which
emits pulses with a width of 85 fs at a repetition rate of 51MHz.
The estimated peak power is ∼20 kW and the central wavelength
is λp = 1560 nm. We used two λ/4 plates to collimate its light
and align its polarization. A polarizer allows us to check the
state of polarization (quasi-TE or quasi-TM) entering the SiXNY

waveguide. The coupling of the light into the SiXNY waveguide is
done using an objective with a 0.66 numerical aperture (NA). The
losses due to the collimator, the λ/4 plates, and the objective are
measured to be 3 dB, while the coupling losses into the waveguide
are estimated to be between 6 and 8 dB. The maximum peak power
propagating in the SiXNY waveguide is in the range 0.9-1.1 kW
(maximum pulse energy of 110 pJ). The output power is collected
using either a silica-lensed fiber with out-coupling losses of 6.5 dB
or an objective with 0.7NA and similar losses. To visualize the
spectra we use three optical spectrum analyzers (OSAs) at a 2-nm
resolution covering from 350 to 2400 nm. We check the modal
characteristics of the SC and THG by using appropriate bandpass
filters and a beam analyzer.

Broadband supercontinuum is best achieved when a femtosecond
pump pulse propagates in the anomalous dispersion regime so that
soliton-related effects dominate the broadening [4, 28–31]. In the
initial stages, the injected high-order soliton is subject to a strong
temporal compression and the spectral broadening is triggered
by the fission of the high-order soliton into fundamental soliton

constituents. The soliton order is defined by N =

√
γP0T

2
0

|β2 |
, where

γ = 2πn2
λp Aeff

is the nonlinear coefficient of the waveguide, P0 is
the pump peak power, T0 is the pulse width defined as 1/e half-
width, λp is the pump wavelength, n2 is the nonlinear refractive
index, and Aeff is the effective area of the waveguide [31]. The
soliton fission characteristic length has been empirically defined
as Lfiss ∼

LD

N [31], where LD is the dispersion length, which is

defined by LD =
T 2

0
|β2 |

. The highest soliton pulse compression is
achieved at the soliton fission length. During the fission process
excess energy is radiated into dispersive waves (DWs). Depending



Fig. 4. SiXNY waveguides allow for broadband SC and efficient
third harmonic generation (THG). The flatter SC is obtained with a
multicladding waveguide with SiXNY /SiO2 refractive index contrast,
while the other spectrum is obtained with a single-cladding waveguide.
Inset: scattered light shows intense THG.

on the flatness of the dispersion profile, the DWs can merge with
the spectral components building up from other nonlinear effects,
resulting in the production of a fairly flat SC spectrum; otherwise,
the DWs emerge rather as isolated spectral bands.
Figure 4 shows two typical spectra obtained after propagating

these pulses in the SiXNY waveguides. SC light, together with
multiple third harmonic tones, is generated from 410 to beyond
2400 nm. The process of dispersive wave generation is also very
efficient. The frequency location, ωDW, of the dispersive waves is
given by the phase-matching condition between the femtosecond
soliton pump at frequency ωp and a continuous wave

∆κ = β(ωDW) − β(ωp) − (ωDW − ωp)/ug − γP0 = 0, (1)

where β is the propagation constant evaluated at frequencies ωDW
and ωp, and ug is the group velocity at the pump frequency
ωp [29, 30]. We must emphasize that both the spectral position
and the amplitude of the DWs are very sensitive to the dispersion
profile [32].
In addition to the SC broadening, an extra enhancement of the

frequency conversion bandwidth is obtained through third harmonic
generation (THG) [13,33–35], whose efficiency ismaximizedwhen
the following phase-matching condition is satisfied: n1

eff (ω) =
nk

eff (3ω), where n1
eff (ω) (nk

eff (3ω)) is the effective refractive index
of the fundamental (kth higher order) mode at frequency ω (3ω).

3.3. Measurement versus Simulation Comparison

To efficiently perform nonlinear frequency conversion over broad
bandwidths, a prerequisite is to have a proper characterization of the
waveguides’ chromatic dispersion in order to be able to fabricate
waveguides with a pre-defined dispersion profile. This means
assessing the main error sources in the dispersion engineering
process. Those errors come either from the dispersionmeasurement
itself or from a lack of precise control of the waveguide parameters
(dimensions and refractive indices) due to fluctuations during the
fabrication process. For this purpose, we use a full vectorial
mode solver (FemSim package from RSoft) [27] to simulate the
waveguide dispersion, which is compared with the measurement. If

Fig. 5. (a) Measured dispersion (black line); simulation with nominal
dimensions hc = 775 nm and wc = 1.5 µm (green line); with hc =
775 nm andwc = 1.3 µm (red line); with hc = 825 nm andwc = 1.2 µm
(blue line). (b) Phase-mismatch, ∆k, for dispersive wave generation
with the dispersion profiles in (a).

using the nominal fabrication dimensions and an average refractive
index value from our ellipsometry measurements does not produce
good agreement between the experimental and the simulated
dispersion, then the waveguide dimensions are adjusted until a
good fitting is found. Using the generated dispersion curves,
nonlinear simulations of the SC spectrum and the calculation of
the DW locations are performed. The mismatch between the
measured SC (and DW) spectrum and the numerically calculated
ones tells us how accurate the dispersion measurement itself is
and the uncertainty of the dimension and refractive index of the
waveguide related to fabrication fluctuations.

Even though in our waveguides up to four modes can be excited
at 1560 nm [27], we assume in our analysis that most of the
power propagates in the fundamental mode. This assumption is
corroborated by simulations that show that essentially only the
fundamental mode is excited by centered-injection of the pump
light into the waveguides.

4. Single-Cladding SiXNY Waveguide

Figure 5(a) depicts with a black line the measured chromatic
dispersion of a single-cladding waveguide [Fig. 1(a)] having nom-
inal dimensions hc = 775 nm and wc = 1.5 µm and a length
L = 4.84 cm. The measurement corresponds to the excitation of
the quasi-TE mode. For comparison, numerical calculations of the
chromatic dispersion are done using the nominal dimensions of
hc = 775 nm and wc = 1.5 µm and a sidewall angle of 82◦. The
refractive index in the simulation is the average value from our
ellipsometry measurements. The calculated dispersion, depicted as
a green solid line in Fig. 5(a), shows a non-negligible disagreement
with the measured dispersion. However, the red solid line, which
is obtained with hc = 775 nm and wc = 1.3 µm, shows a very
good accord to the dispersion measurement. While the fabrication
inaccuracy (within three standard deviations) of the core width
wc is expected to be 0.15 µm, the value of wc necessary to have a
good accord with the measurement is slightly outside this expected
fluctuation range. Therefore, to better assess the accuracy of the
dispersion measurement itself, it is necessary to resort to nonlinear
measurements and simulations. Figure 5(b) shows the calculated
phase mismatch for the generation of dispersive waves using Eq. (1)
and the dispersion profiles plotted in Fig. 5(a). The dispersion
profiles in green and red produce phase-matching wavelengths for
the generation of the DW1 that are separated by 80 nm, while for
the DW2 they are 250 nm apart. This spectral variation of the
DW location can easily be measured in experimental SC spectra to
check for the more accurate dispersion profile.



Fig. 6. SC generation. (a) Experiment (black line); simulation (red line)
obtained with dispersion in Fig. 4(a) (hc = 775 nm and wc = 1.3 µm);
simulation (blue line) obtained with dispersion in Fig. 4(a) (hc = 825 nm
and wc = 1.2 µm). (b) Numerical simulations.

Light from the femtosecond laser with P0 ≈ 500W is injected
into the quasi-TE mode of the waveguide characterized in Fig. 5(a).
The measured SC spectra for L = 1.2, 2.75, and 4.84 cm are shown
by the black lines in Fig. 6(a). The SC spans roughly from 700 to
2400 nm and the generation of two DWs is clearly noted at 740
and 2170 nm. For our parameters (γ ≈ 1/(W-m), P0 ≈ 500W,
T0 = 85 fs, and D ≈ 35 ps/km/nm) the soliton number is N ≈ 8.5,
while the characteristic soliton fission length is Lfiss ≈ 1.7 cm.
Therefore, soliton fission is the dominant mechanism for the SC
dynamics alongmost of the propagation length. Note that, while the
SC spectrum for the SiXNY waveguide with L = 1.2 cm is smooth,
for longer propagation lengths (L = 2.4 cm and L = 4.84 cm)
the SC spectra contains several dips. This result is due to the
interference of the various soliton components, traveling at different
group velocities, coming from the fission of the injected higher-
order soliton. The occurrence of the structured SC spectrum
at L = 2.4 cm and L = 4.84 cm (but not at L = 1.2 cm) is in
agreement with the calculated Lfiss ≈ 1.7 cm.

To simulate the propagation of femtosecond pulses in the SiXNY

waveguides, a generalized nonlinear Schrödinger Equation (NLSE)
is employed [31]. The NLSE includes the Kerr nonlinearity,
self-steepening, attenuation, as well as all orders of chromatic
dispersion using dispersion profiles obtained from experiments
or RSoft simulations. Raman scattering is not included due to
its narrow gain bandwidth in SiXNY . For the results in Fig. 6(b),

Fig. 7. (a) Measured dispersion (black line). Simulation with nominal
dimensions (green line); with hc = 890 nm, wc = 1.45 µm, and
t1 = t2 = 40 nm (red line). (b) Measured SC generation (black line).
Simulated SC with green (red) dispersion profile [green (red) line].

the dispersion input was the curve plotted with the solid red line
in Fig. 5(a). The transition between the smooth (L = 1.2 cm)
and the structured (L = 2.4 and 4.84 cm) SC spectrum is clearly
observed in the simulations, which is in good agreement with the
experimental results. Figure 6(a) includes a red curve that shows
the simulated SC spectrum, which is calculated with the dispersion
profile plotted as a red solid line in Fig. 5(a). The agreement is quite
remarkable except the location of the DW1: In the experiment, it
is at 740 nm, while in the simulation it is at 800 nm. By adjusting
the waveguide dimensions to hc = 825 nm and wc = 1.2 µm we
obtained the dispersion profile in blue in Fig. 5(a) that generates
the SC spectrum in blue in Fig. 6(a). A better agreement between
the experimental and the simulated DW1 location is found with
this dispersion profile.

5. Multicladding Waveguide with Small Refractive In-
dex Contrast

The black line in Fig. 7(a) shows the measured dispersion for the
quasi-TE mode of a waveguide with a refractive index arrangement
as depicted in Fig. 1(b) and nominal dimensions hc = 790 nm,
wc = 1.5 µm, and t1 = t2 = 100 nm. The dispersion flatness is not
much different with respect to the single cladding case in Fig. 5(a).
For comparison, the solid green line shows the dispersion calculated
using the nominal fabrication parameters. Themeasured dispersion
profile has the same shape as the calculated one, but it is vertically
up-shifted by ∼40 ps/nm/km. A good agreement, as shown with
the red dispersion profile, can only be obtained with dimensions
that are outside the expected range of fabrication fluctuations:
hc = 890 nm, wc = 1.45 µm, and t1 = t2 = 40 nm. This indicates
that the discrepancy between experiment and simulations comes
not only from dimension uncertainties but also from the SiXNY

refractive index fluctuations during the various fabrication steps.
The black solid line in Fig. 7(b) shows themeasured SC spectrum

for this waveguide (L = 1.2 cm) after exciting the quasi-TE mode
with P0 ≈ 500W. Since the dispersion at the pump wavelength
is large (75 ps/nm/km), the generated SC is not as flat as in
the case of Fig. 6, which originates from a lower dispersion
(D ≈ 35 ps/nm/km). The green line shows the calculated SC
spectrum using the chromatic dispersion depicted in green in
Fig. 7(a). It presents a strong DW1 centered at 770 nm; in the
experiment it is at 630 nm. This discrepancy is the footprint of the
uncertainties in retrieving the actual dispersion profile. The SC
simulation in red was obtained using the dispersion profile that
matched the measured dispersion [plotted in red in Fig. 7(a)]. It
produces a DW1 at 670 nm that is in better agreement with the



Fig. 8. (a) Measured dispersion (black line); simulation (green lines,
nominal parameters); hc = 860 nm and t1 = t2 = 350 nm (blue
lines). For all results, wc = 1.8 µm (dashed) and wc = 1.3 µm (solid).
(b) Measured SC generation (black line). Simulated SC using the
measured dispersion profile (red line).

experiment, which indicates that the dispersion measurement is
accurate.

Figure 8(a) shows the dispersion measurements for the quasi-TE
mode of a waveguide having nominal dimensions of hc = 790 nm,
t1 = t2 = 400 nm, and wc = 1.3 (black solid line) and 1.8 µm
(black dashed line). This waveguide has a single zero-dispersion
wavelength and the region where the dispersion is anomalous starts
at 1450 nm and reaches the mid infrared. For comparison, the green
lines show the calculated dispersion profiles using the nominal
fabrication parameters (solid line for wc = 1.3 µm and dashed line
for wc = 1.8 µm). There is a very good qualitative agreement of
the dispersion shape (there is a single zero dispersion wavelength)
with the measurements, but a strong quantitative disagreement on
the dispersion values. By changing the parameters to hc = 860 nm
and t1 = t2 = 350 nm (solid line for wc = 1.3 µm and dashed line
for wc = 1.8 µm), the results shown by blue lines indicate a slightly
improvement in the agreement with the measurement; however, it
was not possible to have a good accord (as in the case of Fig. 5)
with dimensions within the range of expected fluctuation values.

We believe that this shows, as in the case of Fig. 7, that the
average refractive index value used in our simulations is the
source of disagreement between the experiments and simulations.
The actual SiXNY refractive index is unknown after the several
fabrication steps in our PECVD process. Figure 8(b) shows the
measured SC spectrum (black solid line) in the waveguide with
wc = 1.8 µm and L = 4.84 cm, obtained by injecting P0 ≈ 500W
and exciting the quasi-TE mode. The red line depicts the calculated
SC generated using the measured dispersion profile, which shows
very good agreement with the experiment. The reason for this
good agreement is because the SC bandwidth is entirely located
within the region where the dispersion is measured, showing that
the dispersion measurement is accurate.

6. Multicladding Waveguide with SiXNY /SiO2 Refractive
Index Contrast

Multicladding waveguides with SiXNY /SiO2 refractive index con-
trast [as in Fig. 1(c)] can produce, at least in theory, very flat
dispersion profiles [27]. Four chips containing multicladding
waveguides were fabricated having the nominal parameters de-
scribed in Table 1. From chip A to C only the thickness t1 is
changed, while for chip D a different set of parameters was fabri-
cated in order to render the chromatic dispersion flatter. In those
chips, dispersion measurements were performed in waveguides of
L = 4.85 cm, while for the generation of SC spectra, waveguides
with L = 1.4 cm were used.

Table 1. Transversal Dimensions of SiXNY Waveguides

Chip hc (nm) wc (µm) t1 (nm) t2 (nm)

A 860 1.3; 1.5; 1.8 60 120
B 860 1.3; 1.5; 1.8 90 120
C 860 1.3; 1.5; 1.8 120 120
D 750 1.3; 1.5; 1.8 40 200

The chromatic dispersion was measured for chips A, B, and
C and the results are plotted in Fig. 9. For the three chips, the
measurements show that the dispersion profile is flattened as
the core width is increased. Note also that as wc is increased,
the location of maximum dispersion is shifted toward longer
wavelengths. More importantly, from chip A through chip C t1 is
changed from 60 to 90 and to 120 nm while the other parameters
are kept constant. As shown in [27], a change of t1 produces a
vertical shift of the dispersion profile with minor changes on its
shape. A comparison between Figs. 9(a) and 9(c) shows that in the
former case the maximum dispersion value is 75 ps/nm/km, while
in the latter one it is around 55 ps/nm/km, which is in agreement
with the expected behavior with a change in t1.

To assess the accuracy of the dispersion measurements, we
resort again to comparisons both with dispersion simulations and
with nonlinear experiments. We used a waveguide from chip C
for the quasi-TE polarization in our analysis. Figure 10(a) shows
with a black solid line the measured dispersion for a waveguide
with nominal dimensions hc = 860 nm, wc = 1.3 µm, and t1 =
t2 = 120 nm. The green curve shows the simulated dispersion
using the nominal dimensions. If compared with the measured
profile, the simulated one is shifted toward longer wavelengths.
We found a very good accord between experiment and simulation
using hc = 840 nm, wc = 1.25 µm, and t1 = t2 = 60 nm, which is
plotted with a red solid line. However, the value of t1 = t2 = 60 nm
to reach this good accord is largely outside the fluctuation margins
from fabrication.
Figure 10(b) shows with a black solid line the measured SC

spectrum obtained by propagating the femtosecond pump with
a peak power of P0 ≈ 500W. The SC spectrum covers a range
from 615 nm to beyond 2400 nm. The SC flatness in this case is
comparable with the SC in Fig. 6 obtained with a single-cladding
waveguide, but the measured bandwidth is slightly larger, showing
that multicladding waveguides with large refractive index contrast
outperform the other types of geometries. The green and red
plots show the simulated results obtained with the green and red
simulated dispersion profiles in Fig. 10(a). There is a disagreement
in the location of the DW1 for both simulated spectra; however,
the red one shows better agreement, indicating that the measured
dispersion is more accurate than the dispersion simulated starting
from the nominal geometrical parameters.
Even though the chromatic dispersion in chips A, B, and C is

flatter than in the single-cladding waveguide (especially for wc =

1.8 µm), the generation of broadband and flat SC is rather difficult
because at the pump wavelength (1560 nm) D > 45 ps/nm/km. To
improve the SC bandwidth and its flatness, the dispersion must
be decreased to lower values while keeping it in the anomalous
regime over broad bandwidths. As shown in [27], while changing
t1 or hc produces a downshift of the dispersion profile with a small
change on its shape, a bigger shift occurs by modifying hc .



Fig. 9. Measured dispersion profiles for the quasi-TE mode. (a) Chip A,
(b) chip B, and (c) chip C.

We fabricated a chip D with hc = 750 nm, t1 = 40 nm, and
t2 = 200 nm and core widths of wc = 1.3, 1.5, and 1.8 µm.
The chromatic dispersion was measured for the quasi-TE and
quasi-TM modes and the results are depicted in Figs. 11(a) and
11(b), respectively. The main difference between the quasi-TE
and quasi-TM dispersion profiles for these dimensions is that
the quasi-TE profiles are flatter. Furthermore, as in chips A, B,
and C, the dispersion profile becomes progressively flatter as
wc is increased, especially at longer wavelengths where the zero
dispersion wavelength is shifted from 1600 nm (for wc = 1.3 µm)
to 1700 nm (for wc = 1.8 µm) for the quasi-TM case and from
1770 nm (forwc = 1.3 µm) to 2030 nm (wc = 1.8 µm) for the quasi-
TE mode. The dispersion profile of the quasi-TE mode with wc =

Fig. 10. (a) Measured dispersion (black line); simulation (green line,
parameters); hc = 840 nm, wc = 1.25 µm, t1 = t2 = 60 nm (red line).
(b) Measured SC generation (black line). SC calculated [green (red)
line] with green (red) simulated dispersion in Fig. 9(a).

1.8 µm has low and anomalous dispersion over almost a 1000 nm
bandwidth. The much flatter dispersion shape in this waveguide,
if compared with the ones that can be obtained in waveguides
with single cladding and multicladding with small refractive index
contrast, demonstrates the advantage of the SiXNY /SiO2 refractive
index contrast profile.
The accuracy assessment of the dispersion measurements is

performed for the TM case for two values of the core width. The
black solid line in Fig. 12(a) shows the measured dispersion re-
sult for the waveguide with nominal dimensions hc = 750 nm,
wc = 1.3 µm, t1 = 40 nm, and t2 = 200 nm. The simulation
with the nominal values is depicted in green and cannot repro-
duce the measured dispersion profile, but it is shifted by 220 nm
toward longer wavelengths. We obtained a better accord with the
measurement using the dimensions hc = 750 nm, wc = 1.3 µm,
t1 = 40 nm, and t2 = 70 nm, as shown in the red plot. We obtained
this good accord just by modifying t2 from its nominal value of
200 nm to 70 nm. However, a value of t2 = 70 nm is outside the
fabrication fluctuation margins. On the other hand, the black solid
line in Fig. 12(b) shows the measured dispersion for the waveguide
with nominal dimensions hc = 750 nm, wc = 1.8 µm, t1 = 40 nm,
and t2 = 200 nm. The green line shows the simulation using the
nominal fabrication dimensions, producing a dispersion profile
that is shifted by 200 nm toward longer wavelengths. We found
a good accord with the measured dispersion simulating with the
dimensions hc = 750 nm, wc = 1.8 µm, and t1 = 40 nm, and again
with t2 = 70 nm.

We gained further information about the accuracy of the dis-
persion measurements through nonlinear experiments. The fem-



Fig. 11. Measured dispersion. (a) Quasi-TE and (b) quasi-TM. Nominal
dimensions are hc = 750 nm, t1 = 40 nm, and t2 = 200 nm, and three
core widths wc = 1.3, 1.5, and 1.8 µm.

Fig. 12. Measured dispersion. (a) Quasi-TE and (b) quasi-TM. Nominal
dimensions are hc = 750 nm, t1 = 40 nm, and t2 = 200 nm, and three
core widths wc = 1.3, 1.5, and 1.8 µm.

tosecond pump was propagated with a peak power of P0 ≈ 900W
through the waveguides in chip D with core width 1.8 µm. Fig-
ure 13 shows the SC spectra for the SiXNY waveguide having
wc = 1.8 µm for both the quasi-TE mode and the quasi-TM mode
propagation. Note that the SiXNY waveguide with quasi-TE mode
has a flatter SC spectrum and it extends beyond 2400 nm while
the SC in the quasi-TM case abruptly ends at 2200 nm. This is
explained by the fact that the quasi-TM dispersion profile has a
zero dispersion wavelength at 1700 nm but for the quasi-TE profile
it is at 2030 nm, which makes the SC extend over a broader band-
width. To assess the accuracy of the dispersion measurements, we
performed the SC simulations using profiles that fit the measured
dispersion profiles.
The agreement between the experimental and calculated SC is

good for both the quasi-TM and quasi-TE cases. The quasi-TM SC
simulation exhibits a DW1 at 810 nm, while in the measurement
it is at 770 nm, and at long wavelengths, the simulated SC shows

Fig. 13. Measured SC spectrum (black line). Simulated SC spectrum
using the measured dispersion profile (red line). (a) Quasi-TE mode and
(b) quasi-TM mode.

a slightly narrower bandwidth. For the quasi-TE mode there is
almost perfect agreement both for the location of the DW1 and the
general shape of SC. Note that in the simulation, the DW2 is located
at 3000 nm and therefore the SC extends from 710 to 3400 nm.
Even though the OSA stops measuring at 2400 nm, the simulation
indicates that very large bandwidths can be reached with flattened
dispersion profiles that can be obtained with multicladding SiXNY

waveguides but not with single-cladding ones. Therefore, the SC
bandwidth in our case outperforms other results, which come from
single-clad integrated waveguides [11, 14, 16, 35–39].
An analysis of the disagreement between the chromatic disper-

sion measurements and simulations in Figs. 5(a), 7(a), 8(a), 10(a),
and 12 shows that a common trend is that the simulation with
the nominal dimensions produces a dispersion profile that is verti-
cally downshifted [Figs. 5(a), 7(a), and 8(a)] or shifted to longer
wavelengths [Figs. 5(a), 7(a), 10(a), and 12] with respect to the
measurement. Furthermore, the locations of the dispersive waves
in the SC simulations obtained using the measured dispersion are
in quite good agreement with the measurements, though in general
the measured DWs are located at shorter wavelengths [Figs. 6(a),
7(b), 10(b), and 13(b)]. This confirms that the real dispersion is
indeed shifted to shorter wavelengths if compared to the simula-
tion using the nominal dimensions. This disagreement cannot be
explained as due only to dimension fluctuations but should have an
important refractive index contribution. These results might reflect
the limitations of the PECVD process to deliver a reproducible
refractive index value.



Fig. 14. Tuning of the generated dispersive wave (a) single-cladding
waveguide, changing wc , and (b) multicladding waveguide, changing
t1.

Fig. 15. Pictures of the third harmonic scattered light. Table 2 gives the
details of each waveguide. Light comes from right to left.

7. Dispersive Wave Generation

Dispersivewave generation has emerged as awavelength conversion
technique to achieve isolated spectral bands in the visible or the
infrared wavelength range. Therefore, the ability to engineer the
SiXNY waveguide dispersion can allow tuning of the dispersive
wave bands over broad spectral ranges. Figure 14 shows two
examples of how the change of a single parameter of the waveguide
allowed us to tune the dispersive wave spectrum. Figure 14(a)
shows the spectra for three SiXNY single-cladding waveguides with
hc = 915 nm and wc = 1.3, 1.5, and 1.8 µm. The dispersive wave
central wavelengths are shifted from 562 nm to 577 nm and 610 nm.
For the dispersive wave centered at 610 nm, two spectra are plotted
corresponding to two different waveguides in a chip with identical
dimensions. This shows that the dimension and refractive index
fluctuations among contiguous waveguides during fabrication are
negligible. Figure 14(b) shows the effect of changing t1 in the
multicladding waveguides. The increase of t1 from 60 to 120 nm
produces a spectral shift of the dispersive wave location from 685
to 715 nm.

8. Third Harmonic Generation (THG)

Figure 15 offers a series of pictures that show the scattered light
from SiXNY waveguides as they are excited with the femtosecond
laser. This excitation generated several colors from blue to red at
different propagation sections of the waveguide. Table 2 describes
the parameters of the waveguides used to generate the light shown
in these pictures and which mode was excited. For each set

Table 2. Parameters of SiXNY Waveguides for THGa

hc wc t1 t2 Length
Figure (nm) (µm) (nm) (nm) Mode (cm)

a) 750 1.3 40 200 TE 1.4
b) 750 1.5 40 200 TE 1.4
c) 750 1.8 40 200 TE 1.4
d) 775 1.3 0 0 TE 1.4
e) 860 1.3 120 120 TE 2.9
f) 860 1.3 90 120 TM 1.4

aAll multicladding waveguides have SiXNY /SiO2 refractive index contrast.

Fig. 16. (a) SC spectrum after 2.5mm propagation. Inset: spectrum of
the THG as a function of the pump power. (b) Third harmonic power as
a function of pump power.

of waveguide parameters, a particular sequence of colors was
produced. Figures 15(a)-15(c), for example, show that just varying
the core width drastically altered the nonlinear dynamics. However,
one common fact of those pictures is that the green light is generated
first and that this happens immediately after the femtosecond pulse
enters into the SiXNY waveguide. Then, as the femtosecond
pump propagates, the scattered light changes its color [except in
Fig. 15(c), where the scattered light remains as a very intense green
signature].
To better understand the origin of this intense light, chip D

[Figs. 15(a)-15(c)] was cut to make waveguides of 2.5mm length.
The waveguide for our analysis is the one with nominal parameters
of hc = 750 nm, wc = 1.8 µm, t1 = 40 nm, and t2 = 200 nm. We
excited the quasi-TE mode of this waveguide with P0 ≈ 500W
peak power of the femtosecond pump. Figure 16(a) shows the
resulting SC spectrum, which has a bandwidth that is much smaller
than the one in Fig. 13(a). For this 2.5mm long waveguide, only a
single peak was generated at 519 nm, which is shown in the inset
of Fig. 16(a) for several pump powers. We plotted the measured
power of the light at 519 nm as a function of the input pump power
in Fig. 16(b) using a logarithmic scale. By fitting the experimental
data with a linear function, a slope of 3.1 is found, indicating that
this light originated from a third harmonic process.
Figure 17 shows a comparison of the quasi-TE and quasi-TM

third harmonic spectra in the same waveguide of Fig. 16 as gen-
erated after a propagation length of L = 2.5mm [Fig. 17(a)] and
L = 1.4 cm [Fig. 17(b)], respectively. For the very short waveg-
uide, the generated spectrum is centered at ≈519 nm. However,
while the linewidth is very narrow for the quasi-TE mode, the third
harmonic light for the quasi-TM case is significantly broader. As
the femtosecond laser propagates through the waveguide, multi-
ple peaks with intensities that differ by more than one order of
magnitude are generated, as shown in Fig. 17(b). To visualize
the shortest wavelength for THG, we obtained Fig. 17(b) using



Fig. 17. Third harmonic spectrum for quasi-TE and quasi-TM propaga-
tion. (a) After 2.5mm and (b) after 1.4 cm.

Fig. 18. THG for (a) single-cladding waveguide (as a function of wc),
(b) multicladding waveguide, and (c) multicladding waveguide (as a
function of the propagation mode).

optical bandpass filters inserted to select the spectral band from
350 to 500 nm. Note that the shortest measured wavelength is in
the ultraviolet at 381 nm. The third harmonic light generated at
the very beginning of the waveguide is located at 519 nm because
at the input only the femtosecond pump (centered at 1560 nm with
a bandwidth of 80 nm) is present. As the pump propagates and its
spectrum is broadened through SC generation, the new noise SC
components generate additional THG components.
Figure 18 shows the diversity of THG. The spectrum for the

SiXNY waveguide with hc = 915 nm, t1 = t2 = 0 nm is depicted
in Figure 18(a), where we compare two widths: wc = 1.3 µm and
1.8 µm. We excited the quasi-TE mode and did not use optical
filtering in this measurement. The multiple peaks due to THG
range between 470 to 715 nm. On the other hand, Fig. 18(b) shows
the spectrum for a SiXNY waveguide from chip B, where all peaks
are packed in the spectral region from 600 to 650 nm. Figure 18(c)
shows the THG spectra for chip A (wc = 1.8 µm) plotted for the
quasi-TE and quasi-TM propagation. The inset of Fig. 18(c) shows
a picture of the scattered light for the quasi-TM mode. The initial
intense green light changed its color after less than one cm and
becomes yellow, then white/red, and finally some blue was noted.
This result was in agreement with the measured spectrum that
exhibited peaks at 485 nm, at 555 nm and two close to 600 nm.
We calculated the effective refractive index for the first 25

propagating quasi-TE modes in the spectral interval from 380 to
650 nm. The black lines in Fig. 19(a) show the results for the
waveguide with wc = 1.8 µm from chip D. We plotted the effective
refractive index of the fundamental mode with a blue line from
1150 to 1950 nm. The many intersection points of the fundamental
mode with high-order modes show the wavelengths where there
is phase matching for THG. This explains the multiple peaks that
appear at the output of the waveguide. The inset of Fig. 19(a)
shows a picture of the filtered third harmonic light captured using
a piece of paper placed after the filter. The non-Gaussian profile
of this green THG light is readily noted. Since the SC spectral
broadening happens as the pump propagates, the several THG
peaks might have their maximum intensity for different waveguide

Fig. 19. (a) Effective refractive index for fundamental (blue) and high-
order (black lines) propagation modes. (b) SC together with THG tones.
The dashed arrow shows the efficiency of THG at 597.5 nm. Transverse
profile of THG is shown with the inset on the left. For the SC light it is
shown with the inset on the right.

lengths.
The efficiency ofTHGcan be indirectly evaluated fromFig. 19(b).

Wegenerated the intense peak at 597.5 nm (power level of−40.5 dB)
from SC spectral components at 1792.5 nm (power level of −26.4
dB), as shown by the dashed arrow. The relative intensity between
them is −14.1 dB, which indicates a large THG efficiency. While
the exact conversion efficiency remains to be verified by measuring
the THG power with a narrow linewidth laser at 1792.5 nm, in
our experiments we measured ∼100 nW of out-coupled power at
597.5 nm, which means that 0.5 µW average power was generated
inside the waveguide. This result indicates a larger efficiency
in our SiXNY waveguides when compared with results reported
in [13,34, 35]. In our waveguides, the largest efficiency occurred
between 560 and 600 nm, although the reason for this is still unclear.
We measured the spatial profile of THG after filtering out the SC
light. The inset on the left shows the transverse profile that has
multiple maxima and minima, a signature of high-order mode
propagation. On the other hand, the Gaussian transverse profile of
the SC light (inset on the right) shows that the pump propagates in
the fundamental mode.



Fig. 20. (a) Transmission spectrum after scanning a laser from 1570 to
1610 nm and (b) zoom of resonance at 1590.3 nm.

9. Conclusions

We investigated multicladding silicon nitride waveguides with
engineered effective refractive index for efficient supercontinuum
and THG. To assess the performance of the engineering procedure,
we compared measurements and simulations of the chromatic
dispersion that were complemented with an experiment/simulation
analysis of the wavelength location of generated dispersive waves.
Both dimension and refractive index fluctuations in our PECVDpro-
cess contributed to a dispersion unpredictability of ∼20 ps/nm/km.
Contrary to a low-pressure CVD process that results in repro-

ducible and pure SiXNY waveguides, the PECVD process seems to
lack the reproducibility necessary for dispersion engineering with
ps/nm/km precision. Nevertheless, we demonstrated multicladding
waveguides exhibiting low (< 35 ps/nm/km) and anomalous disper-
sion over a 900 nm bandwidth, which single-cladding waveguides
cannot offer. Refining the fabrication process might offer better
control of the refractive index and dimensions of the waveguide on
even broader bandwidths of nonlinear conversion than we reported
here (from ultraviolet to ∼3.3 µm).

Appendix A

An accurate value of the propagation loss in SiXNY waveguides
comes from Q-factor measurements in ring resonators, which are
fabricated on the same chip containing the waveguides where
we performed the nonlinear experiments. We characterized the
resonances through the wavelength scanning of a laser finely tuned
from 1520 to 1610 nm. Figure 20(a) shows the resonances of a
ring resonator with 250 µm radius and coming from the same chip
as the one used in Figs. 5 and 6. We restricted the plot to 1570–
1610 nm, where the H-N losses are smaller. Figure 20(b) shows
the transmission spectrum centered at one of the resonances. By
measuring the resonance width, ∆ f , the Q-factor is obtained using
Q = f /∆ f . We found that the measured Q-factor in this spectral
region has an average value of 0.75 × 106, which corresponds
to a material loss of 0.35 dB/cm. The same measurement was
performed in other ring resonators from the same chip and the
averageQ-factor was found to fluctuate between 0.35 and 1.05×106.
We did the loss characterization of the other chips through a

simple comparison with the chip in Fig. 20. Light is injected into
the waveguides of the chip from Fig. 20 and also into the other
chips and the difference in the propagation loss is measured. We
estimate that most of the multicladding SiXNY waveguides have
losses ranging from 0.5 to 1 dB/cm.
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