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Abstract: We demonstrate supercontinuum generation in stoichiometric silicon nitride (Si3N4

in SiO2) integrated optical waveguides, pumped at telecommunication wavelengths. The pump
laser is a mode-locked erbium fiber laser at a wavelength of 1.56 µm with a pulse duration of
120 fs. With a waveguide-internal pulse energy of 1.4 nJ and a waveguide with 1.0 µm x 0.9 µm
cross section, designed for anomalous dispersion across the 1500 nm telecommunication range,
the output spectrum extends from the visible, at around 526 nm, up to the mid-infrared, at least
to 2.6 µm, the instrumental limit of our detection. This output spans more than 2.2 octaves (454
THz at the -30 dB level). The measured output spectra agree well with theoretical modeling based
on the generalized nonlinear Schrödinger equation. The infrared part of the supercontinuum
spectra shifts progressively towards the mid-infrared, well beyond 2.6 µm, by increasing the
width of the waveguides.
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OCIS codes: (130.0130) Integrated optics; (190.4390) Nonlinear optics, integrated optics; (320.6629) Supercontinuum

generation; (190.7110) Ultrafast nonlinear optics.
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1. Introduction

Supercontinuum generation (SCG), typically obtained with femtosecond pulses in photonic

crystal fibers [1], is a powerful method of providing extremely broadband spectra with full

spatial and temporal coherence [2, 3]. Such nonlinear optical generation is of high interest for

numerous applications, for instance in spectroscopy [4], with visible wavelengths in the life

sciences [5], or in precision metrology [2,6]. In addition, there is a growing relevance for coherent

on-chip generation of broadband light based on lasers in the telecommunication wavelength

range [7]. Envisioned applications include chip-sized frequency combs [8] or wideband integrated

microwave photonics [9, 10].

Using standard photonic crystal fibers, which typically requires interaction lengths of tens

of centimeters for efficient SCG, provides considerable design flexibility in their dispersive

and nonlinear properties [1]. However, the shot-to-shot coherence of the SC output decreases

with increasing pump pulse duration as well as with the interaction length [1, 11], particularly

in the presence of Raman scattering [11]. In contrast, the conversion of ultra-short pulses (<

100 fs) remains coherent in short fibers, but the conversion remains inefficient with a short

interaction length. Employing integrated optical waveguides on a chip provides the advantage

of tight mode confinement which strongly increases the nonlinear coefficient. This enables an

efficient conversion of ultrashort pulses also with short interaction lengths while preserving

coherence. For instance, pulses with up to a few hundred femtoseconds have been used for

efficient SCG in short optical waveguides while maintaining a high degree of coherence [12–14].

As a second advantage the integrated optical approach offers a route for high-volume and

low-cost fabrication, in particular when the waveguide platform is compatible with metal-oxide-

semiconductor (CMOS) fabrication facilities.

Lasers in the telecom range, due to their wide availability and maturity, have been employed

for SCG in a variety of photonic platforms that are compatible with CMOS fabrication facilities.

Examples are doped silica ridge waveguides using ultrashort pulses near 1300 nm and near

1550 nm [15, 16], buried silicon nitride waveguides using pulses near 1300 nm [17], or silicon

oxynitride waveguides with 1500 nm pulses [18]. The strongest nonlinear parameter and thus

SCG requiring low pulse energies can be found in smaller-bandgap or adjustable bandgap mate-

rials, e.g. chalcogenides [19, 20], silicon [21–23], and Si-enriched nitride glass [24]. Increasing

the nonlinearity via reducing the bandgap is, however, associated with increased nonlinear losses

at shorter wavelengths, such as via two-photon absorption.

A waveguide platform with highest relevance is stoichiometric SiN (Si3N4) grown with

low pressure chemical vapor deposition (LPCVD), because here a large variety of additional

functionalities is available with wafer scale fabrication. These functionalities are based on the

accessibility of an extremely wide wavelength range (from the blue, across the visible into the

infrared) and that, providing different types of waveguide cross sections [25] and tapers [26],

enable, e.g., polarization control, efficient fiber coupling, or bandwidth narrowing with hybrid-

integrated diode lasers [27, 28]. The intrinsic absorption and scattering is weak [29] which

offers exceptionally low propagation loss, below 0.001 dB/cm for standard waveguides [30]. The

latter is central for narrowband spectral filtering and optical delay lines as in quantum optical

systems [31], in microwave photonic filters [32, 33] or in programmable optical processors [34].

Finally, as Si3N4 has negligible Raman gain, highly coherent supercontinua can be generated

using low pump energies [35]. So far in this platform SCG has been mainly investigated with

a relatively short pump wavelength around 1 µm, yielding spectral coverage mainly at shorter

wavelengths from the blue and across the visible into the near infrared [35–38] .

Here, we demonstrate a significant spectral widening of SCG towards the mid-infrared range.
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This was achieved with a longer pump wavelength in the 1.5 µm telecom range in combination

with dispersion engineering based on appropriate cross sections for the fabricated waveguides.

These were designed to shift anomalous dispersion towards longer wavelengths, including the

1.5 µm telecom wavelength range. The output spectra extend from about 526 nm to well beyond

2.6 µm, the limit of our detection instruments, thereby spanning at least 2.2 octaves, which is

more than 454 THz at the -30 dB level. The spectra broaden towards the mid-infrared with an

increasing width of the waveguides, in agreement with modelling.

2. Experimental setup

For enabling SCG with the available pump wavelength of 1560 nm, appropriate dimensions

of the waveguide core have to be chosen such that anomalous dispersion, i.e., negative group

velocity dispersion (GVD), is imposed broadly around that wavelength. Anomalous dispersion is

characterized by a positive value of the dispersion coefficient, D(λ) = −λ/c · n′′(λ) [39], where

λ is the vacuum wavelength, c is the speed of light, and n′′(λ) is the second derivative of the

effective refractive index of the propagating mode with respect to the wavelength. We used a full

vectorial finite-element solver (Fimmwave, Photon Design) to calculate the effective refractive

index n(λ) as function of wavelength and then derived D(λ). The two-dimensional step-index

profile used for modelling was based on the actual, somewhat rounded, shape of the waveguide

core as resulting from the fabrication process and obtained from scanning electron microscope

images of the waveguide cross section [36, 40]. The material dispersion of stoichiometric silicon

nitride and silica was taken from [41].

Figure 1 shows the calculated dispersion coefficient vs. the wavelength for waveguides of vari-

ous different widths between 0.7 and 1.3 µm, having the same height (0.9 µm). The calculations

imply that anomalous dispersion (D > 0) can be obtained over wide spectral ranges including

the pump wavelength at 1560 nm if the waveguide core is chosen wider than approximately

0.8 µm. The calculations also show that increasing the waveguide width shifts the range of

anomalous dispersion noticeably towards the mid-infrared range, which is expected to shift SCG

to longer wavelengths as well.

Wavelength (nm)

D
 ( 

ps
 / 
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m

 ∙ 
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) )
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500 1000 1500 2000 2500

-200

-100

0

100

200

he
ig
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Si N3 4

SiO2

Fig. 1. Calculated dispersion coefficient, D(λ), for the fundamental TM-mode in Si3N4

waveguides with a height h = 0.90 µm and widths varied from w1 = 0.70 µm to w7 =

1.3 µm in steps of 0.1 µm. Anomalous dispersion is present above the dashed zero-dispersion

line. The center wavelength of the pump laser at 1560 nm is indicated as red vertical line.

Figure 2 shows the experimental setup used for SCG based on a standard mode-locked erbium

fiber laser (Toptica, FemtoFiber Pro). The laser provided ultrashort pulses at a center wavelength
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of 1560 nm, a repetition rate of 40 MHz, and a maximum average output power of 300 mW

(maximum pulse energy 7.5 nJ). The pulse duration was about 120 fs (full width at half maximum,

FWHM), with a time-bandwidth product of 0.75, as measured with a home-made frequency

resolved optical gating (FROG) autocorrelator. A combination of two half-wave plates (HWP)

and a polarizing beam splitter (PBS) was used to control the power and the polarization of the

beam. Two silver mirrors and an aspheric lens (NA = 0.55 at 1550 nm) were used to steer and

focus the beam into the waveguides, respectively. Several Si3N4 chips were available as diced

with a wafer saw, each chip carrying a set of 100 waveguides with various widths at a pitch of

20 µm and a fixed length of 6 mm.

Laser 
Si3N4

Waveguides 
PBS

LF

CM

HWP

M

M
OAPM

AL

HWP

RM
NIR

Spectrometer

VIS

Spectrometer

Fig. 2. Schematic view of the experimental setup for supercontinuum generation (SCG)

with ultrashort pulses from a mode-locked erbium fiber laser. The pulses enter the Si3N4-

waveguide sample via two half-wave plates (HWP), a polarizing beam splitter (PBS) and an

aspherical lens (AL). A lensed fiber (LF) and an off-axis parabolic mirror (OAPM) collect

and collimate the generated SC. A curved mirror (CM) focuses the beam via a removable

mirror (RM) into two different optical spectrum analyzers.

In order to determine the waveguide-internal power, the incident average power was measured

in front of the first lens and the transmitted power was measured behind a second aspheric lens

(NA = 0.55) that collected the radiation behind the waveguide. A low input power was used

to avoid spectral broadening. Also, to ensure that only light exiting from the waveguide was

measured, and not any light scattered or guided between the SiO2 cladding and Si bulk, the

measurements were performed in the well-collimated part of the output beam, at a distance of

about a meter behind the second lens. After optimizing the input and output coupling, typically

−8.8 dB ± 0.6 dB of the incident power was transmitted through the waveguides. To determine

the input coupling loss for each of the differently wide waveguides used, we subtracted from each

measured transmission value the waveguide-internal propagation loss and output coupling loss.

We have taken the propagation loss of the waveguides to be in the order of -0.5 dB/cm as based

on previous measurements [40]. This corresponds to a total propagation loss of -0.3 dB for the

0.6 cm long waveguides used here. As output coupling loss we took the Fresnel loss at the output

facet (-0.4 dB) and the truncation loss at the second aspheric lens (-2.6 dB) calculated from the

almost Gaussian mode field emerging from the waveguide and the aperture of the lens. As a

typical example, with the 1 µm wide waveguide, where a transmission of -8.7 dB was measured,

we obtain an input coupling loss of -5.4 dB which corresponds to an input coupling of about

29 % of the incident power. This value can likely be increased with improved mode matching.

After the power throughput measurements, in order to conveniently record the spectral dis-

tribution of SCG, the second lens was removed and replaced with a lensed fiber. The fiber

output was collimated with an off-axis parabolic mirror and focused by a curved mirror via

a removable mirror into two optical spectrum analyzers (OSAs) operated in parallel. For the

shorter wavelengths, from 380 nm to 1680 nm, an OSA was used with a high dynamic range

due to a low dark current (AQ1425 from ANDO, resolution 2 nm). For longer wavelengths,

between 1200 nm and 2584 nm, a second OSA was available (NIRQuest 512 from OceanOptics,

resolution 6.3 nm). The latter makes use of a CCD-array and thus shows a higher level of dark

counts that was subtracted from the recorded spectra. The recordings with the first OSA did not

require subtraction. Within their overlap range the spectra of the two OSAs displayed the same

shape. We used the agreement to merge the OSA spectra, at a wavelength of 1550 nm, such that
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each supercontinuum spectrum is displayed as a single curve. To enable a direct comparison, all

spectra were normalized to their peak values. Employing waveguides with seven different widths

and the same height (0.9 µm) we measured the spectral power density of the generated output vs.

the pump pulse energy incident on the aspheric lens in a range between 0.3 and 6.8 nJ, which

corresponds to about 100 pJ to 2 nJ of waveguide-internal pulse energy.

3. Experimental results

Figure 3(a) shows a series of measured spectra as obtained with a 1 µm wide waveguide. This

particular example is shown here because all of the main spectral features still lie within the

spectral range observable with our pair of OSAs.
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Fig. 3. a) Measured spectral power density (color-coded) obtained from supercontinuum

generation in a 0.9 µm high and 1 µm wide Si3N4 waveguide, using ultrashort pulses

(120 fs) from an erbium fiber laser at 1560 nm. The nominal pump wavelength is indicated

by the vertical red line. The spectra are displayed vs. the pump pulse energy incident on the

aspheric lens (upper vertical axis), of which about 29 % was coupled into the waveguide.

Each spectrum is normalized to its peak value. b) Theoretical spectral density vs. waveguide

internal pulse energy (lower vertical axis) as obtained from simulations with the experimental

values of the waveguide parameters.

It can be seen that the recorded spectra display all well-known features that are typical for SCG

as described to large detail, e.g., in Ref. [1]. At the lowest recorded energy the output spectrum

already starts to deviate from the incident pump laser spectrum (as retrieved from FROG traces),

as is apparent from the two peaks induced by self-phase modulation at 1520 and 1590 nm.

The asymmetry in the spectral power density of the two peaks is caused by a slight spectral

asymmetry in the pump spectrum. With increasing incident pulse energy, up to 1.8 nJ, there is a

spectrally symmetric, steady and steepening increase in bandwidth which indicates increasing

self-phase modulation in the waveguide. Approximately at 2.3 nJ, the spectrum reaches almost

its maximum bandwidth extending from about 515 nm to 2250 nm at a -30 dB level. The central

part of the spectrum, between 1170 and 1750 nm at - 20 dB level, can be addressed to soliton
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dynamics because its extent agrees well with the expected range of anomalous dispersion (900

to 1700 nm as seen in Fig. 1 required for soliton formation. Such dynamics are also apparent

from an increasing number of finer spectral features that separate and shift away from the

pump wavelength with increasing energy, indicating fission into lower-order solitons. Starting

with 1.8 nJ, at the outer edges of the spectrum there appear additional features with narrower

bandwidths located at about 520 nm, and located in the wavelength region from approximately

2050 nm to 2270 nm. These features reveal the generation of dispersive waves by solitons

(Cherenkov radiation), due to their smaller spectral width and because their wavelengths lie fully

within the range of normal dispersion (D < 0). At further increased energy of the pump pulses,

beyond about 3.5 nJ, the increase in spectral bandwidth with pulse energy is weaker and can be

addressed mainly due to a Kerr-induced red-shift of phase matching for the long-wavelength

dispersive wave to about 2300 nm, as we find little to no shift in the short-wavelength dispersive

wave at about 520 nm.

4. Numerical simulations

For comparing the measured spectra with calculations, we modeled the pulse propagation with

the generalized nonlinear Schrödinger equation (GNLSE) as described to more detail in our

previous work [42]. The motivation is to determine and verify input parameters that properly

calibrate the model. This is important because the nonlinear optical properties of waveguides

fabricated with the present material platform have not been fully characterized.

Specifically, there is little information on the Kerr index of LPCVD-grown Si3N4. The only

information available so far has been given by Levy [43] who derived the Kerr index from

measuring the spectral broadening induced by self phase modulation. He reported a value of

(1.1 − 1.2) × 10−15 cm2W−1. Another value, which is often used in simulations, has been

reported by Ikeda et al., 2.4x10−15 cm2W−1 [44], albeit for a differently fabricated material, i.e.,

using a lower-temperature, plasma enhanced growth technique (PECVD). Another concern is that

in [44], Ikeda et al. did not specify the Si-to-N atomic ratio , leaving open whether the material

was stoichiometric. These dissimilarities are important because PECVD-grown silicon exhibits

an increased absorption at around 1.5 µm wavelength, where also the Kerr-measurements were

performed. Other dissimilarities are a higher pinhole density and a higher hydrogen content [45].

These properties not only lead to higher loss and scattering but should also induce a higher

nonlinearity as compared to LPCVD material. Specifically deviations from stoichiometric growth

can strongly increase the nonlinearity as found for enrichment with Si [46].

For definiteness in the simulations and for retrieving more information on the Kerr index of

LPCVD-grown Si3N4 via comparison with experimental spectra, we preliminary use the Kerr

index given by Ikeda et al. [44]. The size of the effective modal area, Ae f f , was calculated with

the finite element solver along with the waveguide dispersion as described above which results

in a nonlinear coefficient γ of 1.01 W−1m−1. The dispersion was included to high precision,

up to the 19th order. A contribution from stimulated Raman emission to the nonlinearity was

neglected, in view of previous experiments with SCG in silicon nitride waveguides [17, 47]. A

shock term was included to model the frequency dependence of the nonlinear index and of the

effective modal area [48]. For the 1.0 µm x 0.9 µm-sized waveguides, e.g., we calculated a shock

time scale of 1.9 fs. The propagation loss was taken to be 0.5 dB/cm [40]. As the input pulse we

took the experimental power and phase spectrum as measured with FROG. We note, that our

modelling does not rely on any adjustable fit parameters. This is different from, e.g., [49], where

the waveguide dimensions were adjusted to fit the simulations to experimental spectra.

Figure 3(b) displays a series of 100 calculated supercontinuum spectra vs. increasing

waveguide-internal pump pulse energy, assuming the same waveguide width (1µm) and height

(0.9 µm) as used for the measurements. It can be seen that there is a very good agreement of the

spectral distribution with the experimental data. One can recognize essentially the same spectral
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development vs. increasing pulse energy, from self-phase modulation towards soliton formation

and fission. The agreement suggests that the characteristic length of nonlinear interaction, the

dispersion length (strength of anomalous dispersion) and detailed shape of waveguide dispersion

contained in higher order terms are appropriately described within the anomalous range. We note

that also the spectral positions of the long and short-wavelength dispersive waves are predicted

with high agreement, with only a small offset for the low-wavelength edge of the SC. This dis-

crepancy is attributed to a small difference in material dispersion at the short wavelengths. This

implies that phase matching was modeled with proper dispersion in the outer, normal dispersion

range (especially for the longer wavelengths), including a proper group velocity of the solitons

that excite dispersive waves. Finally, also the spectral Kerr shift of the dispersive waves, here

mainly at the long-wavelength side, is matching well the experiments. The overall agreement,

specifically the absence of self-frequency shifting, confirms that neglecting stimulated Raman

scattering is justified here. We note that the absence of Raman contributions is a main advantage

as compared to SC generation in optical fibers where such non-parametric contributions may

introduce noticeable shot-to-shot incoherent output. Furthermore, from the absence of Raman

scattering a coherent supercontinuum is expected [35]. We have confirmed coherent generation

explicitly with calculation of the shot-to-shot coherence for the supercontinua presented in Fig. 3.

We found a near unity degree of coherence for the entire spectral range that has a larger than

-30 dB relative spectral power density. This result is in agreement with our previous calcula-

tions where neglecting Raman scattering was also justified [36] and where pumping at 1 µm

wavelength showed near unity pulse-to-pulse coherence as well [50]. By spectrally integrating

the output and comparing with the internal pump pulse energy we observe that the calculated

waveguide-internal conversion efficiency is very high, typically about 93 %, due to the absence

of Raman conversion and due to low waveguide propagation loss.

As the next step, based on high agreement between the simulated measurements spectral

distributions, we also compare the waveguide-internal pulse energies required for SCG in the

experiment with those predicted by the calculations. As described above, we have concluded from

throughput measurements and loss estimates that typically 29 % of the incident power is coupled

into the waveguide (input coupling loss -5.4 +/- 0.6 dB). For an unambiguous comparison of

pump energies we chose the onset of the dispersive wave at the shorter wavelength side of the

spectrum. In the experiment the dispersive waves occurs at around 2.1 nJ of incident energy,

corresponding to about 0.61 nJ internal energy. Compared to this, in the simulations the dispersive

wave generation sets in already at 0.17 nJ, which is a factor 3.6 lower.

In order to identify possible reasons for this deviation we inspected several effects. A relatively

large uncertainty is usually present regarding the input coupling loss. Here, however, transmission

measurements provide a lower bound for these losses. Underestimating losses in the waveguide,

output coupling or truncation at the second lens would rather increase the estimated value for

input coupling. A slight misalignment of the input coupling with increasing pump power was

observed. We conclude this from a slightly sub-linear growth of the wavelength-integrated OSA

spectra vs. incident pump power, spanning from the low-power values used for transmission

experiments towards the higher-power for SCG . However, these measurements limit an underes-

timation of the input coupling to a factor of 1.3 at most. Another source of error might have been

pump energy coupled into higher-order modes, which have a different dispersion and, therefore,

do not contribute to the SCG. However, input coupling to higher-order modes has been experi-

mentally investigated with great care showing that such coupling can safely be neglected for our

experimental conditions. Similarly, measuring the transmitted power in the collimated beam far

behind the output lens rules out that the transmission measurements are impaired by light which

was not coupled into the waveguide but still scattered or guided in the SiO2 cladding towards

the output facet. In the model, a source of error might have been an underestimated size of the

mode field area, via underestimating the waveguide cross sectional area, which overestimates the
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nonlinear coefficient. However, the very good spectral agreement of the calculated and measured

spectra indicate that the waveguide dispersion was modeled correctly, which rules out a wrongly

assumed waveguide cross section. Our overall conclusion from these considerations is that the

nonlinear refractive index used in the simulations is larger than in the waveguides that we have

experimentally investigated. Quantitatively, the nonlinear refractive index for our waveguides

appears to be about 3.6-times smaller than the previously reported value for PECVD-grown

silicon nitride [44] and about 1.8-times smaller than the value reported for LPCVD-grown Si3N4,

which is obtained from SPM-induced spectral broadening [43]. A further clarification might

be obtained by repeating the power modulation experiments in [44] with LPCVD-grown Si3N4

waveguides.

5. Dependence on waveguide width

In order to extend the supercontinuum further towards the mid-infrared side of the spectrum,

we recall that the long-wavelength zero-dispersion wavelength in Fig. 1 shifts to lager values

with increasing waveguide width. The dispersive waves result from a coherent energy transfer

from the soliton in the anomalous dispersion regime to phase-matched frequencies in the normal

dispersive regime, where the phase matching depends on the phase- and group velocity of the

soliton as well as its peak power [1, 51, 52]. This suggests that the infrared side of the SC would

shift to longer wavelengths as well. For a verification we carried out spectral measurements vs.

increasing waveguide width. Figure 4 shows the spectral power density recorded with seven

different widths (from 0.7 to 1.3 µm) at the same, maximum available pump pulse energy of

6.8 nJ incident on the aspheric lens.

The dotted line indicates the change of the -30 dB limit at the long-wavelength side of the

spectrum. It can be clearly seen that the infrared end of the spectrum extends progressively

towards mid-infrared wavelengths with increasing waveguide width. The observable wavelength

shift is about 2.45 nm per nm waveguide width. A further progression and extension of the

spectra to wavelengths beyond 2.6 µm seems present for the three widest waveguides (1.0 to

1.3 µm) as well, but could not be recorded with the available spectroscopic equipment. Our

theoretical model predicts the SC extending to wavelengths of 2.6, 2.7, 2.8 and 2.9 µm for

waveguide widths of 1.1, 1.2, 1.3 and 1.4 µm, respectively, while reproducing the experimental

value for the smaller widths. The shift in location of the long-wavelength dispersive wave is

reduced to about 1 nm per nm waveguide widening for widths larger than 1.1 µm.

The widest of all generated spectra, within the available detection range, was obtained with a

1-µm wide waveguide and a pump pulse energy incident on the aspheric lens of 4.7 nJ (1.4 nJ

waveguide internal). The spectrum is displayed in Fig. 5. From its short-wavelength -30 dB-edge

at 526 nm it extends to at least 2.584 µm (mid-infrared end of OSA detection range), which

corresponds to a bandwidth of more than 454 THz and spans at least 2.2 octaves.

6. Summary and conclusions

In summary, we have demonstrated extremely wide bandwidth of supercontinuum generation in

stoichiometric Si3N4 waveguides, using a standard erbium-doped fiber pump laser that provided

ultrashort pulses in the telecom wavelength range at 1560 nm. In a 6 mm long waveguide

with a core area of 1.0 × 0.9 µm2 and pumped by 120 fs long pulses with a pulse energy of

4.7 nJ incident on the aspheric lens, the supercontinuum radiation showed a spectral bandwidth

of more than 454 THz, spanning at least 2.2 octaves, from the visible at 526 nm to the mid-

infrared (beyond 2584 nm). The shapes of the generated spectra are in very good agreement with

theoretical modelling via numerical integration of the generalized nonlinear Schrödinger equation

(GNLSE). Based on this agreement a comparison of the required waveguide-internal pump pulse

energy in the simulation and the measurements has been performed. The comparison revealed a

factor of 3.6 lower pulse energy required in the simulations. A careful analysis suggests that the

                                                                                               Vol. 25, No. 2 | 23 Jan 2017 | OPTICS EXPRESS 1551 



Wavelength (nm)
400 800 1200 1600 2000 2400

Sp
ec

tr
al

 p
ow

er
 (d

B
)

-60

-30

0
-60

-30

0
-60

-30

0
-60

-30

0
-60

-30

0
-60

-30

0
-60

-30

0

Fig. 4. Measured spectral power density of supercontinuum generation using seven different

waveguide widths, increasing from (blue trace) 0.7 µm (blue trace) to 1.3 µm (red trace) in

steps of 0.1 µm, pumped with the same, maximum available pump pulse energy of 6.8 nJ

incident on the aspheric lens. For clarity the peak values of all spectra are normalized to 0 dB

and vertically offset by 80 dB with respect to each other. The horizontal dashed lines mark

the respective -30 dB levels. The dash-dotted curves show the average noise levels for the

short-wavelength OSA, and a baseline after dark-count subtraction for the long-wavelength

OSA. The straight dotted line shows that the -30 dB infrared-end of the spectra tunes towards

the mid-infrared range with increasing width of the waveguides.
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Fig. 5. Supercontinuum spectrum generated in a 1 µm wide and 0.9 µm high waveguide

using a pump pulse energy of 4.7 nJ incident to the aspheric lens (in-coupled pulse energy

1.4 nJ). The pump wavelength of 1560 nm is indicated with an arrow. From the short-

wavelength -30 dB-edge at 526 nm the spectrum extends to at least 2584 nm (mid-infrared

end of OSA detection range). This corresponds to a spectral bandwidth of more than 454 THz

and spans more than 2.2 octaves.

nonlinear refractive index of LPCVD-grown stoichiometric silicon nitride, Si3N4, is smaller by

a factor of about 3.6 than the previously reported value for PECVD-grown silicon nitride [44]

and smaller by a factor of 1.8 than the previously reported value for LPCVD-grown Si3N4 [43].

A further clarification should be attempted, such as with direct index modulation experiments

using LPCVD-grown Si3N4 waveguides.

Shifting the long-wavelength edge of the supercontinuum generation towards the mid-infrared

with increasing waveguide width was achieved in agreement with engineering the waveguide

dispersion. In the experiment a wavelength shifting of 2.45 nm per nm waveguide width of the

-30 dB level at the infrared-side of the spectrum was observed, for waveguide widths between

0.7 µm and 1.0 µm. We note that following our primary report on mid-infrared shifting [53]

there was a subsequent observation [54] analogous to our results. Furthermore, the high index

contrast provides tight guiding which concentrates the optical mode predominantly in the Si3N4

core, where mid-infrared absorption is weaker [55]. The results imply that highly efficient

supercontinuum generation appears feasible, if a low-loss input coupling can be obtained.

We conclude this from the consistency between transmission loss measurements and detailed

loss estimates, as well as from the good agreement between the shape of the measured and

numerically calculated spectra. In these calculations only a low propagation loss and a negligible

Raman conversion were assumed, thereby yielding a waveguide-internal conversion efficiency of

typically 93 %. The measurements presented here, in agreement with mode matching calculations,

show that the input coupling may be substantially increased by combining tighter focusing and

tapered waveguides [26, 56]. With these properties and options, stoichiometric silicon nitride

waveguides pumped with mode-locked telecommunication laser sources provide an interesting

platform for various applications, including multiple-octave spanning frequency combs with

self-referencing for frequency metrology [57] or mid-infrared dual comb spectroscopy [58].

                                                                                               Vol. 25, No. 2 | 23 Jan 2017 | OPTICS EXPRESS 1553 



Funding

NanoNextNL (6B-Functional Nanophotonics) a micro and nanotechnology consortium of the

Government of the Netherlands and 130 partners.

Dutch Technology Foundation STW (11358) which is part of the Netherlands Organization for

Scientific Research (NWO), and which is partly funded by the Ministry of Economic Affairs.

Acknowledgments

We thank Albert van Rees (Xio Photonics B.V.) for designing the lithography mask and Richard

Mateman (LioniX International B.V.) for cleanroom processing and fabrication of the samples.

                                                                                               Vol. 25, No. 2 | 23 Jan 2017 | OPTICS EXPRESS 1554 


