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We demonstrate a chip-scale f − 2f interferometer for
carrier-envelope-offset frequency (f CEO) detection. This is
enabled by simultaneously producing octave-spanning co-
herent supercontinuum generation and second-harmonic
generation in a single dispersion-engineered silicon nitride
waveguide. We measure the f CEO beatnote of an 80 MHz
modelocked pump source with a signal-to-noise ratio of
25 dB. Our simple approach for f − 2f interferometry
enables a straightforward route towards a chip-scale self-
referenced frequency comb source that can operate at
low pulse energies. © 2018 Optical Society of America

https://doi.org/10.1364/OL.43.004627

The development of fully stabilized optical frequency combs
has been crucial for high-precision frequency measurements
and has led to advances in wide areas of research, including time
and frequency metrology, optical clocks, and spectroscopy.
Many of the comb sources rely on stabilizing the repetition rate
and carrier-envelope offset frequency f CEO of a modelocked
femtosecond laser. The f CEO can be detected using a self-
referencing technique based on an f − 2f interferometer
[1,2], which requires an octave-spanning coherent spectrum
via supercontinuum generation (SCG) in a nonlinear medium,
such as photonic crystal fiber [3]. Recently, there has been
tremendous development of complementary metal-oxide-
semiconductor (CMOS) process compatible, chip-based pho-
tonic platforms for SCG [4–22]. The high optical confinement
and nonlinear index in these devices yield a large effective non-
linearity, enabling SCG with moderate pump powers.

Silicon nitride (Si3N4) has been shown to be an ideal
nonlinear platform for SCG on-chip, largely due to the high
nonlinear index (n2 � 2.5 × 10−19 m2∕W), low linear losses
in the near-infrared [23,24], and the ability to engineer the

dispersion of the waveguide [25]; f CEO detection [11,19]
and stabilization [13,17] have been performed. However,
f − 2f interferometry is performed off-chip using bulk optics
and a periodically poled lithium niobate (PPLN) crystal.
Simultaneous generation of SCG and second-harmonic gener-
ation (SHG) have been shown with 6 nJ pulse energies in a
PPLN waveguide [26] and with 800 pJ pulse energies in an
aluminum nitride waveguide [18], due to the strong second-
order nonlinear (χ�2�) effect. Alternatively, Carlson, et al. [17]
have shown direct f − 3f interferometry using third-harmonic
generation and dispersive wave (DW) formation in the silicon
nitride waveguide, which required 1.1 nJ of pulse energy in the
waveguide.

In this Letter, we demonstrate direct f − 2f interferometry
and f CEO detection via simultaneous SCG and SHG in a single
Si3N4 waveguide with sub-100 pJ pulses. We theoretically in-
vestigate the waveguide geometry that allows for SHG which
spectrally overlaps with the generated supercontinuum (SC)
spectrum and show experimentally an octave-spanning SCG
that spectrally overlaps with the SHG signal. We measure
an f CEO beat with 27 dB signal-to-noise ratio (SNR) using
62 pJ of pulse energy in the waveguide. Our scheme greatly
reduces the complexity of f CEO detection interferometry
and is a significant step towards chip-scale integration of a
stabilized frequency comb source.

While Si3N4 is a centrosymmetric material, it has been
previously shown to exhibit a χ�2� response that can be used
to produce SHG and sum frequency generation (SFG) with
modest efficiency. This is attributed possibly to symmetry
breaking at the waveguide interface [27,28] or to the high film
stress induced in Si3N4 during the deposition process [29,30].
To achieve efficient SHG in the Si3N4 waveguide, we consider
the phase-matching conditions by determining when the effec-
tive index of the TE0 mode at the fundamental wavelength is
equal to that of a higher-order mode at the second-harmonic
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wavelength [27,31–34]. Figure 1 shows the effective index
for the first 4 TE modes at the fundamental and second-
harmonic wavelengths in a Si3N4 waveguide with a cross
section of 725 × 1400 nm. The black curve corresponds to
the fundamental TE mode for the fundamental wavelengths,
and the red curves correspond to the first four TE modes at the
second-harmonic wavelengths. The plot indicates that the
effective indices of the fundamental TE mode and fourth-order
TE mode matches at a second-harmonic wavelength near
770 nm.

Next, to determine the conditions for which the SC spec-
trum can spectrally overlap with the second-harmonic signal,
we model the pulse propagation dynamics by solving the non-
linear envelope equation using the split-step Fourier method
[35] which includes the effects of third-order nonlinearity,
higher-order dispersion, and self-steepening. We assume
200 fs input pulses centered at 1510 nm with 62 pJ of
pulse energy. The waveguide is a 2 cm long oxide-clad Si3N4

waveguide with a cross section of 725 × 1400 nm. We take
advantage of DW formation to extend the SC bandwidth
toward the lower wavelengths. The spectral position where
the DWs form can be accurately predicted using the dispersion
function D [3,19]:

D �
X

n�2, 3,…

βn�ω0�
n!

�ω − ω0�n, (1)

where βn corresponds to the nth-order dispersion coefficient,
and ω0 is the pump frequency. DW formation occurs when
the dispersion function is near zero. Figure 2(a) shows the
dispersion function for a pump at 1510 nm and predicts a
DW near 600 nm. The simulated SC spectrum is shown in
Fig. 2(b) and is characterized by a DW centered at 640 nm.

Furthermore, our spectrum shows good spectral overlap with
the second-harmonic component. We characterize the spectral
coherence by calculating the first-order mutual coherence g12
[12,36,37]. Our calculations indicate that the SC spectrum
exhibits near unity coherence over the entire bandwidth.

In our experiment, we pump a 2 cm long oxide-clad Si3N4

waveguide using 200 fs pulses from a femtosecond optical para-
metric oscillator (OPO) centered at 1510 nm with a repetition
rate of 80 MHz. We estimate a coupling loss of 7 dB and a
propagation loss of 0.6 dB/cm. First, we investigate the
SHG bandwidth in our waveguide. The output of the wave-
guide is collected using a lensed fiber and sent to an optical
spectrum analyzer. We verify that there are no additional
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Fig. 1. Simulated effective refractive indices of the TE modes for
the fundamental and second harmonic in a Si3N4 waveguide with
a cross section of 725 × 1400 nm and a 9° sidewall angle. The black
curve corresponds to the effective index of the TE0 mode at the
fundamental wavelengths. The red curves correspond to the effective
index of the lowest to the fourth-order modes at the second-harmonic
wavelengths. The solid red curve corresponds to the fourth-order TE
mode, TE3. Inset: mode profile of fundamental mode (top) and
fourth-order mode (bottom) at the crossing point.
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Fig. 2. Dispersion and SCG simulation in a 2 cm Si3N4 waveguide
with a cross section of 725 × 1400 nm. (a) Dispersion function D pre-
dicts the position of the DW for a 1510 nm pump. (b) Simulated
spectrum with 200 fs pules and 62 pJ pulse energy in the waveguide.
(c) Calculated first-order mutual coherence.
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Fig. 3. Experimental spectra showing SHG for pump wavelengths
from 1490 to 1530 nm in 10 nm steps. The second-harmonic wave-
length and the corresponding fundamental wavelength are denoted
with dashed red and black lines, respectively. The discontinuity in
the spectrum at 1 μm corresponds to a difference in noise floor
due to a detector switching within the optical spectrum analyzer.
The pulse energies in the waveguide are indicated on the plot.
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nonlinear effects in the collection fiber by reducing the output
coupling efficiency in the lensed fiber. Figure 3 shows the gen-
erated second-harmonic signal for different OPO center wave-
lengths in the range of 1490–1520 nm, in 10 nm steps. The
second-harmonic wavelength and the corresponding funda-
mental wavelength are shown with red and black dashed lines,
respectively. A measurable second-harmonic signal is generated
between 752 and 762 nm, corresponding to fundamental
wavelengths between 1504 and 1524 nm. In each of the spec-
tra, we also observe a weak signal near 784 nm which we believe
corresponds to the ideal phase-matching position. The dynam-
ics underlying the SHG and SFG process are under further in-
vestigation. The pulse energy in the waveguide is denoted on
the plot. As the pump wavelength is increased, the spectral
broadening towards the blue is reduced, and more pump power
is required. Taking into account the SHG bandwidth and the

power required to broaden the spectrum via SCG, we choose a
pump wavelength of 1510 nm.

Next, we look at the generated spectrum for various pump
powers. Figure 4 shows the measured SCG spectra as the pump
power is increased. The pulse energy in the waveguide is
denoted on the plot. We observe the onset of SHG at
762 nm with 45 pJ (Fig. 4, top). We also observe a peak at
536 nm which we attribute to third-harmonic generation or
third-order SFG. With 50 pJ, we observe DW formation
centered at 677 nm. With a further increase in pump power,
spectral components near the 2f wavelength increase and, at
62 pJ (Fig. 4, bottom), we observe a continuous SC spectrum
down to 600 nm.

Finally, to detect the f CEO, we filter the generated spectrum
using an optical short-pass filter (900 nm cutoff wavelength)
and send it to a silicon avalanche photodetector with a
1 GHz response. The beatnote is measured using an RF spec-
trum analyzer for two different pump wavelengths, 1460 and
1510 nm. The measured output pulse energy is 46 pJ for both
cases, and Fig. 5 shows the optical and RF spectra for both
pump wavelengths. For a 1460 nm pump, the phase-matching
conditions for SHG are not satisfied, and the second harmonic
is not generated. Thus, in the RF domain, we only observe the
repetition frequency f rep at 80 MHz and its harmonics. For a
1510 nm pump, we observe broad SCG, and the RF spectrum
shows an f CEO beatnote with an SNR of 27 dB at 100 kHz
resolution bandwidth. The achievable SNR may be limited by
the temporal walk-off and the spatial overlap between the f
and 2f components [17]. The SNR can be further increased
by optimizing the waveguide design to increase the spectral
power of the SC near the SHG wavelength. Furthermore,
our scheme can be implemented at other pump wavelengths
by adjusting the waveguide cross section to allow for tuning
the SHG phase matching and DW position.

In conclusion, we demonstrate on-chip f − 2f interferom-
etry by simultaneous SCG and SHG in a single Si3N4 wave-
guide. We measure the f CEO beatnote with 25 dB SNR using
62 pJ of pulse energy. The low power consumption and
simplicity of the scheme offer promise as a step towards the
realization of a fully integrated stabilized frequency comb
source that is compact and portable for applications outside
of the laboratory environment.
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