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ABSTRACT
Emerging compositionally engineered complementary metal-oxide-semiconductor (CMOS)-compatible platforms have been employed for
high efficiencies in various on-chip applications, including optical parametric amplification and wavelength conversion. Combining the
novel nonlinear optics platforms such as ultra-silicon-rich nitride (USRN: Si7N3) with periodic waveguide structures can lead to further
enhancement of material nonlinearities via the slow light effect and enable ultra-compact devices. Four-wave mixing in a USRN-based,
CMOS-compatible, photonic crystal waveguide (PhCWg) leading to on/off optical parametric signal gain reaching 3 dB, and a large instan-
taneous idler conversion efficiency of −1 dB is explored experimentally. Enhancement of Kerr nonlinearity in the presence of a sizable and
near-constant group index allows the findings on an ultra-compact, 97 μm-long PhCWg, equivalent to a large on/off gain per unit length of
333 dB/cm.
© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0003633., s

I. INTRODUCTION

Nonlinear optics is based on light–matter interactions at power
levels sufficiently large to induce a refractive index change for near-
instantaneous modulation of optical signals.1 Prevailing comple-
mentary metal-oxide-semiconductor (CMOS)-compatible photon-
ics platforms, i.e., silicon2 and silicon nitride,3 are centrosymmetric;
therefore, they rely on Kerr nonlinearities that emerge due to the
third-order susceptibility (χ(3)) for demonstrating nonlinear opti-
cal phenomena. An essential third-order parametric process is
four-wave mixing (FWM); it occurs due to nonlinear interactions
among four optical waves where the energy and momentum are
conserved. FWM is the underlying process of many applications
including parametric amplification,4 optical sampling,5 all-optical
wavelength conversion,6 and demultiplexing7 and therefore has
an indispensable role in optical signal processing. Moreover, it is
used to create entangled photon pairs for quantum communication
networks.8

Through exploiting both material and structural properties of
integrated photonic devices, it is possible to tune the light–matter
interactions to a greater extent, allowing the full potential of on-chip
nonlinear processes to be efficiently unlocked.9 One way to engineer
the structural properties of a waveguide is by introducing a two-
dimensional periodicity on the plane of light propagation, via pho-
tonic crystal waveguides.10 PhCWgs allowed impressive progress in
nonlinear optical signal processing applications on the widely used
CMOS-compatible silicon platform and led to successful demonstra-
tions of interesting nonlinear photonic phenomena including inte-
grated autocorrelators,11 temporal compression,12 third harmonic
generation,13 and four-wave mixing.14–16

Material properties play a key role in the efficiency of non-
linear processes. The limitations of the existing CMOS-compatible
platforms such as nonlinear losses in silicon, two-photon absorption
(TPA) and free-carrier (FC) effects and lower Kerr nonlinearity in
stoichiometric silicon nitride, turned the research efforts toward
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the exploration of new CMOS-compatible platforms. We created
the compositionally engineered ultra-silicon-rich nitride (USRN),
possessing a sufficiently large bandgap of 2.1 eV to eliminate two-
photon absorption at 1.55 μm with a material composition of Si7N3.
This composition unlocks an order of magnitude larger Kerr non-
linearity compared to stoichiometric silicon nitride at telecommu-
nication wavelengths in the absence of nonlinear losses. USRN
possesses a large Kerr nonlinearity of 2.8 × 10−13 cm2/W and
a linear refractive index of 3.1,4,17 making it ideal for harness-
ing nonlinear phenomena on CMOS-compatible integrated devices
without the need for high input powers. Supercontinuum genera-
tion (SCG), optical parametric amplification (OPA), and four-wave
mixing have been demonstrated in USRN waveguides with high
efficiencies.4,17,18

PhCWgs can enhance nonlinear effects through slow light,
which is caused by the inverse group velocity scaling with the large
group indices brought about by the waveguide periodicity.10 The
enhanced light–matter interaction in PhCWgs allows the reduc-
tion in device footprint compared to channel waveguides, where
the length scales are at the order of millimeters or centimeters for
realizing nonlinear optical processes. However, the complex PhCWg
structures lead to larger linear losses, which are commonly tolerated
by using compact device footprints. They can also cause an increase
in the severity of nonlinear losses such as two-photon absorp-
tion (TPA) and free-carrier (FC) absorption, inherent in silicon.
This could consequently hinder the efficient implementation of all-
optical signal processing on compact photonic chips as they result in
undesirable attenuation in optical fields. Here, USRN platform mit-
igates these nonlinear losses.4,17 In addition, a group index of 20 is
achieved in the PhCWg structure that is symmetrically cladded with
SiO2, eliminating the structural robustness issues associated with
air-membrane structures.

We previously demonstrated the design and fabrication of
the PhCWgs on the USRN platform with silica over- and under-
cladding for better structural robustness and characterized the non-
linear enhancement in our PhCWgs.19 In this manuscript, we show
FWM in a degenerate pump configuration using a pulsed pump and
present the large on/off idler conversion efficiency and signal gain in
USRN PhCWgs, reaching 333 dB/cm.

II. RESULTS
A. Characterization of photonic crystal waveguide

For the FWM experiments, we used a 97 μm-long PhCWg fab-
ricated on a USRN wafer with 300 nm thickness and with the param-
eters radius r = 105 nm, row shift s1 = 40 nm, and lattice constant
a = 430 nm. The PhCWg has a propagation loss of 22 ± 2 dB/cm
in the slow light region. Fabrication details can be found in the sup-
plementary material, and further information on the device design,
fabrication details, and the scaling of effective Kerr nonlinearity can
be found elsewhere.19 Scanning electron micrograph (SEM) taken
before the cladding deposition is given in Fig. 1(a). The transmis-
sion spectrum of the PhCWg measured using a broadband ampli-
fied spontaneous emission (ASE) source and an optical spectrum
analyzer is given in Fig. 1(b).

First, we characterize the group index of the PhCWg to infer the
wavelength region of the flat-band slow light for our FWM exper-
iments. To do this, we constructed a fiber-based Mach–Zehnder

FIG. 1. (a) Scanning electron micrograph of the photonic crystal waveguide
(PhCWg) taken before the cladding deposition, showing the PhCWg parameters
radius r, row shift s1, and lattice constant a. (b) Transmission of the PhCWg device
normalized with respect to the ASE source.

interferometer (MZI) that is shown in Fig. 2(a). It works by first
separating the light from an ASE source into two arms using a cou-
pler. Each arm introduces different group delays to the propagating
light before these two arms are combined back with another coupler.
The phase difference creates the interference pattern, as shown in
Fig. 2(b). This measured spectrum can be used to extract the group
delay difference of the test and reference arm as19

ngPhCWg =
Lref × ngRef ± λ2

ΔλMZI

LPhCWg
, (1)

where Lref and LPhCWg are the length of the reference arm and the
photonic crystal waveguide, respectively. ΔλMZI denotes the fringe
spacing in the interference pattern. For an interference pattern with
prominent peaks, we used an attenuator, in addition to the 90:10
coupler, to have the same levels of the output power from both MZI
arms.

The fibers of different lengths are adjusted at both arms to
have the same delay-time; the variable optical delay line (VODL) is
used to tune the difference in delay. In our measurement, the refer-
ence arm is advanced, i.e., the PhCWg arm is delayed with respect
to the reference arm. As the group index of the PhCWg increases
toward the band edge, the delay is increased, and the difference of
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FIG. 2. (a) Schematic of the setup consisting of an amplified spontaneous emission (ASE) source, in-line polarizer (ILP), 90:10 coupler, variable optical delay line (VODL),
10 dB attenuator, fibers, 50:50 coupler, and optical spectrum analyzer (OSA), used to characterize the group index of the PhCWg. (b) Oscillations in the spectrum due to
constructive and destructive interference. (c) Group index extracted from the period of oscillations.

delays between the reference arm and the PhCWg arm is reduced.
This variation creates the change in oscillation period with respect to
frequency; the oscillation period decreases as ng increases, as seen in
Fig. 2(b). To calculate the group index characteristics of the PhCWg,
we use Eq. (1) and take the ± sign as a summation during calcu-
lation as the reference arm is advanced with respect to the device
arm. We obtain the group index curve, as shown in Fig. 2(c), with
the 10 nm span flat-band slow light at ng close to 20. Simulation
details, band diagrams, and simulated PhCWg group index curves
were previously presented.19 The red curve is a high order poly-
nomial fit to data to construct a visual guide to eyes. The group
index data helps us to determine the operating region for the FWM
experiments.

B. Four-wave mixing
To exploit the high group index in a 10 nm span, we oper-

ated within the flat-band slow light region. The setup used for FWM
experiments is shown in Fig. 3. We performed the measurements in
a degenerate pump configuration; for the signal, we used a continu-
ous wave (CW) and tunable laser source, and for the pump, we used
a mode-locked laser (MLL) that launches pulses with a full width at
half maximum (FWHM) of 9 ps at 20 MHz repetition rate (RP), cen-
tered at 1551 nm. An EDFA is used to amplify the signal to increase
the visibility of the generated idler by raising it above the noise floor
of the optical spectrum analyzer (OSA). To reduce the noise from
the sources, both the signal and the pump are filtered using band-
pass filters (BPFs), possessing 3 dB bandwidths of 1.5 nm for the

FIG. 3. Schematic of the setup used in the FWM experiments consisting of mode-locked laser (MLL), continuous wave (CW) laser, erbium-doped fiber amplifier (EDFA),
bandpass filters (BPFs), fiber polarization controllers (FPCs), optical variable attenuator (OVA), device under test (DUT), and OSA.

APL Photon. 5, 066108 (2020); doi: 10.1063/5.0003633 5, 066108-3

© Author(s) 2020

https://scitation.org/journal/app


APL Photonics ARTICLE scitation.org/journal/app

pump and 0.5 nm for the signal. After the BPF, the pump FWHM
is measured with an autocorrelator to be 11 ps (the time-bandwidth
product is 0.57). The variable attenuator is used to change the pump
power and observe the variations in the conversion efficiency of
the idler as well as the signal gain. To control the polarization and
to maintain transverse-electric polarization, we used polarization-
maintaining (PM) fibers and components after the fiber polarization
controller (FPC) plates. Signal and pump arms are combined using
a 50:50 fiber coupler and coupled in and out of the chip via tapered
lensed fibers.

Figure 4(a) shows the FWM spectra with varying pump powers.
The mixing of two photons from the pump and one from the signal
produces one idler photon at the frequency ωi = 2ωp − ωs, at a rate
equivalent to the pump repetition rate. Another photon is generated
at the signal wavelength, which promotes the signal amplification.
When using a pulsed pump, the calculation of the instantaneous
conversion efficiency (also called on/off idler conversion efficiency)
differs from that of the CW pump and signal; the spectrally inte-
grated power from the OSA measurements should be weighted by
the duty cycle factor [F = 1/(20 MHz × 11 ps)] to obtain the instanta-
neous conversion efficiency. The instantaneous response of the Kerr
medium leads to idler generation in the presence of the pump, i.e.,

FIG. 4. (a) FWM spectra recorded with the OSA with varying input peak powers
when the CW signal is centered at 1554.6 nm; the colors shown in the legend
denote the input peak power coupled in the PhCWg. (b) Calculated (dark red line)
and measured (colored circles) idler conversion efficiency as a function of coupled
input peak power. (c) Calculated (blue line) and measured (colored circles) signal
gain as a function of coupled input peak power. Horizontal axes for (b) and (c) are
plotted on a logarithmic scale.

in a pulsed fashion, leading to an idler possessing high peak pow-
ers, therefore high on/off idler conversion efficiencies defined as the
ratio between the measured idler power at the output of the photonic
crystal waveguide (PhCWg) with the pump on and the signal power
at the output of the PhCWg with the pump off.4,20

We derived the on/off idler conversion efficiency and sig-
nal gain, as shown in Figs. 4(b) and 4(c), with the colored filled
circles, by analyzing the spectra measured by using the optical
spectrum analyzer (OSA) with 0.05 nm resolution. We define the
on/off idler conversion efficiency as the ratio between the mea-
sured idler power at the output of the photonic crystal waveguide
(PhCWg) with the pump on and the signal power at the output
of the PhCWg with the pump off, namely, Psignal,out .4,20 The idler
peak power is calculated by taking the integral of Pidler,ave and tak-
ing the pump pulse repetition rate and pulse width into account,
Pidler,peak = 1

RpTpulse ∫ Pidler,ave(λ)dλ, where the Rp is the repetition
rate of the mode-locked laser and Tpulse is the input pulse width
of the sech pulses injected into the PhCWg. Pidler,ave(λ) is the aver-
age output power spectrum as a function of the wavelength mea-
sured by using the OSA. The calculation of instantaneous idler
conversion efficiency in a pulsed degenerate pump configuration is
Pidler, peak/Psignal,out . The peak power of the signal at the output is cal-
culated by Psignal,peak = 1

RpTpulse ∫ Psignal,ave(λ)dλ. We applied a band
rejection filter to eliminate the power in the narrowband CW tone
of the signal and obtain Psignal,ave. The on/off optical parametric gain
of the signal is then given by Psignal,peak/Psignal,out .

The four-wave mixing conversion efficiency of the idler and
the parametric gain of the signal is calculated and plotted together
with the measured results in Figs. 4(b) and 4(c). The gain coefficient

g = [(γeff P)2 − ( β2Ω2+2γeff P
2 )

2
]

1
2

, where γeff is the effective nonlinear

parameter, P is the coupled peak power of the pump, β2 is the group
velocity dispersion, and Ω is the detuning between the pump and the
signal.15,25 The conversion efficiency of the four-wave mixing pro-
cess is calculated using the expression, CE = (γeff Psinh(gL)/g)2.e−αL,
whereas the parametric gain of the signal Gsignal = 1 + CE. The
loss parameter is α = 510 m−1 and γeff = 5.5 × 103 W−1/m. In
calculating the conversion efficiency, we assume an undepleted
pump and the absence of two-photon absorption, which has been
experimentally verified in USRN using both z-scan and waveguide
experiments.17,21

The slow-down factor, S = ng/n0, accounts for the slow-light
scaling of nonlinear effects, where γeff = γS2 scales with S2, and the
reduced group velocity for the light propagating through the waveg-
uide is given by νg = c/ng . S. Light spends more time confined in
the periodic waveguide due to its slower group velocity, leading to
enhanced light–matter interaction and, therefore, large on/off idler
conversion efficiency and on/off signal gain (Figs. 4 and 5). Utilizing
carefully designed periodic waveguide structures, scaling of non-
linear effects with large group indices can allow for shorter device
lengths and lower powers to initiate nonlinear processes. Neverthe-
less, slow-light scaling also acts to exacerbate nonlinear losses such
as TPA that are prominent in silicon,9 which are absent in USRN
through meticulous material composition engineering as previously
mentioned.4 The USRN TPA edge has previously been character-
ized to exist at 1.2 μm, above which TPA is absent,22 but 3 PA can
still exist in the telecommunication wavelengths.4,17 We, therefore,
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FIG. 5. (a) FWM spectra measured by
using the OSA with varying signal wave-
lengths with a fixed pump peak power
of 1.17 W; the colors correspond to
the respective points in (b). (b) Instan-
taneous idler conversion efficiency and
signal gain with respect to the varying
signal wavelength. The calculated signal
gain and idler conversion efficiency are
shown as green crosses (×) and blue
crosses (+), respectively.

believe that the discrepancy between the slopes of the calculated and
measured CE is a result of the non-trivial scaling of three-photon
absorption in PhCWgs, as previously reported in GaInP PhCWgs.21

Engineering the PhCWg with row shifts allows for a wider
operational bandwidth for the FWM. Maintaining the same pump
wavelength as the demonstrations in Fig. 4, we altered the signal
wavelength with 0.5 nm increments. The measured spectra are given
in Fig. 5(a), and the calculated and measured instantaneous idler
conversion efficiency and signal gain are given in Fig. 5(b). Since
the signal wavelength is still within the flat-band slow light region
within our measurement range, the signal gain does not vary sub-
stantially. The group index, ng , of the idler varies considerably as
the signal wavelength is changed, contributing to the decrease in the
idler conversion efficiency as the signal wavelength is increased; this
is one of the factors that contribute to the discrepancy of the calcu-
lated and measured CE. Even though the signal does not experience
a substantial fluctuation in ng , the generated idler starts experienc-
ing a lower ng as the signal wavelength is red shifted. In deriving the
idler conversion efficiency from the measured data, the transmission
level of the idler, as represented in Fig. 1(b), is also playing a role.
Since the idler conversion efficiency by definition refers to the idler
power with respect to the signal power at the waveguide output, the
decreasing transmission of the PhCWg from 1548 nm to 1543 nm
will likewise result in a reduction in the idler conversion efficiency
as the signal wavelength increases. The discrepancy in the last data
point for the CE in Fig. 5(b) is also explained with this increase in
the linear losses. As explained further in the supplementary mate-
rial, the larger propagation losses shown in Fig. 1(b) at the blue side
of the flat-band slow light region can be related to the extent of the
light cone19,23 and further explains the discrepancy in the CE data
point at 1557 nm. Overall, the measured and calculated signal gain
and conversion efficiency as a function of signal wavelength for a
fixed pump wavelength of 1551 nm show good agreement between
the calculated and measured values. It is also useful to note that due
to the small pump-signal detuning, the impact of phase mismatch on
the gain/conversion efficiency is negligible mainly because the device
length is also short. Therefore, the phase mismatch accumulated
over the 97 μm device length is small.

III. DISCUSSION
Due to the flat-band slow light created by the PhCWg

periodicity, we were able to observe a substantial on/off idler

conversion efficiency up to −1 dB at the input coupled peak
power of 2.5 W. In previous demonstrations with USRN chan-
nel waveguides, the linear relationship between the coupled input
peak power and the output power has been demonstrated for power
levels up to 800 W and input peak optical intensities up to 50
GW/cm2.17 Since the limit imposed by the TPA on the efficiency
of the optical parametric amplification (OPA) process is absent
in USRN; we were able to achieve high conversion. Besides, the
absence of a blue shift in the pump indicates lack of free-carrier
dispersion.15

Previous studies on four-wave mixing and parametric ampli-
fiers on GaInP photonic crystal waveguides24–26 have demonstrated
good device performance reaching an on-chip gain of 11 dB.24

These inspiring works were supported by air-membrane 1.5 mm
long PhCWgs that were not CMOS-compatible. Comparing this to
our results, we can infer that fabricating longer USRN PhCWgs
might lead to better device performance at the cost of larger foot-
prints. Nevertheless, there exists an inherent trade-off for PhCWg
structures: they allow the small footprints at the cost of larger
propagation losses compared to channel waveguides. The high
gain per unit length factor is, therefore, partially attributed to
the small footprint of the device. The signal gain per unit length
in the USRN PhCWgs demonstrated here is 333 dB/cm, whereas
the aforementioned results in GaInP have a signal gain of 73
dB/cm.24 With reference to the parametric gain in photonic waveg-
uides at a wavelength of 1550 nm, 42.5 dB gain has been demon-
strated in USRN waveguides with a length of 7 mm, implying a
length normalized gain of 60.7 dB/cm.4 Comparing the normal-
ized gain demonstrated here in the USRN PhCWg, gain per unit
length is significantly larger than that in the USRN waveguide.
The origin of this large gain enhancement is the elevated group
index, induced close to the band edge, by the photonic crystal
structure.

Hybrid slot waveguide schemes that use a separate gain
medium have also been demonstrated recently; a modal gain of
52.4 dB/cm was reported in a CMOS-compatible device using Si3N4
slot waveguides with Erbium as the gain medium deposited within
the slot.27 In our work, higher gain per length comes at the cost
of reduced bandwidth compared to channel or slot waveguides;
however, it drastically reduces the device footprint. Hybrid struc-
tures can also be fabricated with photonic crystal structures, as
theoretically proposed on silicon slotted PhCWg with silicon
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nanocrystal material embedded in silica host (SiNC/SiO2) for its
large Kerr nonlinearity.28

It is meaningful to note an essential figure-of-merit for
PhCWgs used for optical signal processing; group index—bandwidth
product, ng(Δω/ω). Bandwidth limits the detuning for FWM exper-
iments, while ng is a measure for slow-light enhancement of non-
linear effects, which enhances the conversion efficiency and sig-
nal gain in FWM. We calculated ng(Δω/ω) for our PhCWg to
be 0.2. Previous demonstration of row-shifted PhCWgs in sili-
con reached ∼0.3, which came with the cost of fabricating air-
suspended PhCWgs, compromising on the device robustness and
CMOS-compatibility.29 Yet, the PhCWg design demonstrated here
with the silica cladding can be used in larger CMOS-compatible
systems.

In our device, the field is coupled into the 97 μm-long
PhCWg via an access waveguide, which is short in the design
to minimize their contribution to the CE. The length of the
input access waveguide at the input is 200 μm. The slow light
enhancement factor, S2, is (4/3.1)2 = 1.7× for the access waveg-
uide and S2 = 37.6 for the PhCWg, as calculated from the measured
group index data in Fig. 2(c). Based on the contribution to the
acquired nonlinear phase (ΔφNL = γeffPinL) from the waveguide
length and nonlinear parameter, the contribution from the access
waveguide is 11× less than that from the PhCWg.

As the field of integrated photonics moves toward uti-
lizing optical nonlinearities toward single photons for quan-
tum applications, it is becoming necessary to induce nonlinear
effects at low power levels. Consequently, our results are promis-
ing for the generation of correlated photon pairs with USRN
PhCWgs.

IV. CONCLUSION
The high nonlinear figure-of-merit (FOM) of USRN17 origi-

nates from its high Kerr nonlinearity of n2 = 2.8 × 10−13 cm2/W
and lack of TPA and FC effects. The nonlinearity of this platform
is further enhanced by engineering the PhCWg structure for the
sizable group index over a wide flat band. To capitalize on the experi-
mentally observed large nonlinearity in USRN-based PhCWgs,19 we
performed FWM experiments in a degenerate pump configuration
with a continuous wave signal and pulsed pump with 20 MHz rep-
etition rate. We observed parametric wavelength conversion at low
operating powers of a few Watts and an ultra-short device length of
97 μm. In the low power regime and ultra-compact device, an instan-
taneous idler conversion efficiency reaching −1 dB is observed, as
well as parametric amplification of signal reaching 3 dB, correspond-
ing to a gain per length figure of 333 dB/cm. Furthermore, this
realization is on a back-end CMOS-compatible platform with SiO2
cladding, which improves the device robustness compared to air-
membrane structures. More on-chip functionalities that are lacking
in the integrated photonics toolkit can be discovered by combining
structurally engineered waveguides with novel nonlinear materials
such as USRN.

SUPPLEMENTARY MATERIAL

See the supplementary material for further details.
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