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CMOS platforms with a high nonlinear figure of merit are highly sought after for high photonic quantum effi-
ciencies, enabling functionalities not possible from purely linear effects and ease of integration with CMOS elec-
tronics. Silicon-based platforms have been prolific amongst the suite of advanced nonlinear optical signal
processes demonstrated to date. These include crystalline silicon, amorphous silicon, Hydex glass, and stoichio-
metric silicon nitride. Residing between stoichiometric silicon nitride and amorphous silicon in composition,
silicon-rich nitride films of various formulations have emerged recently as promising nonlinear platforms for
high nonlinear figure of merit nonlinear optics. Silicon-rich nitride films are compositionally engineered to create
bandgaps that are sufficiently large to eliminate two-photon absorption at telecommunications wavelengths while
enabling much larger nonlinear waveguide parameters (5x-500x) than those in stoichiometric silicon nitride. This
paper reviews recent developments in the field of nonlinear optics using silicon-rich nitride platforms, as well as

the outlook and future opportunities in this burgeoning field.
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1. INTRODUCTION

The efficiency of nonlinear optical signal processing relies
strongly on the nonlinear figure of merit and nonlinear strength
of the platform. Platforms with a high nonlinear figure of merit
ensure that photons involved in the nonlinear process do not
get lost to nonlinear loss mechanisms such as two-photon tran-
sitions and free-carrier absorption. Nonlinear platforms that are
compatible with complementary metal-oxide semiconductor
(CMOS) processing are especially significant, because of their
potential for low-cost manufacturing and ease of integration
with the suite of electronics devices that are often needed to
complement the on-chip optical system. Examples of such sys-
tems include those which have been commercialized, such as
optical transceivers [1].

Among the cheapest and most prolific of CMOS materials is
silicon, which possesses several unique optical properties that
make it highly advantageous for integrated optics applications.
Silicon possesses a bandgap of 1.1 eV, which implies optical
transparency above the wavelength of 1.1 pm. The same
material property that allows silicon to be an effective absorber
and photodetector at the near-infrared also enables silicon to
be transparent at telecommunications wavelengths, where a
significant number of potential commercial applications are
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located. The smaller bandgap compared to insulators yields
a larger linear refractive index, which through Miller’s rule also
implies a stronger Kerr nonlinearity [2]. Conversely, the 1.1 eV
bandgap in silicon is also insufficient to preclude two-photon
transitions at telecommunications wavelengths, which, when
coupled with free-carrier losses, has been shown to be detrimen-
tal to optical efficiencies at powers as low as a few hundred
milliwatts [3,4].

Approaches to overcome the limitations of silicon for non-
linear optics have come about through materials grown via
chemical vapor deposition. Two such materials that have seen
remarkable achievements in recent times include Hydex glass
[5-9] and silicon nitride [9-15], both of which have a suffi-
ciently wide bandgap to eliminate two-photon absorption
(TPA) at telecommunications wavelengths.

Most recently, a new suite of nonlinear CMOS materials
availed through chemical vapor deposition techniques has
emerged. These materials may theoretically possess a con-
tinuum of refractive indices spanning from 1.46 (silica) to ~3.7
(amorphous silicon). Notably, the emergence of bandgap-
engineered silicon-rich nitride (SRN), tailored in composition
to possess a large linear refractive index without being
encumbered by two-photon absorption at telecommunications
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wavelengths, has become a promising new material for
nonlinear optics applications. Compositionally residing be-
tween stoichiometric silicon nitride and silicon, various formu-
lations of silicon-rich nitride films may be grown, yielding
varying optical properties. This review paper covers recent
progress of nonlinear optics developed on the silicon-rich
nitride platform [15-29], and discusses the challenges,
opportunities, and outlook for the platform.

2. GROWTH OF BANDGAP-ENGINEERED
SILICON-RICH NITRIDE FILMS

Over the years, non-stoichiometric silicon nitride has been
developed to provide solutions to light emission [30,31] and
as an alternative to silicon for highly compact photonic light
wave circuits [32-34]. The advent of silicon-rich nitride
was largely enabled by the availability of chemical vapor dep-
osition (CVD) technologies, allowing process parameters to
directly tailor the optical properties of the film. Of these, in-
ductively coupled plasma CVD (ICP-CVD) and plasma-
enhanced CVD (PECVD) utilize lower temperatures (250°C
and 350°C—400°C, respectively) that are well within the ther-
mal budget for back-end CMOS processing, whereas low-
pressure CVD (LPCVD) requires higher temperatures of
>800°C. Nevertheless, process innovations availed by CVD
techniques allow films with tailored silicon:nitrogen ratios to
be designed and grown.

A. Growth Processes of Silicon-Rich Nitride Films
Stoichiometric silicon nitride films have been widely reported to
be grown using PECVD or LPCVD processes [10-15,35-38].
NH; has been a precursor gas of choice over N, because the
energies of N—H bonds are almost three times smaller than those
of N = N bonds (391 kJ/mol versus 941 kJ/mol), and therefore
requires less energy or temperature to break. However, the use
of NHj gas in the deposition process has been reported to lead
to unwanted N-H bonds in the deposited films [39—42]. The
presence of N—H bonds in the films varies in extent depending
on process conditions and contributes to absorption at telecom-
munications wavelengths. Consequently, avoiding the use of
NHS3 as a precursor gas in the growth of silicon-rich nitride films
is one approach to reduce losses at the 1.55 pm wavelength.
Similar to the growth of stoichiometric silicon nitride films,
silicon-rich nitride film growth has also explored use of various
gas mixtures including SiH; with NHj, SiHg with N, and
dichlorosilane with NH;, with each combination possessing a
source of silicon and nitrogen atoms. In SRN films, the mecha-
nism for tailoring of the film composition and optical properties
arises from varying the process conditions used to grow the films.
Process development using low-temperature ICP-CVD
(250°C) has successfully resulted in silicon-rich nitride films
with refractive indices spanning from 2.2 all the way to 3.1
(Fig. 1) [15,17]. The films with the highest refractive index
(n = 3.1) have been characterized by X-ray photoelectron spec-
troscopy to possess a Si:N ratio of 7:3 and a bandgap of 2.1 eV
[25]. PECVD processes (350°C) have also been successful in
their ability to create silicon-rich nitride films with linear refrac-
tive indices of up to 2.7 (Figs. 2 and 3) [21,28]. In LPCVD
films grown at 800°C, recent work has shown that the film

indices could be tailored from 2.0 to 2.2 [43]. When using
NH; as a precursor gas, LPCVD films potentially allow films
to have less N-H bonds compared to PECVD-grown films,
because of the high growth temperatures exceeding 800°C.
The drawback, however, would be the high temperature, which
exceeds the back-end CMOS thermal budget. The major im-
plication of temperature in the context of CMOS processing
pertains to some of the incompatibilities of high temperatures
with prior fabrication steps performed at the front end. For an
optical system to be completely fabricated on the back-end
process, it would require all processes to be conducted below
400°C. Particularly, if the optical system is to be integrated with
electronics, processes such as copper metallization as well as
doping of P-N junctions, which are performed on the front
end, would be compromised through melting and dopant mi-
gration when they are subjected to high temperatures at the
back end. If compatibility with back-end CMOS processing
is not required, annealing of the films at temperatures of up
to 1200°C could potentially be used to further eliminate any

N-H present in the films and approach the limit of ultralow-
loss films [44—46].

B. Optimizing Silicon-Rich Nitride Films

for Nonlinear Optics

The interaction of a photon incident on a material depends
very much on the material’s bandgap. Optical transparency
of a material at a specific wavelength requires the energy of in-
cident photons to be smaller than the bandgap energy [47].
A larger bandgap implies tightly bound electrons, which inter-
act minimally with an incident photon with energy below its
bandgap. Materials with a larger bandgap therefore possess a
smaller refractive index, and experience a shorter delay when
propagating within the medium. Conversely, a photon incident
in a material with a smaller bandgap will now encounter less
tightly bound electrons, and photon—electron interactions will
become more pronounced, generating a larger refractive index.
Similarly, Miller’s rule, which was formulated in the sixties to
empirically describe the relationship between a large linear
refractive index and second-order polarizability, also provides
pertinent insight into designing for high Kerr nonlinearities
through large linear refractive indices [2].

Attempts at bandgap engineering of non-stoichiometric sil-
icon nitride have emerged for the goal of achieving maximally
large nonlinear refractive indices while retaining a high nonlin-
ear figure of merit. Drawing from Miller’s rule, a streamlined
method to achieve a fortuitous combination of large nonline-
arity and nonlinear figure of merit [FOMyp = 7,/ (Prpa - 4),
where 7, is the nonlinear refractive index, frps is the
two-photon absorption coefficient, and 1 is the wavelength]
can be achieved through the maximization of the linear refrac-
tive index, with the bandgap governing onset of two-photon
absorption serving as an upper bound. Amorphous silicon films
with bandgap, £, = 1.7 eV, which is theoretically larger than
the two-photon threshold at 1.55 pm, have been shown to
exhibit two-photon absorption [48—52]. This suggests that ac-
counting for Urbach tails through a buffer in the film’s bandgap
is warranted. A continuum of non-stoichiometric silicon nitride
materials with varying £, values have been formulated, and
silicon-rich nitride films with £, = 2.1 eV have been shown
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Plot of Refractive Index, nagainst Wavelength (nm)
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Tailoring of the refractive index of silicon-rich nitride films grown using low-temperature (250°C) inductively coupled chemical vapor

deposition. (a) It is observed that the measured refractive index of films increases as the SiHy : N, ratio increases from 0.85 to 1.36 to 2.27. (b) The
measured extinction coefficient is small beyond 700 nm. At shorter wavelengths, the extinction coefficient becomes larger for higher silicon content.
(c) The measured refractive index at 1550 nm as a function of SiH4:N, process ratio. Varying the SiH4:N, ratio from the smallest to largest
value results in a variation of the refractive index from 2.2 to 3.1. (d) The inverse relation between band gap energy and film refractive index.

From Refs. [16,17].

to allow nonlinear refractive indices that are ten times larger
than those in stoichiometric silicon nitride [16,18,20].
Substantial efforts to demonstrate tailorability of the silicon-
rich nitride films’ refractive indices through film composition

25 * R=0.5SiN .
§ * R=0.7,SiN_
L » 4 R=09,SiN,
-g 23 \

S

o

S22}

7}

14 21 \

1 1 1 P p——
600 800 1000 1200 1400 1600
Wavelength(nm)
@)

have been documented. Trends in the observed film properties
indicate that films with higher silicon content generate larger
refractive indices, and through the empirical rule availed
through Miller, imply a larger nonlinear refractive index as well.
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Fig. 2. Refractive index tailoring in plasma-enhanced chemical vapor deposited silicon-rich nitride films. (a) Larger ratios of flow rate between
SiH4 :NHj precursor gases result in larger refractive indices. (b) Redshifting of the linear absorption band edge as a function of SiH : NH; flow rate

ratio. From Ref. [21].
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Fig. 3. Refractive index of PECVD-grown silicon-rich nitride films
as the N:Si ratio is varied. Films with higher silicon content result in
larger refractive indices. From Ref. [28].

Figure 1 documents the variation in the bandgap energy with
linear refractive index of ICP-CVD-grown silicon-rich nitride
films. As expected from Kramers—Kronig relations and inverse
bandgap scaling laws [53], the measured film bandgap de-
creases as the refractive index increases. A similar phenomenon
can be observed in Fig. 2(b), where the absorption spectrum
of PECVD-grown SRN films is observed to shift to a lower
bandgap energy as the silicon content increases (i.e., refractive
index increases).

C. Design Flexibility for Dispersion Engineering

Engineering for anomalous dispersion has now come to be a
routine for a large number of nonlinear optics applications, in-
cluding optical pulse compression [54—58] and supercontinuum
generation [17,23,59—61]. Consequently, the ability for a plat-
form to provide flexibility in engineering dispersion of varying
signs and magnitude is of great merit. In general, a larger value
of An (where An = 7o = Mtaddings Where 71core and 7144ding Te-
fer to the refractive index of the waveguide core and cladding
material, respectively) allows for a greater dynamic range of
dispersion engineering to be achieved. The ability to tailor re-
fractive indices anywhere between 7» = 2.2 and » = 3.1 is also
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an interesting feature that might allow an additional degree of
freedom in dispersion engineering of waveguides and optical
nanostructures. Indeed, various groups have leveraged tailored
waveguide geometries to achieve dispersion profiles that facili-
tate the nonlinear optical phenomenon under study. Both low-
temperature ICP-CVD-grown films [25] and high-temperature
LPCVD-grown films [24] have been shown to allow for wave-
guides to be dispersion-engineered according to the needs of the
nonlinear optics applications (Fig. 4). In ICP-CVD-grown
ultra-silicon-rich nitride (USRN) films, dispersion engineering
was demonstrated through the tailoring of waveguide geom-
etries. Fourth-order dispersion, which is important for paramet-
ric processes, particularly when the pump is located very close
to the zero-dispersion wavelength, was also demonstrated [25].
In LPCVD-grown silicon-rich nitride films [24], waveguides
have been engineered to possess two zero-dispersion wave-
lengths for the facilitation of supercontinuum generation.

3. NONLINEAR OPTICS APPLICATIONS

The interest in silicon-rich nitride for nonlinear optics is fueled
by its potential for larger nonlinear parameters compared to
stoichiometric silicon nitride, while maintaining a negligible
two-photon coefficient at telecommunications wavelengths.
Early work involving the characterization of achievable nonlin-
ear parameters in silicon-rich nitride devices leveraged both
temporal and spectral measurements. Spectral measurements
involving self-phase modulation experiments in silicon-rich ni-
tride films have previously been used for characterizing the
nonlinear refractive index [18]. Films with a linear refractive
index of 3.1 were observed to possess a nonlinear refractive in-
dex of 2.8 x 10713 cm? /W. Using resonance shifts within ring
resonators, Lin ¢ al. extract the nonlinear refractive index
of silicon-rich nitride films with a linear refractive index
of 2.49 to be 1.6 x 10°1% cm?/W [20]. Lower-index films
(n = 2.1) have been shown to possess a nonlinear refractive
index of 6x 10715 cm?/W [19]. More recently, PECVD-
grown SRN films with a linear refractive index of 2.7 were
characterized to possess a nonlinear refractive index of 2.0 x

10714 cm?/W [28], whereas LPCVD-grown SRN films with

900
—~ N\ ——500x300
‘E 800 - - - 550x300
E U L P 600x300
s 700f —-—--650x300
[0)
§ 600t
(©
o
5 500G
£
S 400t
4

300 L L .

13 14 15 16 1.7

Wavelength (um)
(b)

(a) Calculated second-order (f,) and fourth-order (f;) dispersion of ICP-CVD-grown USRN waveguides for different waveguide

widths (W) for a fixed height of 300 nm. (b) Calculated nonlinear parameter of the USRN waveguides as a function of wavelength for various

waveguide widths (W) and fixed height of 300 nm.
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a linear refractive index of 2.2 were shown to possess a non-
linear refractive index of 1.1 x 10714 cm? /W [43]. Collectively,
the data available on the nonlinear refractive index of various
silicon-rich nitride films confirm the empirical rule developed
by Miller—larger linear refractive indices generate larger non-
linear refractive indices as well.

The benefit of a large linear refractive index to nonlinear
optics applications is multi-fold. First, a large core refractive
index provides a greater dynamic range of achievable dispersion
through dispersion engineering [62], a feature that is instru-
mental for various nonlinear optical processes. Second, as fol-
lows from Miller’s rule, a linear refractive index implies a larger
nonlinear refractive index. The list of CMOS materials on a
refractive scale and their nonlinear refractive indices is shown
in Fig. 5(a), showing the increase in nonlinear refractive index
with increasing linear refractive index, and further showing the
inverse relationship with energy bandgap. Third, the nonlinear
parameter of a waveguide y is a function of its effective mode
area A according to the expression

_ 271'712
"= Ag

A larger linear refractive index also enables tighter modal
confinement (smaller A.g), thus augmenting the nonlinear
parameter [63]. To illustrate the effect of the linear refractive
index on the nonlinear parameter, calculated values of A.¢ for
various SiO, cladded CMOS waveguides with their geometry
optimized for high modal confinement are shown in Fig. 5(b).
At the highest end of the spectrum, confined amorphous
silicon waveguides with 7» = 3.7 generate an Az ~ 0.16 pm?,
whereas stoichiometric silicon nitride waveguides with z = 2.0
cast in a confined geometry generate an A ~ 0.75 pm?.
A core refractive index that is 85% larger leads to an effective
mode area that is ~5 times smaller or equivalent and contrib-
utes to a potential fivefold greater increase in the nonlinear
parameter. Table 1 lists several nonlinear optical applications,
which we will discuss in detail.
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Table 1. List of Nonlinear Optics Applications

Wavelength Conversion

Optical Parametric Amplification
Supercontinuum Generation

Nonlinear All-Optical Signal Processing
Enhanced Light—Matter Interaction

SRR =

A. Wavelength Conversion

One of the most attractive applications of nonlinear optics is
the generation of light at new wavelengths. In degenerate four-
wave mixing, wavelength conversion follows the expression
Oidler = 2+ Opump — Dgignal [63]. Conversion efficiency in para-
metric processes is also tied to the phase mismatch between the
pump, signal, and idler. The maximum conversion efficiency of
an idler at any given pump power is achieved when there is
phase matching. This is given by G, = sin /2y + Ppymp - L)
[64]. Therefore, engineering waveguides with the requisite
anomalous dispersion and large nonlinear parameters allow
for parametric wavelength conversion to be optimized.
Engineering for anomalous dispersion has now come to be
a routine for a large number of nonlinear optics applications
including optical pulse compression [54—58] and supercontin-
uum generation [17,23,59-61].

In Kerr-based nonlinear optics, four-wave mixing serves as
the mechanism for several optical signal processes including op-
tical parametric amplification [49,50,65,66] and frequency
comb generation [5,12-15]. Wavelength conversion at tele-
communications wavelengths has been explored using continu-
ous wave light, with different formulations of silicon-rich
nitride waveguides [17,19,28]. Four-wave mixing experiments
performed at 1550 nm using waveguides fabricated from ultra-
silicon-rich nitride films with a material composition of Si; N3
and a linear refractive index of 3.1 demonstrated a conversion
efficiency of -26 dBm using powers of up to 14 dBm [17,25].
Using a pump located at 1535 nm, conversion of a signal

2.5 3
Core Refractive Index

(b)

1.5 2

(a) Amorphous CMOS materials as a function of linear refractive index. Films with larger linear refractive indices possess larger nonlinear

refractive indices and smaller bandgaps [6,11,16-21,25,48-52,62,67].The relationship between bandgap and refractive index is fitted empirically
with reported values. From Ref. [25]. (b) Calculated waveguide mode effective areas for various SiO,-cladded CMOS waveguides with their geom-

etry optimized for high modal confinement.
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located at 1620 nm to an idler located at 1450 nm is demon-
strated, representing broadband wavelength conversion over
170 nm [Fig. 6(b)]. In these experiments, the conversion effi-
ciency was not observed to plateau for pump powers of up to
14 dBm, and a log-linear relationship between pump power
and conversion efficiency was achieved, confirming the ab-
sence of two-photon effects at the wavelength of operation
[Fig. 6(c)].

LPCVD-grown SRN waveguides with a linear refractive
index of 2.1 demonstrated conversion efficiencies of up to
-37 dB using 30 dBm of continuous wave power [19]. In these
experiments, plateauing of the conversion efficiency was also
not observed. Notably, the high continuous-wave powers used
in these experiments did not lead to any reported material deg-
radation or modifications to their optical properties. In amor-
phous silicon waveguides, which are similar to SRN in their
amorphous nature and CMOS compatibility, stable material
compositions have been reported [68]. However, several groups
have also reported degradation/modifications in their optical
properties over time, varying in extent according to the exper-
imental conditions [61,69].
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Greater conversion efficiency may also be achieved by in-
creasing the power level of the pump. Pulsed pumps provide
peak powers that are many times larger than their average.
The peak power of pulses can be extracted using the expression

P = | S0 @

where Rp, 7', and S(4) represent the repetition rate of the laser,
temporal pulse width, and spectral profile of the pulse, respec-
tively. Four-wave mixing experiments were performed using
LPCVD-grown SRN waveguides with a linear refractive index
of 2.1 and a silicon content of ~55% [23]. A pulsed pump
at 1552 nm was combined with a continuous-wave signal at
1562 nm using a fiber optic coupler. A conversion efficiency
(CE) of -13.6 dB at a peak pump power of 40.5 dBm was
reported [Fig. 7(a)]. In this set of experiments, the conversion
efficiency is observed to retain a linear relationship with the
input peak power up to the highest pump power of 40.5 dB,
signifying negligible nonlinear loss effects [Fig. 7(b)].
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(a) Generated four-wave-mixing spectra as the signal wavelength is tuned from 1560 to 1610 nm using a pump located at 1555 nm.

Brown, red, cyan, green, blue, yellow, orange, purple, and black lines denote the four-wave-mixing spectra for a signal located at 1560, 1565, 1570,
1575, 1580, 1585, 1590, 1595, and 1600 nm, respectively. (b) Four-wave-mixing using a pump at 1535 nm and signal at 1620 nm, representing
conversion over 170 nm. Red, yellow, and blue lines denote the four-wave-mixing spectra for a signal located at 1600, 1610, and 1620 nm,
respectively. Inset shows the calculated (purple line) and measured (black diamonds) conversion efficiency as a function of wavelength.
(c) Measured conversion efficiency as a function of the pump power. Blue solid and yellow dashed lines represent the calculated conversion efficiency
as a function of the pump power for a pump wavelength of 1555 nm and 1560 nm, respectively. (d) Four-wave-mixing experiments using a pump at

1560 nm and a signal at 1555 nm. From Refs. [17,25].



. T
B56  Vol. 6, No. 5 / May 2018 / Photonics Research S Review

950nm

Output level [dBm]

= — T T
1525 1530 1535 1540 1545

Wavelength [nm]

Fig. 7.

T T T 1
1550 1555 1560 1565 1570 1575

1
-|s-( )
524
5 301 —— 1562 nm
364 1564 nm
: —+— 1566 nm
-42 T T T T T T T

Ll Ll T
30 31 32 33 34 35 36 37 38 39 40 4l
Peak Pump Power [dBm]

c
-|4—() .
Z.16 —
= e
O -18 —
204 -—
22 T T T T T T T T T T T T
6 7 8 9 10 11 12 13 14 15 16 17 18
L [mm]

(a) Four-wave mixing spectra using an LPCVD-grown silicon rich nitride waveguide. The inset shows the scanning electron micrograph of

the fabricated waveguide. Conversion efficiency as a function of (b) peak pump power and (c) SRN waveguide length. A peak pump power
of 40.5 dBm generates a conversion efficiency of 13.6 dB in a 1.8 cm SRN waveguide. From Ref. [23].

B. Optical Parametric Amplification

Light amplification through parametric processes allows light
at targeted wavelengths to be amplified using a high-powered
pump. Phase matching provides the mechanism for selecting
the wavelengths that get amplified. Optical parametric ampli-
fication was previously demonstrated at telecommunications
wavelengths in crystalline silicon waveguides [65]. The diffi-
culty of achieving high gain was attributed to the presence
of two-photon and free-carrier absorption. The broadband
nature of the amplification was achieved by maintaining a
low anomalous dispersion across a wide bandwidth. On/off
parametric gain of 5.2 dB was achieved, representing the first
demonstration of optical parametric gain on a CMOS chip.
Since then, optical parametric gain based on several CMOS
platforms has been achieved [49,50,70]. Amorphous silicon
waveguides with a nonlinear parameter of 770 W~!/m and
a non-zero two-photon absorption coefficient have also been
used to demonstrate optical parametric gain of 26.5 dB [49].
The significantly larger gain compared to that demonstrated
in crystalline silicon may be attributed to the larger nonlinear
figure of merit in a-Si compared to crystalline silicon (~2.1 ver-
sus ~0.5), as well as the larger nonlinear parameter. It is worth
noting that the platforms where higher parametric gain was
demonstrated possessed higher nonlinear figures of merit,
but not necessarily a larger nonlinearity. In Hydex glass for ex-
ample, large optical parametric gain of up to 16.5 dB was dem-
onstrated using waveguides with a nonlinear parameter of
0.22 W-!/m and a zero two-photon absorption coefficient
[70]. This represents a gain that is more than 10 dB larger than
that in crystalline silicon optical parametric amplifiers at the
1.55 pm wavelength, even though the nonlinear parameter
is three orders of magnitude smaller. As further testimony to
the criticality of the nonlinear figure of merit, silicon wave-
guides have been used for high-gain optical parametric ampli-
fication of up to 30 dB, albeit at wavelengths beyond 2.2 pm
where the two-photon absorption coefficient becomes zero

and three-photon absorption becomes the dominant nonlinear
absorption mechanism [71]. The nonlinear figure of merit for
crystalline silicon has previously been measured to have a peak
value of ~4 at a wavelength of 2.2 pm, as expected from two-
photon resonance [66]. Thus, despite the large nonlinear
parameter magnitude of silicon waveguides, we see that the
nonlinear losses have a large detrimental effect on the efficiency
of the parametric process.

USRN waveguides, which are dispersion engineered to be
weakly anomalous across a wide bandwidth while retaining a
large nonlinear parameter, have recently been used to realize
high-gain optical parametric amplification at telecommunica-
tions wavelengths. Using films with a linear refractive index
of 3.1, 7 mm long waveguides with a nonlinear parameter
of ~500 W~'/m and two zero-dispersion wavelengths at
~1.4 pmand ~1.6 pm were used to demonstrate optical para-
metric amplification. A 500 fs pulsed pump located at 1555 nm
was combined with a continuous-wave signal beyond 1620 nm
using a wavelength division multiplexer. Using a peak power of
14 W, signal gains of up to 42.5 dB were demonstrated, as well
as cascaded four-wave mixing down to the third idler. The gain
in the first, second, and third idlers was 36.2, 21.2, and 7.7 dB,
respectively. Figure 8 shows the four-wave mixing spectra
achieved using the USRN waveguides, which together with
the cascaded four-wave mixing effect extends the optical spec-
trum from 1300 nm to beyond 1700 nm (OSA limited). In a
similar vein, the observation of optical parametric amplification
in crystalline silicon waveguides in the region of negligible
two-photon absorption beyond 2.2 pm was accompanied with
cascaded four-wave mixing as well [71].

In silicon-based nonlinear optics, it has been documented
that free-carrier-induced reductions in nonlinear efficiency be-
come more severe when the temporal pulse width becomes
longer. At one end of the spectrum lies continuous-wave exci-
tation, which incurs significant free-carrier buildup at inten-
sities of ~50 MW /cm? [3]. Ultrashort pulses have been
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(a) Four-wave mixing spectra as a function of wavelength for a peak pump power of 14 W using USRN waveguides. Cascaded four-wave-

mixing is observed, including second and third idlers, which extend the spectrum to 1300 nm. Black, green, cyan, yellow, blue, and red lines
represent measured spectra with the signal wavelength at 1620, 1622, 1624, 1626, 1628, and 1630 nm, respectively. The grey dashed curve
represents the pump spectrum offset by -25 dB, with the signal off. (b) Measured parametric gain in the signal (blue squares), first (red circles),
second (dark blue stars), and third idlers (green diamonds). (c) Transmission spectrum as a function of wavelength for a peak pump power of 10 W.
Blue, orange, green, yellow, cyan, and red lines denote measured spectra with the signal wavelength at 1620, 1622, 1624, 1626, 1628, and 1630 nm,
respectively. Grey dashed curve denotes the pump spectrum offset by -25 dB, with the signal off. (d) Measured signal (blue squares) and idler gain

(red circles) as a function of signal wavelength. From Ref. [25].

documented to induce less severe free-carrier-induced penalties
in silicon-on-insulator waveguides [4,72—74]. In optical para-
metric amplification experiments using USRN waveguides, the
achievable parametric gain when using a pump with the same
peak power with different temporal widths was studied. Using
a peak power of 10 W, similar parametric gain was achieved
using a 500 fs pump and 2 ps pump at 32.3 dB and 30 dB,
respectively. This result confirms the negligible nonlinear losses
in the USRN device at the 1550 nm wavelength.

C. Supercontinuum Generation

Similar to parametric wavelength conversion, the generation of
a broadband supercontinuum relies on the Kerr nonlinearity
and appropriately engineered waveguide dispersion. Launching
the pump close to the zero-dispersion wavelength of the
waveguide catalyzes a rich multitude of nonlinear processes, in-
cluding cascaded four-wave mixing, Cerenkov radiation, and
dispersive wave generation. These processes cause the generated
supercontinuum to be much wider than that from pure self-

phase modulation (SPM) effects [75,76].

SPM as a solitary effect allows for spectral broadening, but
to a limited extent. The injection of optical pulses with high
peak powers into appropriately designed waveguides does
not necessarily evolve into a supercontinuum if the waveguides
are sufficiently short to preclude higher-order effects such as
cascaded four-wave mixing or soliton fission. Nevertheless,
the ability for silicon-rich nitride waveguides to support high
peak powers without nonlinear losses allows for extended spec-
tral broadening from the singular self-phase modulation effect
within short waveguide lengths. USRN waveguides were used
to investigate the ability of the waveguides to withstand high
powers without degradation or nonlinear losses, while preserv-
ing wideband spectral broadening. Using waveguides as short as
430 pum, a doubling of the input pulse spectrum at the -30 dB
level can be achieved, and using waveguides as short as 1.6 mm,
close to 5x broadening of the input pulse spectrum is achieved
with a peak power of 66 W [Fig. 9(a)] [22]. Consistent with
pulse propagation calculations using the nonlinear Schrédinger
equation for a TPA-free medium, the spectral bandwidth grows
linearly with power [Figs. 9(c) and 9(d)]. Normalizing to the
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(a) Output spectra of 1.2 mm (red solid line) and 1.6 mm (black solid line) USRN waveguides compared with femtosecond laser spectrum

(blue dashed line). Seed pulses are 500 fs wide with a peak power of 66 W. (b) Measured value of P,/ Poyc Versus Py, That the flac profile
obtained for P/ Pouc 35 Ppeqic is varied implies negligible nonlinear losses. (c) Spectral bandwidth at the 30 dB level as a function of waveguide
length. (d) Simulated evolution of the 500 fs pulses as a function of the input peak power. From Ref. [22].

waveguide length, a figure of merit that measures the degree
of spectral broadening per unit length [F, = Al,,/
(A4, - L), mm™'], is adopted. A figure of merit of 3.2 mm™!
is achieved. To place this in context with other CMOS
platforms, silicon-on-insulator waveguides and amorphous
silicon waveguides possess the next highest values of F,.
Crystalline silicon waveguides that possess nonlinear parame-
ters of similar magnitude to the USRN waveguides demon-
strate broadening factors of ~0.9 mm™', and amorphous
silicon waveguides that possess somewhat larger nonlinear
parameters than USRN waveguides have demonstrated broad-
ening factors of ~1.7 mm™". A flat profile for P,/ Py, versus
Py is observed [Fig. 8(b)], as well as a linear increase in the
-30 dB bandwidth of the pulse as a function of the USRN
waveguide length [Fig. 8(c)], consistent with the minimal non-
linear losses in the waveguides. Again, the ability for the USRN
platform to leverage ultralarge nonlinear parameters without
degradation in photonic quantum efficiencies from nonlinear
losses can be assessed through the spectral broadening efficien-
cies observed in ultrashort USRN waveguides.

The leveraging of ultrashort USRN waveguides for large
spectral broadening remains solidly in the SPM regime.
Pulses do not propagate through a sufficiently long waveguide

to stimulate observable initiation of secondary nonlinear effects
such as dispersive wave formation, soliton fission, or cascaded
four-wave mixing. To verify the presence of secondary nonlin-
ear optical effects in longer USRN waveguides, 500 fs pulses
at 1555 nm were launched into anomalously dispersive
waveguides with a length of 6 mm. The waveguides are char-
acterized using SPM experiments to possess a nonlinear param-
eter of 550 W~!/m [18]. At power levels varying between 3
and 140 W, output spectra of USRN waveguides were observed
to evolve into a wideband supercontinuum (Fig. 10). The onset
of dispersive wave formation is clearly observed at an input peak
power of 75 W. The location of the dispersive wave relative to
the input peak power allowed the third-order dispersion to be
extracted as 35 ps®/km [Fig. 10(c)]. A peak power of 140 W
generates a supercontinuum that extends to 1.13 pm on the
blue side of the spectrum and beyond 1.75 pm (OSA limited)
on the red side of the spectrum (Fig. 10).

In LPCVD-grown silicon-rich nitride waveguides, a super-
continuum spanning an octave has been demonstrated [24].
The waveguides are reported to possess a nonlinearity of
5.7 W~1/m, and no two-photon absorption at telecommu-
nications wavelengths. Using 130 fs seed pulses at a peak
power of 760 W, a wideband supercontinuum spanning from
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Fig. 10. Characterization of supercontinuum from the SRN waveguide. (a) Spectral output as a function of input peak power. The location of the
dispersive wave varies as a function of input peak power. (b) Dispersion slope calculated from the waveguide’s second-order dispersion.
(¢) Theoretical location of the generated dispersive wave as a function of third-order dispersion and input peak power. The color bar represents
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locations of the dispersive waves generated in the experiment. From Ref. [18].

800 to 2400 nm at the -30 dB level is achieved with 10 mm
long waveguides (Fig. 11). The efficiency of the supercontin-
uum is facilitated by the presence of two zero-dispersion wave-
lengths, between which dispersion for the quasi-transverse-
electric (TE) mode in the waveguide is anomalous and small
in magnitude [Fig. 11(a)], as well as the formation of dispersive
waves on both the red and blue sides of the generated spec-
trum located beyond 2.2 pm and below 850 nm, respectively.
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The results are impressive, especially when juxtaposed with
silicon-based supercontinuum  experiments, which are much
more limited in comparison [59,77]. Again, the importance
of TPA-free operation for nonlinear applications is evident.

D. Nonlinear All-Optical Signal Processing
Various nonlinear experiments within the temporal and spec-
tral domains have been performed using silicon-rich nitride

1000 1500 2000 2500
wavelength (nm)

Fig. 11. (a) Calculated group velocity dispersion of an LPCVD-grown silicon-rich nitride waveguide with two zero-dispersion wavelengths
(ZDWs). (b) Experimental and (c) calculated supercontinuum spectra using pulses with a temporal width of 130 fs. The power spectral density
at the waveguide’s output is averaged over 50 noise realizations. From Ref. [23].
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(a) Top row shows the 12 Gbit/s pulsed RZ-OOK data encoded within the pump and injected into three Si-rich SiN, microring

resonators with varying Si content. R = 0.9 represents the Si-rich SiN, microring resonator with the highest Si content. The middle row shows
the probe signal that has been modulated with the data from the pump after experiencing the Kerr nonlinearity in the Si-rich SiN, microring
resonators. The lower row shows the probe signal that has been modulated with inverted data from the pump. Modulation contrast is greatest
for R = 0.9. (b) Measured eye diagrams for the three ring resonators. The Si-rich SiN, microring resonator with the largest Si content (R = 0.9) has

the highest modulation contrast and most open eye. From Ref. [20].

photonic waveguides. In 2015, the processing of signals using
the Kerr effect in SRN waveguides with a linear and non-
linear refractive index of 2.49 and 1.6 x 10713 cm? /W, respec-
tively, was demonstrated for data conversion and inversion of
12 Gbit/s pulsed return-to-zero, on—off keying (RZ-OOK)
data [20]. Leveraging microring resonators fabricated from the
Si-rich SiN, films, a pump located near 1550 nm is tuned to a
resonance of the resonator. A probe signal for which the data
from the pump is to be encoded is tuned to a separate resonance
of the microring resonator. When the pump is on, shifts in the
resonance wavelengths occur as a result of the Kerr-induced
increase in the effective refractive index, An = n,/M, where

1 is the intensity of the pump and M is the intensity enhance-
ment factor from the ring resonator. The 12 Gbit/s pulsed
RZ-OOK data was encoded into the pump using a Mach—
Zehnder modulator, and the resulting signals with the modu-
lated and inverted data formats are shown in Fig. 12(a). It was
observed that the demonstrated modulation contrast and
openness of the eye diagrams increase with nonlinear refractive
index (or Si content). The results demonstrate the importance
of the nonlinear refractive index in the efficiency of nonlinear
optical signal processing. Importantly, the characterization of
the rise and fall times of the converted signals reveals a value
of 29 ps, a value that is very similar to that of the pump data
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(a) Wavelength conversion of 10 Gb/s signals for various probe wavelengths using LPCVD-grown silicon-rich nitride waveguides.

(b) Measured bit error rate (BER) as a function of received power. Inset shows the electrical eye diagrams for the data signal (back-to-back)
as well as the wavelength converted signal at 1562 nm for error-free operation (50 ps/div). () XPM-based spectral broadening of a probe
at 1310 nm using a pump located at 1550 nm. (d) Close up of the XPM-broadened probe at 1310 nm. From Ref. [29].

stream, implying that there are minimal transient delays.
Conversely in silicon-based all-optical switches [38,78], free-
carrier limitations in the temporal response have been shown
to range between hundreds of picoseconds and the order of
nanoseconds. Consequently, TPA-free operation of the Si-rich
SiN, data processor provides a significant advantage in speed
over their silicon-based counterparts.

More recently, waveguides fabricated from LPCVD-grown
SRN films with a linear and nonlinear refractive index of 2.1
and 1.4 x 10718 m? /W, respectively, were used for wavelength
conversion of 10 Gb/s signals across the C-band [29]. A Mach—
Zehnder modulator was used to encode 10 Gb/s RZ-OOK
data into a continuous-wave pump with 33 dBm of power be-
fore it was combined with a continuous-wave signal (Fig. 12).
Cross-phase modulation of the co-propagating signal and data-
encoded pump results in the generation of sidebands around
the signal and encoding of the data onto the signal. Bit-
error-rate characterization of the converted data shows that a
bit error rate <107 is achieved for various converted signal
wavelengths with power penalties between 1.6 dB and 3.4 dB.
Importantly, the presence of nonlinear losses was not observed
in these SRN waveguides for peak powers of up to 55 W.
Cross-phase modulation (XPM)-based spectral broadening
was also observed using a probe at 1310 nm and a 10 GHz

pulse train as the pump, implying a wavelength difference be-

tween pump and probe of 240 nm [Figs. 13(c) and 13(d)].

E. Enhanced Light-Matter Interaction

The ability to augment nonlinear effects in integrated optical
devices is highly desired to reduce requisite power levels for ob-
servation of nonlinear phenomena and reduction of device
footprint. Further, certain advanced nonlinear effects are not
possible through nanowire waveguides, for example, because
of the large differences between the nonlinear lengths and
dispersive lengths. In nanowire waveguides, even with inten-
tional dispersion engineering, group velocity dispersions no
larger than the order of 1000 ps:nm™-km™ are realizable.
When juxtaposed with the resulting nonlinear parameters
(few to hundreds of W~!/m), nonlinear lengths in nanowire
waveguides are often much shorter than dispersive lengths, par-
ticularly when the peak power levels are a few hundred milli-
watts or higher. Solitons, for example, would benefit from
having dispersion lengths and nonlinear lengths that are similar
in magnitude [55,57,79]. For the observation of nonlinear phe-
nomena, which relies strongly on dispersive effects such as
optical pulse compression [54,56], nanostructures with much
larger engineered dispersion would be required. When this



B62 Vol. 6, No. 5 / May 2018 / Photonics Research

Table 2. Nonlinear Optical Properties for Various CMOS Platforms®

c-Si a-Si Hydex SizNy Si; gsN Si; 5N Si,N Si;N;
ny (co? /W) 45x10 21x10% 1.10x107"5 240x10 1.40x 10 1.60x 104 1.60x 10" 2.80 x 1013
y (W-1/m) 300 1200 0.25 0.65 6.1 16 206 430-550
Brpa (cm - GW) 0.45 0.25 nil nil nil nil nil nil
FOMy, 0.86 5 >1 >1 >1 >1 >1 >1
Propagation Loss (dB/cm) ~1 ~4.5 0.06 8x 1074 ~1 1.5 ~1 1.9-4.5
¥ Legt e (W) N/A N/A 0.18 3.5 0.27 0.46 8.9 48-9.8
Thermal Budget N/A Low Low High High Low Low Low
Reference [53] [68] [5,6] [14] [19] [28] [21] [25]

“Low thermal budget refers to deposition temperatures <400°C, compatibility with back-end CMOS processing.

is not possible to implement on photonic waveguides with @ <@ > 2 @
limited dispersion, engineered dispersive elements have been - ny)
used to provide the requisite dispersion [27,77,80,81].

Photonic crystal waveguides possess engineered bandgaps While an appropriately designed photonic crystal allows for
that arise from a periodic lattice. Similar to the emergence significant enhancements in nonlinear optical effects, nonlinear
of a material bandgap arising from the periodicity of the atomic losses, if present, would also be augmented by the same factor.
arrangement, the periodicity in refractive index within a two- Materials possessing two-photon absorption at the application
dimensional plane creates a photonic bandgap. Within the pho- wavelength would acquire an effective two-photon absorption
tonic bandgap, dispersion becomes significant at the band edge. coefficient,

Further, creating a region of flat and large group indices close to y;
the band edge can augment ¥ nonlinear effects by a factor 2, Proacr = %:ﬂk 2. 4)
€

given by the expression [82,83]
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Fig. 14. Ultra-silicon-rich nitride photonic crystal waveguide (PhCWs). (a) Scanning electron micrograph of a USRN photonic crystal waveguide.
s1 and 5, denote the direction of hole shifts to engineer a region of flat group index near the band edge; » denotes the radius of the PhCW holes.
(b) Calculated and diagram for PhCW with » = 135 nm, s; = 30 nm, and s, = 0, insets show the mode profiles from the propagation direction
and the top of PhCW, red dashed graph corresponds to the band of interest. Light line for SiO, cladding is shown in yellow. (c) Measured trans-
mission (red solid line) and group index (black squares) of a flat-band dispersion-engineered USRN PhCW. (d) Measured transmission (red dashed line)
and group index (black squares) of a non-flat-band dispersion-engineered USRN PhCW. (¢) Measured source spectrum (blue solid line) and output
spectrum of a 96.6 pm PhCW (red dashed line) at a peak power of 2.5 W. A 1.5z nonlinear phase shift is acquired by the input pulse. From Ref. [27].
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Consequently, any enhancement in nonlinear optical effects
from operating at a flat-band slow light region with a high
group index also results in stronger nonlinear losses. This is
indeed the case for the crystalline silicon platform, where the
vast majority of work in nonlinear CMOS photonic crystals has
been implemented. The desire to ameliorate nonlinear loss
mechanisms has led to other high-index materials with larger
nonlinear figures of merit being used to demonstrate nonlinear
phenomena in photonic crystal waveguides. These include
InGaAP [55], chalcogenides such as Ag-As,Se; [84], and
Gejs3As15Sess [85], which although not CMOS compatible,
allow for efficient nonlinear phase acquisition. Very large effec-
tive nonlinearities that are on the order of 10* W-!/m have
been demonstrated in these platforms through slow light
enhancements.

The implementation of photonic crystal waveguides using
silicon-rich nitride films would likewise allow for a fortuitous
combination of §? scaling in the effective nonlinear parameter,
while ensuring that the nonlinear losses are minimal and CMOS
compatibility is maintained. W1 and W0.7 photonic crystal
waveguides have recentdy been implemented on silicon-rich
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nitride films with a linear refractive index of 2.54 [47]. The
achievable group index is as high as 110 on the band edge, and
variable transmission bandwidths are demonstrated in the W1
and W0.7 designs (Fig. 13). As expected through the group in-
dex scaling, propagation losses increase with the group index.
Meanwhile, flat-band engineering of USRN photonic crys-
tal waveguides has been used to create a region of relatively
constant group index [27]. The lateral shifts of the two rows
of holes parallel to the direction of field propagation are
adopted to flatten the group index profile close to the band
edge. Using this technique, a flat band group index of ~19 over
a bandwidth of 5 nm was designed [Fig. 14(b)]. In similar
USRN photonic crystal waveguides without flat-band engi-
neering, group indices as high as 108 were achieved, though
expectedly at the cost of reduced bandwidth [Fig. 15(c)].
Within the flat-band region, self-phase modulation experi-
ments using 1.9 ps pulses at a 20 MHz repetition rate were
performed in 96.6 pm long USRN photonic crystal wave-
guides. A nonlinear phase of 1.57 was acquired at a peak power
of 2.5 W. This allows for an effective nonlinear parameter of
1.97 x 10* W' . m™! to be extracted, similar in magnitude to
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(a) Gray and black curves show the measured transmission spectrum of a W1 photonic crystal waveguide with a length of 200 pm and a

lattice period of 580 nm. The transmission region is about 20 nm and highlighted by the dashed lines. (b) Calculated (black solid line) and estimated
(green squares) group index values of the fabricated showing the highest estimated group index of 110. The waveguide propagation loss is denoted by
red dots, and the lowest propagation loss measured was 53 dB/cm for a group index of 37. (c) Gray and black curves show the measured transmission
spectrum with a transmission bandwidth of over 70 nm for a W0.7 photonic crystal waveguide with a length of 200 pm and a lattice period
of 580 nm. (d) Calculated (black solid line) and estimated (green squares) group index values of the fabricated. The highest estimated group index
is 34. The waveguide propagation loss is denoted by red dots, and the lowest measured propagation loss was 4.6 dB/cm for a group index of 7.4.

From Ref. [47].
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that achievable in chalcogenide and crystalline silicon photonic
crystal waveguides while eliminating the detrimental effects of
two-photon or free-carrier losses. Though still in its early stages,
these USRN waveguides show promise for lower powers and
smaller device footprints required to observe nonlinear optical
effects.

4. OUTLOOK AND OPPORTUNITIES

Thus far, nonlinear optics using silicon-rich nitride devices has
shown their ability to generate nonlinear parameters anywhere
between 5x to 500x larger than those in stoichiometric silicon
nitride devices, while maintaining the high nonlinear figure of
merit. The maximum achievable nonlinear phase, ¢y ma ac-
quired by an optical field with a peak power Py is given by
the expression N max = ¥ Ppeak * Leff,max> Where the maxi-
mum effective length of the waveguide L. ., = 1/a, and
a is the loss coefficient of the waveguide [63]. In Table 2, we
compare the nonlinear optical properties for various CMOS
platforms. When comparing some of the results with other
CMOS platforms, silicon-rich nitride’s potential for lower
power operation or devices with smaller footprints appears
promising. Recent results in silicon nitride suggest that propa-
gation losses as low as 0.8 dB/m are achievable and place the
threshold for optical parametric oscillation well below 1 mW
(14]. In high FOMy; platforms, P, is not attenuated by
nonlinear losses, and the ability for a platform to efficiently ac-
quire nonlinear phase can be assessed through the figure of
merit, ¥ - Legmax (W) [25], where L. .. represents the
maximum effective length of the waveguide and is given by
1/a, and a is the loss coefficient of the waveguide.
Stoichiometric silicon nitride waveguides in Ref. [14] possess
a7y - Lot may value of 3.5, whereas silicon-rich nitrides have been
demonstrated to possess a ¥ - Ly ma value of close to 10
[21,25]. These figures of merit highlight the strong potential
for silicon-rich nitride for waveguide-based broadband nonlin-
ear optics applications.

One potential opportunity in the field of SRN-based
nonlinear optics involves resonator-enhanced nonlinear optics.
The use of resonators limits the bandwidth of optical signals
that can be processed, but greatly lowers the powers needed
to observe nonlinear effects. Serving as the basis for fre-
quency combs and low-power Kerr-based switching, resonator-
enhanced nonlinear optics has seen extensive progress in high
nonlinear figure of merit CMOS platforms including Hydex
[5,85-88], SizN4[12-15,88-91], and crystalline silicon at
mid-infrared wavelengths [92,93]. Nonlinear effects in resonators
follow different scaling laws compared to purely waveguide-based
devices—nonlinear phase from a resonator scales with the
square of the resonator finesse [25,94]. In ultralow-loss SizNy,
resonators with finesse as high as ~4 x 104 are achievable [14].
Today’s SRN resonators are nowhere close to these finesse
values, and efforts towards process enhancements are needed
to place them on par with other ultralow-loss CMOS plat-
forms. Finally, the time is ripe for silicon-rich nitride non-
linear devices to expand their applicability towards the fields
of microwave photonics and quantum information science.
Both fields benefit from platforms with advantageous nonlinear
properties and good nonlinear figures of merit, and more work

needs to be done to study the use of SRN devices towards
each field.

5. CONCLUSIONS

We have reviewed recent progress in nonlinear optics leveraging
silicon-rich nitride devices. It is still in its nascent stages com-
pared to the amount of progress that has been made in other
CMOS nonlinear platforms such as crystalline silicon, amor-
phous silicon, Hydex glass, and stoichiometric silicon nitride.
However, recent developments show that silicon-rich-nitride-
based nonlinear optics is highly promising as an alternative
platform providing a high nonlinear figure of merit at telecom-
munications wavelengths and large nonlinear parameters as
much as 500x larger than those in stoichiometric silicon nitride
waveguides. In addition, their compatibility with CMOS
processing allows them to be seamlessly integrated with elec-
tronics. Further innovations in device design and advanced op-
tical systems will establish silicon-rich-nitride-based integrated
photonic devices as a mainstay in on-chip nonlinear optical sig-
nal processing, perhaps enabling new phenomena not previ-
ously observable in other CMOS platforms.
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