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REVIEWS

Nonlinear optics in ultra-silicon-rich nitride devices: 
recent developments and future outlook
Dawn T. H. Tana, D. K. T. Ngb, J. W. Choia, E. Sahina, B-. U. Sohna, G. F. R. Chena, 
P. Xinga, H. Gaoa and Y. Caoa

aPhotonics Devices and System Group, SUTD-MIT International Design Center, Singapore University 
of Technology and Design, Singapore; bInstitute of Microelectronics, A*STAR (Agency for Science, 
Technology and Research), Singapore

ABSTRACT

Nonlinear integrated optics leveraging platforms with high 
nonlinear figure of merit offer energy efficient optical signal 
processing capabilities. Over the last five years, CMOS-com-
patible ultra-silico-rich nitride (USRN) has emerged as a pro-
mising platform on which to implement various nonlinear 
optics functions. Bandgap engineered to maximize the Kerr 
nonlinearity while maintaining two-photon absorption free 
behavior at telecommunications wavelengths, USRN pos-
sesses a nonlinear refractive index that is 100× larger than 
that in stoichiometric silicon nitride. In this article, we review 
the recent progress made in USRN-based nonlinear inte-
grated optics devices. The impacts it has made spanning 
from high gain optical parametric amplification and observa-
tions of soliton effects in photonic waveguides and photonic 
crystal waveguide structures will be discussed. Finally, we 
assess the future outlook of CMOS-compatible USRN-based 
nonlinear optics.
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1. The silicon-rich nitride material platform

Nonlinear integrated optics is a rapidly advancing field. The promise of 
advanced optical functions in a miniaturized footprint, high field localization 
and enhanced light–matter interactions beyond that which are available in free- 
space or fiber are just some of the factors which motivate their study. Nonlinear 
phenomena may leverage the second or third-order nonlinearity in non- 
centrosymmetric and centrosymmetric materials, respectively. In addition 
devices that are compatible with complementary metal-oxide semiconductor 
(CMOS) processing are easily integrated with application-specific integrated 
circuits (ASICs), and benefit from the associated wide-scale manufacturability. 
Indeed, significant advances spanning from on-chip frequency combs [1–4], 
high density coherent optical communications [5–7] and on-chip quantum 
entanglement [8,9] have been made possible by CMOS-based nonlinear optics.

One such platform that has emerged in recent years is the silicon-rich nitride 
(SRN) material platform. Several compositions of SRN have been reported, with 
varying refractive indices from 2.1 to 3.1 [10–25]. The optical behavior, proper-
ties and operating regimes of these various compositions range from being 
similar in linear and nonlinear refractive index to Si3N4 (lowest refractive 
indices) to Si (highest refractive indices). SRN is an amorphous material, with 
most work in this area currently utilizing chemical vapor deposition (CVD) 
techniques for film growth, allowing the composition to be tailored to a large 
dynamic range. In the Si-N matrix, the refractive index can be tuned from low 
linear or nonlinear refractive index by minimizing the silicon content, towards 
a high linear and nonlinear refractive index by increasing the silicon content. On 
the other extreme of the spectrum, compositionally tuning the matrix to be less 
silicon rich generates a smaller optical nonlinearity, in line with Miller’s rule 
[26]. Tuning further towards the nitrogen-rich matrix has even been documen-
ted to result in a nonlinear refractive index that dips below that of stoichiometric 
silicon nitride [27]. Therefore, the SNR platform, particularly its design flex-
ibility afforded through CVD-growth techniques, offers device designers addi-
tional degrees of freedom in tailoring their nonlinear optics devices from the 
fundamental material properties all the way to the photonic device physics, 
where the tunability of the optical properties originates from the material 
composition.

Several groups have shown that the optical properties of SRN may also be 
tuned to various extents. In general, a higher flow rate of Si-containing precursor 
gas (e.g. SiH4) compared to the N-containing precursor gas (e.g. N2) leads to 
a richer silicon matrix. This, in turn, allows the designer to access stronger 
nonlinear optical properties. CVD-based growth of SRN films has been per-
formed using a variety of deposition conditions. Recipes vary in terms of the 
method of CVD used, types of precursor gases used and process parameters, 
including temperature, pressure and plasma power. Various process parameters 
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and techniques have led to SRN films with refractive indices ranging from 2.1 to 
3.1 in refractive index from various groups, with the films with smaller refractive 
indices taking on Si3N4-like behavior and those with higher refractive indices 
taking on Si-like behavior with varying extents of TPA.

Ng et al. have previously shown that films grown using SiH4 and N2 gas allow 
for a wide variation in the refractive index of SRN from 2.2 to 3.1, accompanied 
by further studies on how the bandgap and silicon content vary with the 
composition of the precursor gases used during growth [10]. In these films, N2 
gas is used for the growth rather than NH3. Both precursor gases provide the 
requisite nitrogen content required for the SRN films. In general, higher energies 
are needed to break the N ≡ N bonds in N2 (941 kJ/mol) compared to 
N-H bonds present in NH3 (391 kJ/mol) [28,29]. There are however advantages 
to using N2 gas vs. NH3 gas; N-H bonds in the CVD-grown films are a source of 
absorption at the telecommunications wavelength. Consequently, the use of N2 
is one avenue to reduce material losses at the 1.55-µm wavelength region [30].

Inductively coupled CVD-grown SRN films at a temperature of 250°C were 
studied by varying the SiH4:N2 precursor gas fluence ratio, where SiH4 and N2 
serve as the source of Si and N in the SRN film, respectively. Consequently, 
a higher SiH4:N2 ratio leads to greater silicon content in the film: As may be seen 
from Figure 1(a), as the ratio is increased from 0.85 to 2.27, the films’ refractive 
index change increases, varying between 2.2 and 3.1 at a wavelength of 1550 nm 
(Figure 1(c)) [10,11]. The extinction coefficient of the films is also observed to 
increase more rapidly at shorter wavelengths as the SiH4:N2 ratio increases 
(Figure 1(b)). Nevertheless, k is characterized to be zero at 1550 nm for all the 
SiH4:N2 ratios used in the study (Figure 1(c)). The films with the highest 
refractive index (n = 3.1) have been characterized by X-ray photoelectron 
spectroscopy to possess a Si:N ratio of 7:3 and a bandgap of 2.1 eV [19]. 
Engineering of the bandgap is shown to be possible by tailoring the film 
composition. Figure 1(d) shows the decrease in the film’s bandgap energy as 
the deposited films’ refractive index increases, bringing about a concomitant 
increase in the onset wavelength for two-photon absorption (TPA). A smaller 
refractive index brings with it a weakened ability to engineer dispersion, and 
a reduction in the nonlinear refractive index according to Miller’s rule. 
Therefore, it appears that careful engineering might yield a SRN film which 
possesses just the right bandgap to eliminate TPA, and a large nonlinear 
refractive index and linear refractive index to provide flexibility for dispersion 
engineering needed in many nonlinear optics applications. XPS measurements 
also corroborate the Si:N content in these films. Figure 1(e) shows the measured 
atomic concentration of Si-Si, Si-N and N1s bonds within a USRN film. An 
elevated Si concentration is observed, and the ratio of Si:N is extracted to be 
approximately 7:3. This composition corresponds to what we have come to term 
ultra-silicon-rich nitride (USRN), by virtue of its high silicon content.
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Lin et al. have previously demonstrated low-temperature, plasma-enhanced 
chemical vapor deposition (PECVD) growth of SRN utilizing SiH4 and NH3 
precursor gases [12,13]. In this work, the source of nitrogen in the SRN film is 
derived from NH3 rather than N2. Figure 2 shows the use of SiH4:NH3 gas ratios 
which vary from 0.5 to 0.9 to achieve different n vs. λ profiles in the grown SRN 
films. In their film growth, PECVD parameters include a radio frequency power 
of 100 W, substrate temperature of 350°C and a pressure of 134 Pa. The obtained 
refractive index at 1550 nm ranges from 2.05 to 2.26 and 2.36, with a higher 
refractive index coincident with a higher SiH4:NH3 precursor gas ratio. The 
measured Si content is further quantified using X-ray photo-electron spectro-
scopy (XPS) measurements to vary from 59.1% to 66.2%.

While CVD deposition techniques offer an excellent design capability to vary 
the refractive index of the grown films, it has been shown that the Si content 
should not be arbitrarily increased to be as high as possible: too high and TPA 
can emerge at the 1550 nm wavelength region. Indeed, it was previously shown 
in PECVD grown films that the transition between TPA-free and TPA-present 
SRN can occur when the silicon content is too high [22]. In this work, PECVD 

Figure 1. (a) Refractive index as a function of wavelength for silicon-rich nitride films grown 
using low-temperature (250 °C) inductively coupled chemical vapor deposition. The measured 
refractive index of films increases as the SiH4:N2 ratio increases. (b) The measured extinction 
coefficient as a function of wavelength. 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:N2 precursor gas ratio. Varying the SiH4:N2 ratio from the smallest to largest 
value results in a variation of the refractive index from 2.2 to 3.1. (d) The measured band gap 
energy vs. film refractive index. An inverse relation is observed. (e) Atomic concentration of the 
Si-N, Si- Si and N1s bonds within a USRN film as a function of film depth, measured using X-ray 
photoelectron spectroscopy. From Ref. 10 and 19.
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grown SRN films are deposited using SiH4 and N2 at a temperature of 350°C. As 
the N2 gas flow rate was kept constant, the SiH4 gas flow rate was increased from 
1.8 sccm to 3.6 sccm and 7.2 sccm (Figure 3(a)). The smallest SiH4 flow rate of 
1.8 sccm resulted in films with a refractive index of 2.01, close to that of 
stoichiometric silicon nitride. The film refractive index is observed to increase as 
SiH4 flow rate is increased, reaching a value of 2.71 when SiH4 flow rate is 7.2 
sccm. The films are characterized using Fourier transform infrared spectro-
scopic (FTIR) measurements to quantify the bond concentrations within the 
film. Through measurements of the bond concentration for Si-Si and Si-H 
bonds, it is observed that a higher SiH4 flow rate leads to films with higher Si 
content and refractive index (Figure 3(b)). Of note, the deposited films are 
reported by Lacava et al. to cross over from a TPA-free to TPA-present regime 
as the SiH4 flow rate is doubled from 3.6 sccm to 7.2 sccm. Consequently, careful 
exploratory growth of SRN films for optimal nonlinear optics is important to 
determine the growth regimes in which nonlinear absorption emerges at the 
wavelength of interest, especially when tuning the films towards a higher refrac-
tive index. In another work utilizing LPCVD growth techniques, the refractive 
index of the SRN films was shown to be tunable from 1.98 to 2.18 [14]. In these 
films, the N and Si source was derived from NH3 and SiH2Cl2 (dichlorosilane 

Figure 2. (a) Refractive index vs. wavelength profile of PECVD grown SRN films, using SiH4 and 
NH3 precursor gases. R denotes the ratio between SiH4 and NH3. It is observed that larger 
R results in higher Si content and larger refractive indices. (b) A shift in the absorption 
coefficient vs. photon energy curve to higher photon energies is observed as R is decreased. 
(c) – (e) X-ray photo-electron spectroscopy measurements of the Si and N content in the films 
with various R values. From Ref. 12.
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(DCS) gas). It is interesting to note that, in this work, it was reported that the 
higher refractive index films corresponding with n = 2.18 (DCS: NH3 = 12) had 
a smaller measured film stress than the lower refractive index film with n = 1.98 
(DCS: NH3 = 0.3). In the latter, films started to exhibit signs of stress-related 
bending and cracking, similar to that which has been reported in the growth of 
thick Si3N4 films, necessary to access the anomalous dispersion regime in Si3N4 
waveguides [31].

In general, the various reports of SRN film growth have shown a common 
theme, that is the ability to compositionally tune the real part of the refractive 
index, bandgap, and by extension, the two-photon edge of the materials. 
However, there are some noteworthy differences in each of these reports. 
There exist a wide range of film growth process conditions that various groups 
have adopted, such as temperature and precursor gases. Temperature, in parti-
cular, turns out to be a rather significant parameter, as it appears to limit (1) the 
range of achievable film refractive indices and (2) front end of the line (FEOL) 
and/or back end of the line (BEOL) CMOS compatibility. In Ref. 13 where SRN 
film growth used high temperatures (800°C), a smaller range of achievable 
refractive indices was reported. We postulate that the high deposition tempera-
ture results in a more extensive formation of Si-N bonds, and somewhat limits 
the extent of silicon content within the film matrix and, by extension, range of 
achievable refractive indices. In addition, thermal budgets for FEOL exceed 
1000°C to accommodate processes such as spike or flash annealing. For BEOL 
CMOS-compatibility, it should be noted that far lower thermal budgets (<400° 
C) are allowed; beyond this temperature, melting of copper and dopant migra-
tion within P–N junctions formed at the front-end will occur.

The mitigation of TPA at telecommunications wavelengths is one of the 
critical advantages in which SRN has over silicon-based nonlinear optics. TPA 

Figure 3. (a) N/Si ratio as a function of the refractive index of PECVD grown SRN films. Wafer 1 is 
similar to Si3N4, marking the boundary between N-rich and Si-rich films. (b) Chemical bond 
concentration as a function of N/Si ratio showing the increase in Si-Si and Si-H bond concen-
tration when N/Si ratio decreases. From Ref. 31.
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in silicon waveguides causes light at higher powers to be attenuated. TPA in 
silicon is further exacerbated by the generation of free carriers, which cause free- 
carrier absorption and cause its own nonlinear phase shifts from free carrier 
dispersion. The presence or absence of TPA may be engineered by utilizing films 
which have a material bandgap that is larger than the two-photon energy for 
photons at 1550 nm (1.6 eV), importantly with a buffer to account for band tail 
states (Urbach tails). For example, in amorphous silicon films, it has previously 
been reported that even films with a material bandgap of 1.7 eV exhibit residual 
TPA at 1550 nm [32]. In USRN, the material bandgap, Eg is compositionally 
engineered to be sufficiently larger than 1.7 eV (Eg = 2.1 eV). Therefore, 
a sufficiently large bandgap that precludes two-photon transitions at a specific 
wavelength of operation is key to eliminating TPA[32].

Nonetheless, SRN films may be fabricated with processes which are standard 
in CMOS manufacturing, thus benefiting from the economies of scale and ease 
of integration with CMOS electronics. For this reason, as well as advantageous 
nonlinear optical properties to be discussed in this article, SRN is a unique and 
promising platform for the implementation of nonlinear optical processes, 
overcoming the issues associated with nonlinear losses in silicon, and availing 
an optical nonlinearity that increases with the silicon-richness of the films.

For the rest of this review, we focus on the recent progress in nonlinear optics 
applications made in USRN, which possesses one of the highest refractive 
indices across the spectrum of SRN compositions that have been demonstrated 
for nonlinear optics. This property gives USRN a strong silicon-like behavior in 
that it has a large Kerr nonlinearity and waveguide nonlinear parameter, while at 
the same time having an important optical property possessed by stoichiometric 
silicon nitride, which is the absence of TPA at the 1550 nm wavelength. These 
attributes have made USRN a very promising platform on which to implement 
CMOS-compatible nonlinear optics devices, importantly at low optical powers 
and highly compact footprints. Advancements in the design, fabrication and 
experimental observation of soliton behavior at low powers and high gain 
optical parametric amplification (OPA) are discussed. In addition, we shed 
light on the utility of USRN for fully harnessing slow light enhancements 
without minimal concomitant scaling in nonlinear losses. Finally, the future 
outlook of USRN-based nonlinear optics is discussed[49].

2. Nonlinear ultra-silicon-rich nitride photonics devices

USRN is typically grown using SiH4 and N2 precursor gases at a low 
temperature of 250°C using inductively coupled chemical vapor deposition. 
The low deposition temperature makes it compatible with backend CMOS 
processing. USRN has a high proportion of silicon content relative to 
nitrogen (Si:N = 7:3). Its linear refractive index was previously characterized 
using FTIR to be 3.1 at a wavelength of 1550 nm [19].
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To shed light on USRN’s nonlinear optical properties, open and closed 
aperture z-scan measurements have previously been performed on USRN 
films at a wavelength range from 800 nm to 1600 nm [33]. The 1.1 -μm-thick 
USRN films were deposited onto silicon dioxide (50 μm thick). Due to the small 
sample thickness, the measured z-scans will encounter only a small aggregate 
nonlinearity over a finite sample thickness. Consequently, the valley-peak in the 
signal will be small, placing a requirement on a very high signal-to-noise ratio in 
the measurement. This high signal-to-noise ratio is achieved by employing a fast 
z-scan method. The optical pulses used for the z-scan measurements within the 
measurement wavelength range are derived from an optical parametric ampli-
fier pumped using a Ti:Sapphire laser, generating 150 fs pulses at a repetition 
rate of 1 kHz.

Figure 4(a) shows the measured nonlinear refractive index of USRN mea-
sured using closed aperture z-scan measurements. It is observed that the non-
linear refractive index measured at 1.55 μm is 2.9 × 10−17 m2/W. In addition, 
self-phase modulation experiments in USRN waveguides have previously been 
performed to extract the nonlinear refractive index at 1.55 μm. The 1.8-ps pulses 
propagating through a USRN waveguide with a width of 600 nm and height of 
300 nm undergo different extents of self-phase modulation at different peak 
powers. Figure 4(c,d) shows the measured and modelled self-phase modulation 
spectra at various peak powers. The modelling is performed using the nonlinear 
Schrödinger equation (NLSE). The best match between the modelled and 
measured SPM spectra occurs at a nonlinear parameter of 550 W−1/m and 
zero TPA. The strong nonlinear parameter in USRN waveguides is achieved 
through (1) a large linear refractive index of 3.1 that allows for high modal 
confinement and (2) a large Kerr nonlinearity in the USRN platform. Using the 
calculated effective area of the USRN waveguide (0.21 μm2) and the equation for 
the nonlinear parameter, γ ¼ ω0 n2

cAeff
, we can extract the nonlinear refractive index 

of USRN to be 2.8 × 10−17 m2/W, very close to the value obtained using z-scan 
measurements [11]. This value is 5–6 times larger than silicon [34,35], and 2 
orders of magnitude larger than in stoichiometric silicon nitride [36,37].

Further insight may be obtained about the nonlinear properties of USRN 
using open aperture z-scan measurements. It is observed from Figure 4(b) that 
TPA vanishes at a wavelength of 1.2 μm. Beyond this wavelength, three-photon 
absorption is the dominant contributor to nonlinear absorption. While the 
three-photon absorption mechanism is a significantly less deleterious effect on 
the efficiency of nonlinear optics than TPA, it could still come into play at very 
high powers or in the presence of slow-light effects. This will be further discussed 
in Section 6. It is further observed from Figure 4(b) that the TPA extends slightly 
beyond the theoretical two-photon edge (Eg/2). Due to the amorphous nature of 
USRN, band tail states exist, also known as Urbach tails, which further extend to 
the two-photon region [38]. Nevertheless, the measurement confirms that the 
1550-nm region is free of TPA.
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The absence of TPA at 1550 nm implies that the efficiency of nonlinear 
processes does not deteriorate at higher powers. When combined with a large 
linear and nonlinear refractive index, USRN waveguides may be designed and 
engineered to possess nonlinear parameters 500× larger than in stoichiometric 
silicon nitride waveguides. In many Kerr-based nonlinear processes, the non-
linear effect scales nonlinearly with the nonlinear parameter. In four-wave 
mixing and optical parametric gain, for example, the conversion efficiency/ 
gain scales with the square of the nonlinear parameter [39]. Therefore, a large 
nonlinear parameter provides operational gains where high nonlinear conver-
sion is desired in a regime where power needs to be relatively low.

Figure 4. a) The nonlinear refractive index of USRN measured using closed aperture z-scan 
(black squares) measurements and self-phase modulation experiments in USRN waveguides 
(red star). (b) Multi-photon absorption coefficients of USRN in the IR range characterized using 
z-scan measurements. (c) Measured and (d) modelled self-phase modulation as a function of 
peak power of 1.8 ps pulses propagating through a USRN waveguide with a width and height of 
600 nm and 300 nm respectively. From Refs. 33 and 34.
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In general, the treatment of nonlinear dynamics in USRN waveguides is 
performed using the NLSE. Compared to silicon where the presence of TPA 
and free-carrier absorption introduces additional loss terms to the equation, 
modelling of nonlinear pulse propagation dynamics takes on a simpler form 
[39,40]: 

@A
@z

¼  α
2

A þ i
X1

k¼2

ik

k!
βk

@kA
@Tk þ iγ Aj j2A

 �
(1) 

where z is the longitudinal coordinate, α is the linear loss coefficient, A and 
T are the slow varying pulse envelope and time, respectively. βk represents 
dispersion of various orders. The nonlinear parameter, γ ¼ ω0 n2

cAeff
, where ω0 

is the frequency, n2 is the nonlinear refractive index of the material, Aeff is 
the effective area of the waveguide. In the presence of slow-light effects, such 
as in photonic crystal waveguides and nonlinear Bragg gratings, γ in Eq. (1) 
is replaced by an effective nonlinear parameter, 

γeff ¼
ω0 n2

cAeff

ng

no

� �2

(2) 

where ng is the group index and no is the refractive index of the material. The 
slow-light factor, S2 ¼ ng

no

� �2
. In slow-light devices, higher order dispersion 

often needs to be considered, since the magnitudes of the dispersion for all 
orders are often orders of magnitude larger than in waveguides. The significance 
of the dispersion of a specific order can be evaluated by the dispersion length 

Tx
0

βxj j , where x is the dispersion order and T0 is the pulse half-width (at 1/ 

e-intensity point) [39]. If the total device length exceeds these dispersion lengths, 
then that particular dispersion order will have a sufficiently significant effect on 
the nonlinear dynamics and needs to be considered in the calculation.

USRN photonic devices typically utilize SiO2 as a cladding. In addition to 
enabling high modal confinement, the large index contrast between USRN and 
SiO2 (nUSRN – nSiO2 = 1.54) provides an important flexibility in engineering 
varying magnitudes of either normal or anomalous dispersion by tailoring the 
waveguide geometry. Figure 5(a) shows the magnitudes of nonlinear parameters 
that can be achieved in USRN waveguides with a fixed height of 300 nm, as the 
width is varied from 500 nm to 700 nm. Figure 5(b) further plots the second- and 
fourth-order dispersion of USRN waveguides as a function of geometry, for 
a fixed waveguide height of 300 nm. For example, USRN waveguides with 
a height and width of 300 nm and 600 nm possess a nonlinear parameter of 
550 W−1/m while simultaneously possessing anomalous dispersion.

Fabrication of USRN photonic devices typically starts with film deposi-
tion using inductively coupled CVD at a temperature of 250°C, followed by 
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electron beam lithography, inductively coupled plasma etching and plasma 
enhanced CV of the SiO2 cladding.

3. High gain optical parametric amplification in USRN waveguides

Anomalous dispersion is a necessary ingredient for a whole suite of nonlinear 
optics applications. These include parametric processes, observation of soliton 
dynamics and temporal pulse compression. Parametric wavelength conversion, 
for example, which requires phase matching for optimal conversion efficiency 
across a broad bandwidth, is a key driver for wavelength multicasting [41], 
optical regeneration [42] and OPA [43]. Parametric wavelength conversion 
based on the Kerr nonlinearity is a four-wave mixing process whereby a pump 
photon at frequency, ω1 and signal photon at ω2 are annihilated to create 
a photon each at ω3 and ω4. In the case of degenerate four-wave mixing, two 
pump photons create a photon each at the signal and idler wavelength [39,44]. 
This process is one where momentum is conserved and phase matching is 
required. For the four-wave mixing process to take place efficiently, the phase 
mismatch between the pump and signal needs to be minimized. The phase 
mismatch Δk, in turn, depends on the effects of both cross-phase modulation 
and self-phase modulation. Δk = 2.γPpump – Δklinear where the linear-phase 
mismatch, Δklinear = – β2(Δω)2 – β4(Δω)4/12, β2,4 are the second- and fourth- 
order dispersion and ∆ω is the frequency difference between the pump and 
signal. β4 only plays a stronger role close to the zero dispersion wavelength, 
where the magnitude of β2 becomes small. The relationship between the fre-
quencies of each of the four photons in the four-wave mixing process is given by 
ω3 + ω4 = ω1 + ω2. In the case of degenerate four-wave mixing, the relationship 
between the frequencies of the pump photons (ωpump), signal (ωsignal) and idler 
(ωidler) photons is given by 2ωpump = ωsignal + ωidler. We further note that 

Figure 5. (a) Calculated nonlinear parameter of USRN channel waveguides for a fixed height of 
300 nm and as function of waveguide width, W. (b) The calculated second-order (β2, solid lines) 
and fourth-order (β4, dashed lines) dispersion of the USRN waveguides as a function of W for 
a fixed height of 300 nm. From Ref. 19.
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operating in the single-mode regime further enforces mixing of only the funda-
mental modes of the pump and signal fields.

One recent demonstration which utilizes degenerate four-wave mixing and 
showcases the advantageous nonlinear optical properties of USRN waveguide 
devices involves the generation of giant optical parametric gain [19]. In this 
work, the USRN photonic waveguides are dispersion engineered for anomalous 
dispersion at the 1550 nm wavelength region and the geometry tailored for high 
modal confinement. Prior to this work, CMOS-compatible OPA had taken place 
in several other platforms with varying degrees of success [43–46]. The impact of 
TPA on the parametric gain process may be inferred from Si-waveguide-based 
OPAs when operating at 1550 nm (TPA and FCA present) and at 2200 nm (TPA 
and FCA free): When operating at the TPA-free wavelength of 2200 nm, optical 
parametric gain of 25.4 dB [43] was achieved as opposed to 5 dB when operating 
at 1550 nm where TPA and FCA are present [47]. In these experiments, the 
pump-signal detuning is relatively small and therefore the difference in the 
observed parametric gain arises from the nonlinear parameter and the pre-
sence/absence of TPA in each of the waveguides. Despite the smaller modal 
confinement (and hence nonlinear parameter) of the silicon waveguide at 
a wavelength of 2200 nm, the parametric gain was observed to be significantly 
larger at 2200 nm compared to 1550 nm, as a result of the absence of TPA. 
Furthermore, the optical parametric gain was observed in Ref. 59 to saturate at 
peak pump powers exceeding 2 W – a phenomenon which was not observed at 
the TPA-free wavelength of 2200 nm. Furthermore, in Hydex glass, despite the 
lower nonlinearity than silicon, a parametric gain of 15 dB has been demon-
strated using waveguides with a nonlinear parameter of 0.22 W−1/m and a zero 
TPA at 1550 nm, revealing that the presence of nonlinear losses is far more 
important than the magnitude of the nonlinearity itself [48]. A better parametric 
gain of 26.5 dB was demonstrated in amorphous silicon waveguides at 1550 nm, 
which possess a larger nonlinearity and smaller TPA coefficient than crystalline 
silicon [45].

Using USRN waveguides, 600 nm in width and 300 nm in height, we 
degenerate four-wave mixing experiments using a pulsed pump, and CW signal 
is performed to investigate the efficiency of the waveguides in generating high 
parametric gain. The pump pulses are derived from a mode locked fiber laser at 
a repetition rate, Rp of 20 MHz. The 2.0-ps hyperbolic secant pulses centered at 
1560 nm, at a peak power of 10 W, are used in the first set of OPA experiments. 
The pump and signal are combined using a wavelength division multiplexer, 
and both fields are aligned for transverse-electric (TE) polarization. Figure 6(a) 
shows the resulting four-wave mixing spectra, measured using an optical spec-
trum analyzer. Sidebands around the CW signal form which are characteristic of 
cross-phase modulation occurring between the CW signal and the pulsed pump. 
The spectral shape of the idler is also observed to assume a form similar to that of 
the 500 fs pump. Similarly, when a 2-ps pump is used (Figure 6(b)), the idler 
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assumes a form that is similar to the spectral shape of the 2-ps pump. It should be 
noted that owing to the pulsed nature of the pump, the mixing between pump 
and signal only occurs at a time interval of 1/Rp. This phenomenon is taken into 
account when calculating the optical parametric gain. The on/off signal para-
metric gain is given by Ppeak(s)/Pout(s), where Pout(s) is the CW signal power at the 
waveguide output when the pump is off. In general, the peak power of the 
amplified signal or idler may be calculated using the following equation: 

Figure 6. (a) Transmission spectrum of four-wave mixing occurring between a 2.0 ps pump with 
a peak power of 10 W and a CW signal, as the CW power is varied. The black line shows the 
pump spectrum (offset by −15 dB) with the CW signal [80] off. The power of the generated idler 
scales linearly with the signal power. Black solid curve represents the pump spectrum offset by 
−15 dB, without the signal turned on. Cyan, yellow, green, blue and red lines represent the 
measured spectra with a signal power of −21.1 dBm, −16.1dBm, −13.7 dBm and −11.0 dBm 
respectively. The inset shows the location of the spectral peak in the first idler as a function of 
signal wavelength. (b) The measured signal gain as a function of signal power. The signal gain 
stays constant as signal power is increased while the amplified signal power scales linearly with 
signal power. (c) Four-wave mixing spectrum as a function of signal wavelength for 500 fs 
pump pulses at a peak power of 14 W. Cascaded four-wave-mixing is observed, with the second 
and third idlers located close to 1410 nm and 1300 nm. The measured pump spectrum, offset by 
−25 dB with the CW signal off is shown as the grey dashed curve. (d) Measured parametric gain 
in the signal (blue squares), first (red circles), second (dark blue stars) and third idlers (green 
diamonds). From Ref. 19.
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Ppeak s;i nð Þð Þ ¼
1

Rp:Tpulse
�Pave s;i nð Þð Þ λð Þdλ (3) 

where Rp is the pulse repetition rate of 20 MHz and Tpulse is the pulse width 
[19,43,45]. The subscripts s and i(n) refer to the signal or nth idler. Pave(s,i)(λ) 
represents the average output power spectrum of the signal as a function of 
wavelength measured by the OSA. In deriving Ppeak(s), the power residing in the 
continuous-wave signal line is subtracted from the spectrum of Pave(s)(λ). The 
optical parametric gain is extracted to be 30 dB when 2-ps pulses at a peak pump 
power of 10 W are used. The spectral feature observed in Figure 6(a) between 
1400 nm and 1450 nm represents evidence of cascaded four-wave mixing.

Next, the peak power of the pump pulses is increased by utilizing 500-fs pulses 
for the pump, with a peak power of 14 W. (Figure 6(c)) shows the four-wave 
mixing spectrum measured where evidence of cascaded four-wave mixing is 
observed. Generation of the second and third idlers centered close to 1410 nm 
and 1300 nm, respectively, is clearly observed, together with the measured pump 
spectrum, offset by −25 dB with the CW signal off. The observation of cascaded 
four-wave mixing is further evidence of the strength of the parametric process 
occurring. It is further observed that the gain sidebands residing around the 
signal have considerable spectral content from the mixing with the spectrally 
broader pump. The optical parametric gain achieved for a peak power of 14 W is 
42.5 dB. The idler conversion efficiency may further be extracted using the ratio, 
Ppeak(i(n))/Pout(s) where the peak power in the nth idler may be found using Eq. 
(3). It is observed from Figure 6(d) that the idler conversion exceeds 0 dB for all 
three idlers, possessing a value of 36.2 dB, 21.2 dB and 7.7 dB for the first, second 
and third idlers, respectively. As a result of cascaded four-wave mixing, the 
output spectrum spans from 1300 nm to beyond 1700 nm, with each idler 
providing as a source of photons for four-wave mixing. The results show that 
high conversion and high efficiency parametric amplification are possible in 
USRN waveguides.

4. Optical parametric gain in photonic crystal waveguides

Photonic waveguides in USRN provide high-light confinement conducive to 
large nonlinear parameters. An alternate light-guiding mechanism may be 
implemented by enforcing a periodicity in two-dimensions, together with the 
introduction of a line defect in order to create photonic crystal waveguides [49]. 
The interaction between the gap guided and index guided modes results in 
a slow-light effect at the band edge of the photonic crystal waveguide [50]. The 
reduced group velocity in such waveguides leads to a better interaction of the 
propagation of light waves with both the guiding material and its immediate 
environment. Slow-light photonic waveguides may, therefore, lead to enhanced 
nonlinear effects. Low-power parametric wavelength conversion [51], enhanced 
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optical modulation [52] and soliton-effect compression [53,54] are some exam-
ples of phenomena that have been facilitated by photonic crystal waveguides. 
Consequently, two-dimensional photonic crystals have made a significant 
impact, enabling low-power operation and ultra-small chip sizes for various 
nonlinear optical phenomena to be observed.

Slow-light scaling of the nonlinear parameter follows the form given by 
Eq. (2), introducing an avenue to increase nonlinear effects through aug-
mented group indices. On the flipside, slow-light scaling also causes non-
linear absorption effects to be more pronounced. In silicon photonic crystal 
waveguides, the severity of two-photon and free-carrier absorption 
increases with the square of ng [51] according to the same slow light factor, 
which similarly augments the nonlinear parameter.

USRN photonic crystal waveguides have been demonstrated to possess large 
group indices between 22 and 110, depending on whether flatband engineering 
is incorporated [21]. In these photonic crystal waveguides, row shifts of the row 
immediately adjacent to the line defect on either side are performed to create the 
flatband slow light effect. The row shift parameter is denoted by s1, as shown in 
(Figure 7(a)). The radius, r and lattice constant, a are also important design 

Figure 7. (a) Scanning electron micrograph of a photonic crystal waveguide in USRN. The 
parameters, r (radius), s1 (shift in the row immediately beside the line defect) and a, lattice 
constant, set to be 420 nm. (b) Transmission spectrum of a photonic crystal waveguide for 
various values of r and s1. s2 refers to the shift in the row second from the line defect. 
Transmission (black/blue) and group index (orange) measurements of (c) non-flatband engi-
neered and (d) flatband engineered USRN photonic crystal waveguide. (e) Self-phase modula-
tion of a pulse with Pin = 2.5 W observed when propagating in the slow-light region of the USRN 
photonic crystal waveguide. From Ref. 21.
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parameters of the photonic crystal waveguides. The effects of these parameter 
changes on the photonic crystal transmission spectrum are shown in Figure 7 
(b). Figure 7(c,d) shows the measured group index vs. wavelength for flatband 
engineered and non-flatband engineered USRN photonic crystal waveguides, 
respectively. In these devices, USRN is 300 nm thick, surrounded by an SiO2 
over- and under-cladding. The photonic crystal waveguide’s device parameters 
are r = 125 nm, s1 = 30 nm and a = 420 nm. From Figure 7(b), it is observed that 
flatband engineering creates a broader wavelength range from 1600 nm to 
1605 nm over which a group index of ~20 is observed, while simultaneously 
possessing high transmissivity. Conversely, in the absence of flatband engineer-
ing, the group index is observed to increase to a very large value of 110, though 
this comes at a tradeoff of significantly smaller bandwidth. The group index of 
the flatband engineered photonic crystal waveguide is further characterized 
using self-phase modulation experiments. The nonlinear phase of a short 
pulse scales with the slow-light factor (see Eq. (2)) according to the equation, 
φNL ¼ γ:S2:Pin:L, where L is the photonic crystal waveguide length and Pin is 
the peak power of the input pulse. Therefore, the extent of self-phase modulation 
occurring at a fixed pulse peak power can be used to extract ng. The 1.9-ps sech2 

pulses from a mode-locked fiber laser (20 MHz repetition rate) with a peak 
power of 2.5 W are launched into a photonic crystal waveguide with r = 135 nm 
and s1 = 30 nm. When the pulses with a peak power of 2.5 W are tuned to the 
slow-light region, a nonlinear phase shift of 1.5π is observed (Figure 7(e)), 
allowing us to extract a nonlinear parameter of 1.97 × 104 W−1/m, equivalent 
to a group index of 22 and slow-down factor of 484. This enhancement in the 
nonlinear parameter may further reduce the powers required for the observation 
of nonlinear optical phenomena.

The reduced group velocity at the photonic crystal band edge has been shown 
to augment the interaction of an optical field with the nonlinearity of the 
medium in which it propagates in. The efficiency of parametric wavelength 
conversion may likewise benefit from slow-light enhancements. Using 
97 μm-long USRN photonic crystal waveguides, four-wave mixing experiments 
are performed, in particular to harness the enhanced nonlinearity brought about 
in the slow light region [55]. The photonic crystal waveguides have a thickness of 
300 nm, r = 105 nm, s1 = 40 nm and a = 430 nm.

Within the slow light region, the propagation loss is characterized to be 
(22 ± 2) dB/cm. We note that the pump-signal detuning is small (less than 
10 nm), and therefore group velocity dispersion’s impact on phase matching 
is minimal. The photonic crystal waveguide used has a group index spec-
trum as shown in (Figure 8(a)). It is observed that a flat-band region with 
a span of around 10 nm exists, where the group index is close to 20 within 
the flat-band slow-light region. We performed four-wave mixing experi-
ments using a 9-ps pulsed pump at a repetition rate of 20 MHz centered at 
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1551 nm. A continuous wave signal is combined with the pump pulses using 
a 3-dB coupler before coupling into the photonic crystal waveguide. Power 
dependent measurements are first performed using a CW signal wavelength 
of 1554.6 nm. Figure 8(b) shows the four-wave mixing spectrum as the peak 
power of the pump is varied between 0.26 W and 2.6 W. In the four-wave 
mixing spectra, it is observed that sidebands develop around the CW signal. 
These sidebands are characteristic of parametric mixing with the pulsed 
pump, causing a spectral feature to arise that is similar in shape to that of the 
pump. The peak power of the signal and idler at the output of the photonic 
crystal waveguide may be calculated using Eq. (3). Finally, the on/off optical 
parametric gain of the signal is given by Psignal,peak/Psignal,out.

Figure 8(c,d) shows the trend of idler conversion efficiency and signal gain as 
a function of the pump power; It is observed that both metrics increase with 

Figure 8. (a) Group index vs. wavelength of the USRN photonic crystal waveguide used for four- 
wave mixing experiments. (b) Four-wave mixing spectrum for a 9 ps pump centered at 
1554.6 nm nm and signal centered at 1555 nm, as a function of signal power. (c) 
Experimentally measured (circles) and theoretically calculated (red solid line) conversion 
efficiency as a function of coupled input peak power. (d) Experimentally measured (circles) 
and theoretically calculated (blue solid line) signal gain as a function of coupled input peak 
power. A gain of 3 dB is observed at a coupled input peak power of 2.6 W. From Ref. 55.
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pump peak power. It is further observed from (Figure 8(d)) that at 2.6 W, 
parametric gain of the signal reaches a value of 3 dB, corresponding with a per 
unit length optical parametric gain of 333 dB/cm. The idler conversion efficiency 
is also shown in (Figure 8(c)). Theoretical calculations of the expected idler 
conversion efficiency and signal parametric gain is also shown in (Figure 8(c,d)). 
The theoretical gain coefficient, g ¼ γeff Pin

 �2  β2Ω
2þ2γeff Pin

2

� �2
� �1

2

, where γeff 
is the effective nonlinear parameter, Pin is the coupled peak power of the pump, 
β2 is the group velocity dispersion of the photonic crystal waveguide, Ω is the 
detuning between the pump and the signal [51,55,56]. The four-wave mixing 
conversion efficiency may then be calculated using the expression, 
CE = (γeffPinsinh(gL)/g)2.e−αL. Parametric gain of the signal, Gsignal = 1 + CE. 
The loss parameter, α = 510 m−1 (22 dB/cm) and γeff = 5.5� 103 W−1/m. In 
calculating the conversion efficiency, we assume an undepleted pump and 
absence of TPA. Good agreement between the experimentally measured and 
theoretically predicted parametric gain as a function of pump power is observed 
in (Figure 8(d)).

In (Figure 8(c)), a gradual plateau in the idler conversion efficiency is 
observed at higher peak powers, deviating from the theoretically calculated 
curve. The origin of this effect is likely nonlinear absorption. While the non-
linear parameter scales with S2, the slow-down factor also contributes towards 
intensifying the effects of nonlinear loss mechanisms if present. While TPA is 
absent at 1550 nm, three-photon absorption could still possibly be observed at 
sufficiently high powers or a sufficiently large slow-down factor. The lower than 
expected idler conversion efficiency observed in experiments could therefore 
originate from the non-trivial scaling of three-photon absorption in photonic 
crystal waveguides [57]. Nevertheless, the absence of TPA in the USRN photonic 
crystal waveguides makes the four-wave mixing and OPA process significantly 
more efficient than in devices where TPA is present. This is evidenced in the 
large gain of 333 dB/cm demonstrated in sub-100 μm USRN photonic crystal 
waveguides. Compared to OPA in USRN waveguides, photonic crystal wave-
guides provide a higher per unit gain in more compact device footprints.

5. Soliton-effect compression in USRN photonic waveguides

The demonstration of high gain OPA is possible because of the ability to 
efficiently generate large nonlinear effects at lower powers with minimal 
optical losses. The presence of anomalous dispersion was also essential for 
phase matching to occur in the degenerate four-wave mixing process. The 
nonlinear efficiency of the USRN platform may be further demonstrated for 
the observation of temporal soliton dynamics, which benefits from the 
preservation of the pulse energy at high powers as high order solitons 
form and evolve. Across the spectrum of CMOS-compatible waveguides, 
one of the first observations of soliton effects was in Hydex waveguides. 
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Adiabatic soliton compression in Hydex glass waveguides were demon-
strated for 1.6× compression of 0.65 ps pulses to 0.40 ps [58]. Stronger 
temporal compression of 2.3× has been demonstrated in silicon photonic 
crystal waveguides, as a result of the strong band edge dispersion, slow light 
scaling of the nonlinear parameter, though this is likewise accompanied by 
a similar scaling in the two-photon and free-carrier absorption [53]. High 
order solitons form in media with nonlinearity and anomalous dispersion, 
and experience an initial narrowing at the beginning of each soliton period. 
Strong temporal compression is therefore possible with waveguides which 
are appropriately designed, together with the right pulse powers. Both the 
pulse peak power and dispersion determine the soliton number, N. In 
general, photonic waveguides with high modal confinement possess shorter 
nonlinear lengths compared to dispersive lengths, conditions that make it 
easy to generate high order solitons. Furthermore, a larger soliton order 
implies a potentially greater compression factor, provided the propagation 
length is designed to coincide with the point at which the temporal width of 
the soliton is narrowest as it evolves through the waveguide. For N ≥ 10, the 
optimal length, zopt = 1.6z0/N, where z0 = πLd/2 is the soliton period and 
Ld is the dispersion length [39,59].

Temporal compression of optical pulses provides a route for generating 
ultrashort pulses or to augment the peak powers of pulses. High order 
soliton compression in USRN waveguides have been recently used to 
demonstrate 8.7× compression of optical pulses using pulse energies as 
low as 16.3 pJ [60]. Pulse propagation dynamics through 7 mm long, SiO2 
cladded USRN waveguides with a width and height 450 nm and 330 nm 
respectively were first studied using the nonlinear Schrodinger equation 
(Eq. 1) and found to allow strong compression while preserving the pulse 
energy. The dispersion of the waveguides is designed to be anomalous 
(Figure 9(a)). The nonlinear parameter of the waveguide is further calcu-
lated to be 440 W−1/m (Figure 9(b)). In the simulations, it is observed from 
(Figure 9(c)) that as the input pulse energy is increased to 16 pJ – 20 pJ, the 
temporal pulse width of 2.0 ps pulses decreases monotonically to 230 fs. 
Beyond a pulse energy of 23 pJ, the compressed pulses start to acquire 
increasing levels of pulse pedestals while not incurring any further decrease 
in the compressed pulse width. When observing the output pulse profile at 
a fixed pulse energy of 16.3 pJ as a function of USRN propagation length, an 
initial pulse narrowing is observed as theoretically expected (Figure 9(d)). It 
is further observed from (Figure 9(d)) that an optimum propagation length 
of ~3.5 mm exists, corresponding with the strongest pulse compression. As 
the propagation length increases beyond this value, pulse pedestals start to 
develop.

The soliton dynamics initiated in USRN waveguides are experimentally 
studied using 2.0 ps pulses at a repetition rate of 20 MHz, centered at 
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a wavelength of 1550 nm. The propagation losses of the waveguides used 
was 3 dB/cm. The pulses are adjusted for TE-polarization prior to coupling 
into the USRN waveguide using tapered lensed fibers. Spectral and temporal 
properties of the optical pulses are characterized using an optical spectrum 
analyzer and autocorrelator respectively. The pulses at the USRN waveguide 
output are studied as a function of input pulse energy. It is expected that the 
pulse width should experience a narrowing initially as input pulse energy is 
increased. (Figure 10(a,b)) show the spectral and temporal evolution as 
a function of the input pulse energy. It is observed that the spectral content 
increases as the pulse energy increases. Temporally, the output pulses 
experience a narrowing as the pulse energy is increased. (Figure 10(c)) 
shows the measured (green circles) and numerically calculated (blue solid 
line) autocorrelation traces of the output pulse at an input pulse energy of 
16.3 pJ. The measured input pulse profile is shown as the solid black line. 
The experimentally measured output pulses are in excellent agreement with 

Figure 9. (a) Calculated second and third order dispersion for an SiO2 cladded USRN waveguide 
with a width and heigth of 450 nm and 330 nm respectively. (b) Calculated nonlinear parameter 
of USRN waveguide with a heigth of 330 nm as a function of waveguide width at a wavelength 
of 1550 nm. (c) Numerical calculations of the pulse propagation dynamics through a 7 mm 
USRN waveguide as a function of input pulse energy. (d) Numerically calculated output pulse 
profile at a fixed pulse energy of 16.3 pJ as a function of propagation length. From Ref. 60.
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the numerically calculated results. As a control experiment, the output 
pulses measured when bypassing the USRN waveguide are measured 
when the input pulse energy is 16.3 pJ. In this case as shown in the solid 
fuchsia line in (Figure 10(c)), there is no compression observed when the 
pulses do not propagate in the USRN waveguide. (Figure 10(d)) further 
plots the calculated compression factors of the pulses as a function of the 
input pulse energy. It is observed that as the input pulse energy increases to 
16.3 pJ, the compressed pulse width decreases quickly. Beyond this value of 
input pulse energy, the compression factor increases marginally. The mea-
sured autocorrelation trace width reaches its minimum value of 360 fs at an 
input pulse energy of 22.4 pJ. This corresponds to a pulse width of 230 fs 
(applying a 1.54 deconvolution factor to the autocorrelation trace for sech2 

pulse), corresponding to a compression factor of 8.7 × . This represents the 
strongest on-chip soliton-effect compression to date. Certainly, further 
refinements in the operating regime and USRN waveguide length could 
advance the extent of soliton-effect compression achieved. For example, 
given the initial narrowing that is experienced under conditions supporting 
high order solitons, higher pulse energies combined with shorter USRN 

Figure 10. (a) Spectral and (b) temporal (autocorrelation) traces as a function of input pulse 
energy. The autocorrelation trace of the 2.0 ps pulses is shown as the black dashed line. (c) 
Comparison of experimental (green circles) and calculated (blue solid line) output pulse 
autocorrelation at an input pulse energy of 16.3 pJ. The measured input pulse profile is 
shown as the solid black line. The output pulses when bypassing the USRN waveguide (with 
input pulse energy of 16.3 pJ) is plotted as the solid fuchsia line. No compression is observed in 
this case. The inset shows the measured input and output pulses (gray hollow circle) fitted with 
the sech2 function (red dashed line). (d) Experimentally measured (black circles) and theoreti-
cally calculated (solid red line) pulse width (FWHM) plotted as a function of input pulse energy. 
From Ref. 61.
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waveguides could allow maximum pulse narrowing to coincide with the 
output of the waveguide, and is therefore an important area for further 
study.

6. Nonlinear Bragg gratings in USRN

Soliton effects in USRN waveguides show great promise for creating strong 
temporal compression. Owing to the abilty to engineer large amounts of 
anomalous dispersion at the band edge, photonic crystal waveguides are 
another possible avenue for implementing high-order soliton compression 
[53,54] which could likewise be implemented on the USRN platform. While 
photonic crystal waveguides rely on a periodicity in two-dimensions to 
create a photonic bandgap, Bragg gratings introduce a photonic bandgap 
by enforcing a periodicity in one dimension. In 1985, Winful theoretically 
prediceted that an optical field propagating close to the stopband of a fiber 
Bragg grating experiences a region of high group velocity dispersion, 
a phenomenon that arises due to the interaction between forward and 
backward propagating fields from the artificial bandgap [47]. 
Experimental corroboration of the large grating-induced dispersion was 
demonstrated in 1996 by Eggleton et. al [62]. In this work, temporal 
compression of optical pulses was demonstrated in fiber Bragg gratings 
through an interplay bewteen the fiber nonlinearity and the grating- 
induced dispersion. The blue side of the stopband in particular, exhibits 
large anomalous dispersion. The optical fiber, being fabricated out of silica, 
did not possess any nonlinear absorption effects at the wavelength of the 
experiment (1550 nm), and therefore allowed high powers needed to 
approach the high-order soliton regime needed to create the compression 
effect. Close to the blue side of the photonic bandgap, the group index 
increases rapidly, giving rise to an increased magnitude of anomalous group 
velocity dispersion while maintaining a high transmission. This augmented 
group index may also be leveraged similarly to the slow light enhancements 
in photonic crystal waveguides.

With the advent of CMOS-compatible USRN which possesses a Kerr 
nonlinearity that is two orders of magnitude larger than in silica glass, or 
nonlinear waveguide parameter that is five orders of magnitude larger than 
in single mode fiber, nonlinear on-chip Bragg grating devices could simi-
larly be applied towards low power, grating enhanced observations of 
soliton dynamics. On-chip gratings, implemented using pillars placed per-
iodically alongside a waveguide may be used for this purpose. These grat-
ings, termed cladding-modulated Bragg gratings (CMBGs), have been 
successfully demonstrated to provide high dispersion in reflection when 
the period of the CMBGs is chirped [63–65]. However, it is the disperison in 
transmission that we harness for nonlinear optical effects.
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Figure 11 shows the schematic of a USRN CMBG designed for operation 
at 1550 nm [66]. A central waveguide with a width of 600 nm and height of 
300 nm is flanked by cylinders on either side with a period Λ. The gap 
between the pillars and central waveguide varies from 150 nm to 50 nm. 
This essentially serves the function of apodization, which ensures that the 
change in the effective index experienced by an optical field incident on the 
grating occurs gradually. Consequently, the grating sidelobes are effectively 
suppressed without impacting the Bragg wavelength (λB = 2neff Λ). 
Implementation of the apodization follows the following function:

G zð Þ ¼ G2  G1ð Þ� cos2 πxð Þ þ G1where 

x ¼
z

2AL if z � AL
0:5 if AL< z< L AL
zL
2AL if z � L AL

8
<
: (4) 

.
where AL = 600 µm. The total CMBG length, L is 6 mm.

In principle, when an optical pulse is tuned close to the blue side of the 
grating stopband, it experiences a large magnitude of anomalous dispersion, 
which can be several orders of magnitude larger than the native dispersion 
of the waveguide. To further understand the optical properties of the 

Figure 11. Schematic of a USRN CMBG. The strong grating-induced dispersion at the band edge 
combined with the strong waveguide nonlinearity allows high-order solitons to form. From Ref. 
66.
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CMBG, the transmission and dispersion of the fabricated device are experi-
mentally measured. A scanning electron micrograph of the fabricated 
CMBG before SiO2 deposition is shown in (Figure 12(a)).

The linear transmission properties of our grating are characterized using an 
amplified spontaneous emission source adjusted for TE polarization and an 
optical spectrum analyzer. (Figure 12(b)) shows the transmission spectrum of 
the CMBG. The center of the CMBG stopband is close to 1.55 μm. The 
dispersion properties of the grating are experimentally measured by extracting 
the ng vs. λ properties using an interferometry-based component analyzer. The 
dispersion parameters are derived from the polynomial fitting of the group 
index curve shown in (Figure 12(c)) using the expression, dnβ

dωn , where n is the 
order of dispersion and β is the propagation constant. The experimentally 
extracted group velocity dispersion (GVD, β2), third-order dispersion (TOD, 
β3) and fourth-order dispersion (FOD, β4) curves are shown in (Figure 12(c) 
and (d)) respectively. At a wavelength of 1543.1 nm, the grating dispersion 
parameters are extracted to be, β2 = −0.81 ps2/mm, β3 = 0.83 ps3/mm, 
β4 = −0.33 ps4/mm (denoted by crosses in (Figure 12(d)) and 12d). We note 
that the group velocity dispersion in USRN waveguides are three orders of 
magnitude smaller [19]. Consequently, the grating structure induces a band 
edge dispersion that is three orders of magnitude larger than in USRN wave-
guides, importantly while still being within a region of high transmission. For 
a pulse full-width at half-maximum of 4.93 ps, the dispersion lengths [39] 
corresponding to the values of β2,3,4 are calculated to be LD2 = 10.8 mm, 
LD3 = 31.3 mm and LD4 = 23.3 cm at λ = 1543.1 nm. LD2 and LD3 are sufficiently 

Figure 12. (a) Scanning electron micrograph of a USRN CMBG before SiO2 deposition. (b) 
Transmission spectrum, (c) ng (blue), β2 (red), (d) β3 (green) and β4 (cyan) as a function of 
wavelength of the USRN CMBG. The crosses denote the wavelength of the picosecond pulses 
launched into the CMBG. From Ref. 66.
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small that GVD and TOD will have a significant effect on the nonlinear pulse 
propagation dynamics whereas FOD effects will conversely be negligible.

To harness the USRN CMBGs towards soliton dynamics, we study the pulse 
propagation dynamics of TFWHM = 4.93 ps Gaussian pulses (where TFWHM ¼
2T0ln

ffiffiffi
2

p
for Gaussian pulses) in the wavelength region where both dispersion 

and transmission are high. (Figure 13(a)) shows the spectrum (centered at 
1543.1 nm) and temporal profile of the pulses. At this wavelength, ng = 5.3 
(Figure 12(b)), giving rise to a slow-light enhancement in the nonlinear para-
meter by a factor of 3. For a fixed pulse peak power, the soliton order, N may be 
derived using the expression, N2 ¼ LD

LNL
¼ T2

0γeff Pin

β2j j where Pin refers to the peak 

power. In the absence of perturbative effects (i.e. TOD, FC and TPA), an N = 1 
soliton propagating through the waveguide preserves its shape over the propa-
gation length; this corresponds to a fundamental soliton. Higher-order solitons 
exhibit more complex temporal dynamics. They periodically compress, split 
into multiple pulses, and recover their original shape over a single soliton 
period, defined as z0 = π/2 × LD2 [39]. When TOD effects are sufficiently 
large, the delicate balance of GVD and SPM may be perturbed, causing the 
soliton to deviate from the expected symmetric and periodic evolution. In the 
absence of TOD or any other perturbative effects, the fundamental solitons 
comprising a higher-order soliton are bound and exist as a breather, propagat-
ing at identical speeds. The presence of TOD breaks that degeneracy and causes 
the separation of higher-order soliton into its constituents. These separated 
solitons then travel further apart from each other in the guiding media rather 
than evolving back into their initial pulse shape at z = z0. As a result of the large 
third order dispersion in the USRN CMBG, we expect that at a sufficiently large 
power, a high order soliton could be observed to break down into its constituent 
fundamental solitons, giving rise to fission.

Frequency resolved electrical gating (FREG) is used to characterize the 
temporal profile of the output pulses as the peak power of the input pulses is 
increased. FREG allows both pulse intensity and phase to be extracted, thus 
allowing any distinct pulse peaks to be clearly observed. Figure 13 shows the 
time resolved traces of the output pulses at various powers. Higher peak powers 
correspond to higher soliton orders. At the lowest peak power corresponding to 
a soliton order of 2.2, the pulses are observed to compress to 2.8 ps (Figure 13 
(b)). As the power is increased further to N = 4.65, the pulse compression 
becomes stronger, and pulses are compressed to 0.86 ps (Figure 13(c)). The level 
of compression corresponds with a 5.7× compression factor, stronger than that 
previously demonstrated in silicon photonic crystal waveguides. At the highest 
powers used in the experiment (N = 8.75), three distinct peaks emerge in the 
output pulse (Figure 13(d)). The separation of these pulses from the primary 
pulse is characteristic of soliton fission occurring. The observations of Bragg 
soliton compression and soliton fission are greatly facilitated by both device and 

ADVANCES IN PHYSICS: X 25



Figure 13. Temporal and spectral characterization of the pulses at the CMBG output. Measured 
spectrum and temporal profile of (a) the source pulse, soliton evolution for (b) N = 2.22 
(P0 = 0.36 W), (c) N = 4.65 (P0 = 1.62 W) and (d) N = 8.75 (P0 = 5.73 W) for Lg = 4.8 mm. 
From Ref. 66.
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material properties: (1) The high-quality grating ensures that the sharp increase 
in group index as the wavelength is tuned close to the stopband does not have 
phase or magnitude discontinuities. (2) The absence of TPA allows the Bragg 
soliton dynamics to proceed unhindered, while the large nonlinearity of USRN 
allows rich Bragg soliton dynamics to manifest over short length scales. (3) 
Fission is triggered by the large magnitude of third order dispersion. The 
successful demonstration of Bragg-soliton compression and fission warrants 
further study into how they may be harnessed for chip-scale nonlinear 
applications.

To further shed light on the dynamics of pulse propagation dynamics, 
wavelength dependent measurements are performed, where the input pulse 
wavelength is tuned from 1545 nm to 1549.8 nm. This allows the input 
pulses to access increasing magnitudes of β2 as its wavelength approaches 
the grating stopband. One of the signatures of Bragg solitons is their 
dependence on wavelength. This effect arises because of dispersive proper-
ties vary rapidly with wavelength, as may also be observed in (Figure 12(c)). 
(Figure 14(a)) shows the transmission spectrum of a 3 mm long grating used 

Figure 14. (a) Transmission spectrum of grating used for wavelength dependent compression 
measurements, where the input pulse wavelength is tuned from 1545 nm to 1549.8 nm. (b) 
Experimentally measured compression factor as a function of wavelength. Inset shows the 
temporal profile of the source pulses. (c-f) Temporal measurement of optical pulses using 
frequency resolved electrical gating at input pulse wavelengths of (c) 1545 nm, (d) 1547 nm, (e) 
1548 nm and (f) 1549.8 nm. From Ref. 66.
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for this experiment. It is observed from (Figure 14(b–f)) that the temporal 
compression of a 1.37 ps pulse increases as the pulse wavelength is tuned 
closer to the grating stopband. At the smallest stopband-pulse detuning 
(1549.8 nm), the pulse experiences the strongest compression, reaching 
a FWHM of 0.54 ps.

7. Future outlook and conclusions

The recent advancements made in USRN-based nonlinear optics span from 
high gain OPA, including a giant gain per unit length in photonic crystal 
waveguide OPAs (333 dB/cm) and soliton dynamics in both waveguides and 
nonlinear Bragg gratings. Given the sensitivity of the USRN CMBGs to 
wavelength, the implementation of thermo-optic control of these grating 
devices could provide a pathway towards active, on-demand tuning of pulse 
properties. In addition to the order of magnitude larger Kerr nonlinearity in 
USRN vs. Si3N4, USRN has recently also been found to possess a large 
thermo-optic coefficient, an order of magnitude larger than that in Si3N4 
[67]. Other formulations of SRN have also been reported to possess a large 
thermo-optic coefficient [68]. This feature could therefore be used for low 
power thermo-optic based tuning of nonlinear USRN Bragg grating 
phenomena.

Opportunities for further advancing the material platform exist. 
Although annealing at temperatures as high as 1200 °C is a well known 
approach for reducing losses in Si3N4 films [1,2,4], approaches which 
reduce losses through other means, if available, are more desirable if back-
end CMOS compatibility is a consideration. For the reduction of Si-H bond 
related losses, recipes which utilize alternative gases other than silane could 
be explored. Dichlorosilane gas (DCS, SiH2Cl2) is one possible alternative 
to silane which could be explored for further optimization of the USRN 
films [69], specifically to reduce losses originating from Si-H and 
N-H bonds. Other approaches adopted in stoichiometric silicon nitride 
fabrication could also present possible pathways towards further device 
optimization. The photonic damascene process relies on depositing Si3N4 
on a highly smooth, pre-patterned oxide preform and subsequent chemical 
mechanical polishing to remove the excess Si3N4 material [31]. This 
approach has yielded Si3N4 resonators with quality factors on the order of 
106 [70].

Similar to the growth of SRN-based nonlinear photonics, chalcogenide- 
based nonlinear photonics though not CMOS-compatible, has seen signifi-
cant sucess due to low TPA at the 1550 nm wavelength regime [71]. On-chip 
optical parametric gain [72], supercontinuum generation [73–76], corre-
lated photon pair generation [77], wavelength conversion of high speed data 
[78] and notably Brillouin scattering [79] in recent years have been 
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demonstrated in chalcogenide platforms. In addition to being TPA-free, 
USRN further possesses larger waveguide nonlinear paramters than chalco-
genide waveguides, offering the potential for lower power nonlinear optics. 
Of note, the aforementioned possible routes towards optimizations in the 
fabrication processes could be instrumental to further reducing losses. 
Consequently the developmental prospects of USRN-based nonlinear appli-
cations appear promising. For example, Brillouin scattering, Raman effects 
or possible interfacial stain engineering towards introducing a second-order 
nonlinearity in USRN devices could be pertinent nonlinear effects worth 
investigating. Applications which leverage the already well-established Kerr 
nonlinearity in USRN also present multiple near-term advancement oppor-
tunities, ranging from phase sensitive parametric amplifiers, lower power 
frequency combs and Bragg soliton phenomena. Building upon the studies 
of how solitons form in both USRN waveguides and photonic crystal 
waveguides, these studies will be advanced towards investigating ways in 
which soliton-effect compression and fission can be applied towards enhan-
cing the generation of coherent supercontinuum. It is further envisioned 
that future work will investigate more sophisticated manipulations of dis-
persion of various orders and applications which efficiently handle high 
speed data, or which shape or manipulate optical waveforms with precision. 
Systems requiring nonlinear components, including optical metrology tools 
[48,70,80,81], frequency combs [1–18] and tunable ultrafast pulse sources 
could also be worthwhile topics of investigation which may similarly benefit 
from the high Kerr nonlinearity and two-photon free operation at telecom-
munications wavelengths.

Lastly, it is worthwhile to note that even though USRN possesses advan-
tageous nonlinear properties at the telecommunications wavelength, like 
silicon, it does not possess a direct bandgap necessary for lasing. 
Consequently, a USRN-based nonlinear device which incoporates the light 
source would involve heterogeneous integration, similar to that which has 
been successfully demonstrated in Si3N4-based frequency combs pumped 
using III–V lasers [82,83]. The field of III–V lasers has advanced so tre-
mendously that their lasing properties and form factors are highly condu-
cive to integration with photonic integrated circuits [84,85]. Consequently, 
these advantageous complementary technologies could instrumental 
towards the deployment of USRN devices which integrate not only light 
sources but also the CMOS-based ASICs necessary to drive the electronics 
within the on-chip system. Indeed, the prospects for further development in 
USRN-based nonlinear optics appear promising, with many exciting devel-
opments which further leverage complementary photonics technologies to 
come.
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