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Abstract: The proposed silicon-on-nitride (SON) waveguide exhibits an ultrabroadband
(~4200 nm), low chromatic dispersion (£50 ps/(nm-km)) in the mid-infrared (MIR)
wavelength region from 2430 to 6630 nm. It has two zero-dispersion wavelengths within the
span. Even at 6 um, the nonlinear coefficients of the SON waveguides are still comparable
with the ones of integrated SisN4 waveguides around 1550 nm, which are widely used for
octave-spanning nonlinear process. This enables a potential nonlinear optical platform for
broadband signal processing across the over-one-octave MIR bandwidth.

Index Terms: Microoptics, optics, subwavelength structures, waveguides.

1. Introduction

Recently, silicon photonics has attracted a lot of attention due to its great potential for complementary
metal-oxide semiconductor compatibility [1]. The band gap energy of silicon crystal is close to
1.11 eV. This brings the two-photon absorption (TPA) wavelength range of silicon devices into ~1.1 to
2.2 ym, which covers the widely used telecom band. TPA, which saturates the output power, is one of
the critical barriers of silicon waveguides, especially for nonlinear optical signal processing. The free
carrier generated by TPA can further distort the signal [2], [3]. By incorporating an integrated p-i-n
diode with reverse bias, the carriers can be efficiently extracted [4]-[6].

The mid-infrared (MIR) wavelength region, which covers 3 to 8 um [7], is of great interest for
several applications, such as astronomy, chemical bond spectroscopy, environmental monitoring,
free-space communication, optical sensing, and thermal imaging [8]-[10]. Integrating active and
passive components to form an on-chip photonic circuit is a laudable goal to compact the MIR
system, of which the waveguide is the basic building block [8], [9]. The lack of TPA of silicon in the MIR
provides great potential for nonlinear optics using silicon waveguides [11]-{15]. Over the past few
years, Si waveguides and devices for MIR have been developed for different applications [16]-[22].
Moreover, on-chip silicon waveguides for long wavelength applications are relatively large in size and
thus yield the fabrication accuracy required to achieve desired properties.

Broadband low dispersion, high nonlinearity and low loss are desirable goals for many broadband
nonlinear signal processing applications, such as broadband wavelength conversion, super-
continuum generation and frequency comb generation [14], [23]-[25]. Operating at MIR can
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Fig. 1. Cross sections of strip, rib, and conformal overlayer SON waveguides.

pronouncedly reduce the nonlinear loss, while the waveguide materials should be chosen properly to
reduce the material absorption induced linear loss. Silicon dioxide is lossy at wavelengths from 2.6 to
2.9 um and beyond 3.6 um, and thus becomes improper for MIR applications. Silicon-on-sapphire
waveguides can extend the low-loss wavelength of substrate material to ~4.5 ym [9]. It also shows
the potential to achieve small dispersion (+50 ps/(nm - km)) over ~1700-nm bandwidth, which is up
to ~4 yum [21]. As a complementary metal-oxide—semiconductor process compatible platform,
silicon nitride waveguides and devices have shown efficient nonlinear effects over octave bandwidth
range [23], [25]. Promisingly, silicon nitride also has higher nonlinear refractive index [26], [27] and
remains low loss for wavelengths from 1.2 to 6.6 um, which can better match the broader low-loss
wavelength range of Si (up to ~8.5 um) [9]. Thus, the MIR silicon-on-nitride (SON) waveguide has
the great potential to achieve these features [8], [9].

In this paper, we engineer and flatten the chromatic dispersion of strip, rib and conformal
overlayer SON waveguide in the MIR wavelength region. The rib and conformal overlayer
waveguides provide more structural parameters to tailor the chromatic dispersion for broadband
low-dispersion operation. A low dispersion of +50-ps/(nm-km) is achieved over a 4200-nm
bandwidth from 2430 to 6630 nm using the SON rib waveguide. With a proper design, two zero-
dispersion wavelengths (ZDWs) can be obtained beyond the TPA wavelength edge. Moreover, a
relatively large nonlinear coefficient can potentially enable nonlinear process, such as super-
continuum and frequency comb generation, across the over-one-octave bandwidth.

2. Waveguide Structure and Mode Property

The cross sections of strip, rib, and conformal overlayer SON waveguides are shown in Fig. 1,
where W, H, h, and t represent the waveguide width, waveguide height, slab height, and overlayer
thickness, respectively. The gray regions are silicon, and the blue regions are silicon nitride. There
is a 2-um silicon nitride space layer on the Si substrate. The material refractive indices of silicon and
silicon nitride are obtained according to the Sellmeier equations [28], [29] in our model. In the
simulation, the dispersion of nonlinear refractive index (n.) for silicon is considered [21]. We
develop a 8 x 8 um? model using a full-vector finite-element method (COMSOL). A convergence
test shows a 2-um Si substrate and 1-um perfectly matched layer can provide accurate results. We
obtain the effective refractive indices and mode distributions of the eigenmodes for SON
waveguides with different structural parameters over a broad spectral range. Chromatic dispersions
are obtained by taking the second-order derivatives of the effective refractive indices, and nonlinear
coefficients () are calculated from the mode distributions using a full-vector model [30].

To achieve good light confinement over a broad bandwidth that expands to MIR, we use waveguide
sizes that are larger than single-mode waveguides for communication band around 1.55 um. Here,
we study the modal characteristics of SON waveguides. Fig. 2(a) shows the dispersion property of the
conformal overlayer SON waveguide (W = 2000 nm, H = 800 nm, f = 400 nm). TE4; and TMy4 are
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Fig. 2. (a) Dispersion property and (b) power distribution (3 um) of the conformal overlayer SON
waveguide (W = 2000 nm, H =800 nm, t = 400 nm) modes.

the x- and y- polarized fundamental modes, while TE,; and TM»; are the second-order modes with
x- and y- polarizations. At 3 um, as shown in Fig. 2(b), the modes are well confined within the
silicon core region. At short wavelengths, the effective refractive indices are close to the material
index of Si, and the index difference between the fundamental and higher order modes is small.
The effective refractive indices decrease with wavelength, while the index difference increases.
Moreover, the effective refractive indices of higher order modes approach the material index of
SisN4 more quickly. In such case, the higher order modes leaks out much more quickly than the
fundamental modes at the long wavelength range. At 5.19 um, all higher order modes are cut off,
and the x-polarized fundamental mode is still well guided (ntg1 =2.64). The single-mode
operational wavelength region can be blue shifted by reducing the waveguide size. In general, the
propagation loss increases with wavelength due to the reduced confinement and more interaction
with the rough sidewalls. With a good fabrication process, 1-2 dB/cm propagation loss can be
potentially achieved at long wavelength region [22].

3. Chromatic Dispersion

In general, chromatic dispersion stems from two sources: material dispersion and waveguide
dispersion. In the long-wavelength region (> 3 um), silicon and silicon nitride have small negative
material dispersions. This is because this region is far away from their band-gap wavelengths.
Consequently, waveguide dispersion dominates in the total dispersion. A large waveguide not only
provides good light confinement but reduces the waveguide dispersion as well.

Fig. 3(a) shows the chromatic dispersions of x-polarized fundamental mode in a strip SON
waveguide with different H. The height of the strip waveguide decreases from 1400 to 600 nm,
while its width remains the same (2000 nm). For the low height waveguide, the mode is confined
more tightly and experiences more waveguide dispersion. Thus, the chromatic dispersion starts to
decrease at a relatively shorter wavelength. A strip SON waveguide with a 2000-nm width and a
600-nm height exhibits a dispersion of £150 ps/(nm - km) over 3350-nm bandwidth from 1840 to
5190 nm. The effect of strip waveguide height on the chromatic dispersions of y-polarized
fundamental mode is shown in Fig. 3(b). Compared with the dispersion of x-polarized mode, the
impact of waveguide height on the dispersion of y-polarized mode is more pronounced. The
chromatic dispersion reaches its maximum 536 ps/(nm - km) at 5630 nm for H = 1600 nm. For
H =800 nm, the maximum chromatic dispersion is 766 ps/(nm - km) at 3040 nm.

Fig. 4 shows the chromatic dispersions of x- and y-polarized fundamental modes in strip SON
waveguides with different W. The height of the strip waveguide remains as 1200 nm, while its width
increases from 1600 to 3200 nm. With the increasing waveguide width, the x-polarized mode has a
released confinement. Both the value and slope of its chromatic dispersion decrease. A strip SON
waveguide with 3200-nm width and 1200-nm height has a dispersion of 200 ps/(nm - km) over the
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Fig. 3. Chromatic dispersion of (a) x- and (b) y-polarized fundamental modes for strip SON waveguide
with different waveguide height.
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Fig. 4. Chromatic dispersion of (a) x- and (b) y-polarized fundamental modes for strip SON waveguide
with different waveguide widths.

5000-nm bandwidth. The impact of waveguide width on the chromatic dispersion for y-polarized
fundamental modes is small due to the fixed structure parameter in y-dimension (H).

The rib waveguide can be fabricated by underetching the high-index guiding layer as illustrated in
Fig. 1. The chromatic dispersion of the fundamental mode in x-polarization as a function of the
wavelength in the rib SON waveguide is shown in Fig. 5(a). Rib height (H) is 1200 nm, and rib width
(W) is 2000 nm. The slab height (h) of the rib waveguide increases from 0 to 1000 nm. The increase
of slab height gives more space for the mode to extend and thus yields a lower chromatic dispersion.
With the increase of slab height (h) from 0 to 1000 nm, the chromatic dispersion decreases from 500
to 50 ps/(nm - km) over an ultrawide bandwidth. The rib waveguide with a 1000-nm slab height
exhibits a £50 ps/(nm - km) dispersion with a 4200-nm bandwidth from 2430 to 6630 nm.

As shown in Fig. 1, the conformal overlayer waveguide can be realized by depositing another
low-index layer of silicon nitride film on the strip waveguide [31]. The chromatic dispersion of
the fundamental mode for x-polarization in the conformal overlayer SON waveguide
(W =2000 nm, H = 800 nm) is shown in Fig. 5(b). The thickness of the overlayer (t) increases
from 0 to 800 with a step of 200 nm. The additional low-index overlayer surrounding the high-index
silicon guiding core can be used to control the balance between material and waveguide dispersion,
producing the desired net dispersion characteristics. Compared between t = 0 and 800 nm, not
only the value but also the slope polarity of the chromatic dispersion are tuned. The conformal
overlayer waveguide with an 800-nm overlayer has a 3740-nm bandwidth for chromatic dispersion
within £120 ps/(nm - km).
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Fig. 5. Chromatic dispersion of x-polarized fundamental modes for (a) rib SON waveguide with different
slab height and (b) conformal overlayer SON waveguide with different overlayer thickness.

TABLE 1
Zero-dispersion wavelength in the conformal overlayer waveguides
Structure Parameters (WxH_f) (nm) ZDW (nm) ZDW, (nm)

2000%800 0 2090 6097
2000x800_200 2193 6142
2000x800 400 2243 5885
2000x800_600 2250 5380
2000=800_800 2258 5014

ZDWs are critical to achieve the phase matching condition, especially for nonlinear four-wave
mixing (FWM) process. Table 1 shows the ZDWs in the dispersion curves of the x-polarized
fundamental modes for conformal overlayer SON waveguides. There are two ZDWs for different ¢
from 0 to 800 nm. First, ZDWj is around the TPA edge of Si (2200 nm), and thus, the waveguide
have pronouncedly reduced nonlinear absorption by operating around this ZDW. Second, ZDW5,
which is above 5 um, can efficiently bring the nonlinear parametric wavelength conversion to a
longer wavelength range. With proper design, two ZDWs can also be achieved in strip and rib SON
waveguides between 2 and 6 ym.

4. Nonlinearity

For the nonlinear FWM process, the ultrabroadband low dispersion waveguide facilitates the phase
matching for different signals over a broad wavelength range. Another parameter that affects the
efficiency of the parametric wavelength conversion is the nonlinearity of the waveguide. To take the
wavelength dependence of material’s nonlinear response into account, the dispersion of n, for silicon
is considered, as shown in Fig. 6(a) [21]. In the simulation, the nonlinear refractive indices n. for
SigN4 is 2.4 x 107'® m2 /W [26]. As the bandgap wavelengths of SizNy is below 245 nm, the change
of its nonlinear refractive index at wavelength beyond 1.5 um is small. Moreover, because most of the
modal field is confined within silicon, the impact from the dispersion of nonlinear refractive indices for
SizN4 to the total waveguide nonlinearity further decreases. Fig. 6(b) shows the nonlinear coefficients
of strip (W = 2000 nm, H = 600 nm), rib (W = 2000 nm, H = 1200 nm, h = 600 nm), and confor-
mal overlayer (W = 2000 nm, H = 800 nm, t = 400 nm) SON waveguides. For 150 ps/(nm - km)
chromatic dispersion, strip, rib and conformal overlayer waveguide have 3350-nm, 4800-nm, and
3510-nm bandwidths, respectively. From Fig. 6(b), we can see that the strip waveguide has the
largest nonlinear coefficient at a short wavelength (v = 8.32 /W/m @ 3 um) for up to 6 ym and that
its nonlinearity decreases fastest. This is because the strip waveguide has the smallest cross section

Vol. 4, No. 1, February 2012 Page 130



IEEE Photonics Journal SON Waveguide With Ultralow Dispersion

x1072 : : ; : 30 . [ ,
5.0 - — Strip_W2000_H600
25+ \ - --Rib_W2000_H1200 h600 A
4.5 — Silicon . ---- Overlayer W2000_H800_t400
20}, -
E k
S 15f
10t
5+
2.0 1 1 1 1 1 o
2 4 6 8 10 1.5
(a) Wavelength (um) (b) Wavelength (um)

Fig. 6. (a) Nonlinear refractive index of silicon and (b) the nonlinear coefficients in strip, rib, and
conformal overlayer waveguides.

among these three waveguides. Therefore, it provides a tighter light confinement and gives a smaller
mode area at a short wavelength. At longer wavelengths, the strip waveguide is too small to provide
good confinement, while the size of rib and conformal overlayer waveguides are still large enough.
Moreover, the rib and conformal overlayer waveguides provide more waveguide parameters to
engineer chromatic dispersion for broadening low-dispersion bandwidth and enhance the mode
confinement while maintaining comparable nonlinearity in the long wavelength region. Even at a long
wavelength range around 6 pm, the nonlinear coefficients of SON waveguides (y = 1.46 /W/m) are
still comparable with the ones of integrated SizsN4 waveguides around 1.55 um, which are widely
used for octave-spanning nonlinear process [23], [25]. Because of the reduced nonlinear coefficient
and potentially increased propagation loss, the efficiency of the nonlinear process is expected to be
lower at longer wavelength.

5. Conclusion

With proper design, over-one-octave broadband ultralow chromatic dispersion is achieved using
SON waveguide in MIR wavelength region. From 2430 to 6630 nm, a +£50-ps/(nm - km) chromatic
dispersion is achieved over a 4200-nm bandwidth using the rib SON waveguide. Two ZDWs, which
are beyond the TPA wavelength edge, can be obtained with strip, rib, and conformal overlayer SON
waveguides. Together with relatively large nonlinear coefficients, they offer great potential to
achieve wavelength conversion, supercontinuum generation, and frequency comb generation over-
one-octave bandwidth.
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