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The influences of second-order dispersion (SOD) and third-order dispersion (TOD) on

spectral properties of wavelength conversion based on FWM at mid-infrared region (mid-

IR) are theoretically investigated in a silicon nitride waveguide. It is found that the SOD
and TOD can affect the frequency shift and temporal profiles of idler pulses. Moreover,

the temporal and frequency spectrum of output signal are also discussed with different

SODs and TODs. Meanwhile, the numerical simulation results imply that the efficiency
of FWM process will be reduced and the wavelength range of phase-match will be shifted

due to the change of SOD or TOD.

Keywords: Second-order dispersion; third-order dispersion; wavelength conversion;
waveguide.

1. Introduction

In recent years, although the nonlinear silicon photonics for near-IR applications

are well known and keep attracting great attention,1–3 there are some studies about

nonlinear silicon photonic, which have been extended to the operating wavelength

at mid-infrared region (mid-IR) range. And increasingly researchers pay atten-

tion to nonlinear silicon photonics field focusing on mid-IR range, such as optical
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frequency comb,4,5 environment monitoring6 and optical communication.7,8 Silicon

nitride is an excellent material candidate for nonlinear optics for its transparent

and low loss in mid-IR.9,10 Moreover, its complementary-symmetry metal-oxide

semiconductor (CMOS) compatibility makes it more attractive. Silicon nitride has

widely been used for optical waveguide,11 optical switch12 and optical modulator13

in the past decade. What is more, silicon nitride exhibits relatively large nonlin-

ear Kerr coefficient (n2 = 2.6 × 10−19 m2 W−1), which plays an important role in

nonlinear parametric processes.14 For nonlinear optics field, wavelength conversion

has always been a research hotspot for its wide application prospect of signal pro-

cessing,15 data transmission,16 communication17 and so on. To explore wavelength

conversion based on nonlinear effects, comparing with sum-frequency or differential-

frequency generation, cross-phase modulation, four wave-mixing (FWM) is the most

popular method for the reason that it can be applied to most materials and achieve

a large temporal aperture.18 As is well known, dispersion plays a significant role

in FWM process.19,20 Dispersion is close connection to the efficiency of nonlinear

effects due to the relation between phase-match and dispersion. The phase-match

among the interacting waves is required in the FWM process, and the phase mis-

match is defined as ∆k = ∆β + 2γppp, where ∆β = ks + ki − 2kp is the linear part

of the phase mismatch, and kp, ks and ki represent the propagation constants of

the pump, signal and idler waves, respectively. The second term is the nonlinear

part, where γp is the effective nonlinearity of the waveguide, and pp is the pump

power. However, efficient FWM is just able to be reached when the phase-matching

condition is satisfied as the relation ∆K = 0.21 Thus, the impacts of dispersion on

FWM are extremely worthy to be investigated, which can help researchers obtain

a clearer and deeper understanding about nonlinear parametric processes.

In this paper, we propose a strip silicon waveguide, which can be used for non-

linear parametric processes at mid-IR range. The impacts of SOD and TOD on

spectral properties of wavelength conversion are investigated by numerical simu-

lation. According to the results, we can conclude that frequency profile of output

signal is shifted and the conversion efficiency of FWM is obviously different with

the slight change of SOD or TOD. These results exhibit significant potential appli-

cations in nonlinear optics, integrated optics and optical communications.

2. Principle and Device Design

The mature CMOS technology and the development of nanoscale fabrication plat-

forms bring a spring to photonic integration in past several years.22–24 For exam-

ple, silicon-on-insulator waveguides have been widely used in devices for its design

flexibility, which can take the form of channel waveguides,25 ridge waveguides,26

photonic crystal waveguides27 or slot waveguides.28 They have been applied to the

optical switch,29 array waveguide grating30 and optical modulator.13 In this work,

we propose a silicon nitride strip waveguide, which can work in mid-IR range for

nonlinear parametric processes. Silicon nitride is deposited on the top of substrate as
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Influences of second-order and third-order dispersion on spectral properties

Fig. 1. (Color online) (a) TM mode for the waveguide and (b) Ex and (c) Ey electric field

components of the waveguide at the wavelength of 2500 nm, (d) the dispersion and (e) second-
order dispersion and (f) third-order dispersion.

silica, the width and height of silicon nitride are set as w = 1.6 µm and h = 1.2 µm,

respectively. When we do numerical simulation by the finite element method, the

cladding is set as air. Figures 1(a)–1(c) present the TM mode and Ex and Ey elec-

tric field components of the waveguide at the wavelength of 2500 nm, respectively.

As we can see from the picture, the most power is restricted in the core material

(silicon nitride) and the mode is standard single mode, which imply that the design

exhibits good performance. Figures 1(d)–1(f) present the dispersion, second-order

dispersion (SOD) and third-order dispersion (TOD), respectively. As mentioned in

Sec. 1, the efficient FWM only occurs when phase-match condition is realized. So

the second-order dispersion should be minus. According to the simulation results,

this waveguide exhibits an effective bandwidth of 500 nm in mid-IR. Moreover, the

value of SOD and TOD is smaller than regular waveguides, which contributes to a

low threshold system.

3. Simulation and Results

Here, we focus on the degenerate FWM to theoretically investigate wavelength con-

version at mid-IR range and explore the influences of SOD and TOD on wavelength

conversion, which involves two pump photons at frequency ωp passing their energy

to a signal wave at angular frequency ωs and an idler wave at angular frequency

ωi as the relation 2ωp = ωs + ωi holds.14 In first condition, we ignore the SOD

and TOD and assume the working wavelength focusing on ideal zero-dispersion

wavelength. Figures 2(a) and 2(d) present the temporal waveform and frequency
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Fig. 2. (Color online) (a) Temporal waveform and (d) frequency spectrum of the input signal,

(b) temporal waveform and (e) frequency spectrum of the pump, (c) temporal waveform and
(f) frequency spectrum of the output signal.

spectrum of input signal, respectively. It is a signal consisting of two 120 fs-wide

pulses separated by 500 fs and the central wavelength is 2200 nm. Figures 2(b) and

2(e) present the temporal waveform and frequency spectrum of pump, respectively.

It is a 100 fs pulse of central wavelength at 2500 nm. After the FWM process, the

output signal is shown in Figs. 2(c) and 2(f). The central wavelength of output is

focused on 2800 nm. The simulation results we can see from Figs. 2(c) and 2(f)

are based on ideal condition without taking SOD and TOD into account. Thus,

it is able to be a standard reference. When the factor of SOD or TOD is consid-

ered in simulation, there is a stark contrast between the results and this reference,

which will contribute to analysis of the influences of SOD and TOD on wavelength

conversion.

In second condition, the factor of SOD is considered and the simulation results

under different values are shown in Fig. 3. Temporal waveform and frequency spec-

trum of the output signal with considering SOD at 1 ps2/m are shown in Figs. 3(a)

and 3(c), respectively. Temporal waveform and frequency spectrum of the output

signal with considering SOD at 0.1 ps2/m are shown in Fig. 3(b) and 3(d), respec-

tively. Comparing with the standard reference, the temporal spectrum is obviously

broaden. The temporal spectrums are totally different under different SOD values.

On the other hand, the frequency profile of output signal is changed and the peak

is shifted.

In third condition, we simulate the conversion wavelength under three different

SOD values with small difference (1, 2, 3 ps2/m). As shown in Fig. 4, the green line

is the result of 1 ps2/m, the red line is the result of 2 ps2/m and the blue line

is the result of 3 ps2/m. According to the results, different SOD means different
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Fig. 3. (a) Temporal waveform and (c) frequency spectrum of the output signal with considering

SOD at 1 ps2/m, (b) temporal waveform and (d) frequency spectrum of the output signal with
considering SOD at 0.1 ps2/m.

Fig. 4. (Color online) (a) Temporal waveform and (b) frequency spectrum of the output signal

with considering different SOD values.

conversion efficiency of power and the bigger SOD means larger loss. When the

SOD values are kept in a small difference, the frequency spectrum of output signal

will keep similar shape and the central wavelength of output will not shift. If the

difference of SOD value is relatively big, the phenomenon will be changed like the

results shown in Fig. 3.

In this section, the factor of TOD is taking into account, Figs. 5(a) and 5(c)

present the temporal waveform and frequency spectrum of the output signal with

considering TOD at 1 ps3/m, respectively. Figures 5(b) and 5(d) present the tempo-

ral waveform and frequency spectrum of the output signal with considering TOD at
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Fig. 5. (a) Temporal waveform and (c) frequency spectrum of the output signal with considering

TOD at 1 ps3/m, (b) temporal waveform and (d) frequency spectrum of the output signal with
considering TOD at 0.01 ps3/m.

Fig. 6. (Color online) (a) Temporal waveform and (b) frequency spectrum of the output signal

with considering different SOD values.

0.01 ps3/m, respectively. Comparison to SOD, TOD brings a more obvious change

on temporal waveform. When a small TOD is considered, the pulse width will not

change too heavily, but the new peak will be produced. When the TOD is reach to

level of ps3/m, the width will be broaden. Different TOD means different ranges of

idler frequency.

As we can conclude that the bigger TOD will make the frequency profile reduced,

but the different TOD will not change the central wavelength of idler frequency.

Furthermore, we simulate the conversion wavelength under three different TOD

values with small difference (1, 2, 3 ps3/m).
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As shown in Fig. 6, the green line is the result of 1 ps3/m, the red line is

the result of 2 ps3/m and the blue line is the result of 3 ps3/m. Similar to the

results of considering SOD, different TOD means different conversion efficiency

of power and the bigger TOD causes larger loss. When the TOD values are kept

in a small difference, the frequency spectrum of output signal will keep similar

shape and the central wavelength of output will not shift. If the difference of TOD

value is relatively big, the results will be changed like the results shown in Fig. 5.

Thus, considering about the influences of SOD and TOD, we conclude that a flat

dispersion waveguide is extremely important to nonlinear parametric processes. It

contributes to a low threshold, low loss and stable device, which is a critical spot

of future photonic integration system.

4. Conclusion

In this work, the influences of SOD and TOD on wavelength conversion are investi-

gated in detail by solving the coupled mode equations, respectively. It is found that

SOD and TOD exhibit the impacts of broadening the temporal profile and making

idler frequency shift. Meanwhile, the conversion efficiency will be reduced due to

SOD and TOD. According to the phenomenon, it concludes that the most direct

way to improve the performance of system depends on optimal devices. We are

able to keep the zero wavelength of SOD and TOD around the working wavelength

by choosing suitable materials and adjusting the structure of devices, which will

efficiently decrease the negative impacts and make it in an acceptable level. These

results exhibits wide applications in signal processing, photonic integration and help

to a deeper insight of researchers’ understanding of the physical mechanisms and

nonlinear effects about the optical pulse generation processes.
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