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Abstract 

Efficient femtosecond optical parametric 
amplification and wavelength conversion via four-
wave mixing (FWM) in silicon waveguides are 
demonstrated. In the femtosecond FWM process, 
the spectra are greatly broadened, and it is difficult 
to achieve efficient wavelength conversion and 
parametric amplification when the pump and signal 
pulse widths are close to or less than 100 fs because 
of the spectral overlap. The spectral overlap can be 
suppressed by tailoring the dispersion profiles of 
the silicon waveguides, and separable spectra are 
obtained for parametric amplification with 200 fs 
pulses. On-chip parametric gain as high as 26.8 dB 
and idler conversion gain of 25.6 dB is achieved 
with a low pump peak power over a flat bandwidth 
of 400 nm in a 10-mm-long dispersion engineered 
silicon waveguide. In addition, the impact of initial 
chirp on the wavelength conversion is also 
investigated, and relative narrower FWM spectra 
with most of the energy remain in the central peak 
can be obtained using appropriate initial chirp. The 
conversion bandwidth greater than 500 nm with 
peak conversion efficiency of -1.6 dB can be 
obtained.  

Introduction 

Silicon-based optical devices with micro-nano 
structures can offer a variety of nonlinear effects 
that can be used to process optical signal at the high 
speed of 100 Gbit/s and beyond, detect signals at 
unprecedented sensitivities for novel sensing 
applications and enable broadband electro-optic 
modulation. In recent years, the nonlinear silicon 
photonics has attracted a great deal of attention 
because of its potentially lower cost and high 
compatibility with CMOS industry, which is 
interested in combining new optical functionalities 
with electronics on a single chip. Compared with 
the conventional high nonlinear fibers, the silicon-
on-insulator (SOI) platform has inherent advantages 
due to the large values of Kerr parameter and 
Raman gain coefficient, the flexible dispersion 
engineering and the tight confinement of optical 
mode [1]. In order to better understand the potential 
of silicon as a nonlinear material, various nonlinear 
effects have been intensively studied theoretically 

and experimentally [2-8]. Parametric processes via 
FWM have been explored in silicon waveguides 
typically on time scales ranged from the 
continuous-wave to the picosecond regime. In 
detail, parametric gain with a 1.8 dB gain over 60 
nm bandwidth has been demonstrated in silicon 
waveguides with picosecond pump [6]. The 
conversion efficiency of -8.6 dB using reverse 
biased p-i-n rib waveguides was obtained with 
continuous-wave pump [7]. On-chip optical 
parametric oscillator based on the silicon 
waveguide can generate more than 100 new 
wavelengths with operating powers below 50 mW 
[8]. Despite these progresses, there is still a strong 
motivation to explore femtosecond optical 
parametric amplification and wavelength 
conversion in silicon waveguides.  

Here, we demonstrate efficient femtosecond 
parametric amplification and wavelength 
conversion via degenerate FWM in silicon rib 
waveguides. The influences of spectral broadening, 
dispersion profiles and initial chirp on the 
parametric process are investigated. The on-chip 
parametric gain as high as 26.8 dB and broad 
bandwidth more than 400 nm are obtained for a 
pump peak power of 10 W in a dispersion 
engineered silicon rib waveguide. After optimizing 
the initial chirp of the pump and signal pulses, 
ultrabroadband wavelength conversion in the 
silicon rib waveguide is achieved with bandwidth 
of over 500 nm and peak conversion efficiency of -
1.6 dB. 

Theory 

Here, we focus on the degenerate FWM, which 
typically involves two pump photons at frequency 
ωp transporting their energy to a signal wave at 
frequency ωs and an idler wave at frequency ωi as 
the relation 2ωp=ωs+ωi holds. The pump, signal 
and idler waves are identically polarized in the 
fundamental quasi-TE mode. To describe the 
nonlinear optical interaction of the pump, signal 
and idler in the waveguide, we use the formulism 
described in [9] and take into account the effects of 
two-photon absorption (TPA), free-carrier 
absorption (FCA), and free-carrier dispersion 
(FCD). Remarkably, the stimulated Raman 
scattering (SRS) is negligible for femtosecond 
pulses propagating in silicon waveguides because 



the Raman response time is about 3 ps and SRS is 
only effective for pulses longer than this [10]. The 
equations that govern the evolution of the different 
waves read as: 
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where Aj is the slowly varying amplitude (j=p, s, i), 
z is the propagation distance, β2j is the group-
velocity dispersion (GVD) coefficient and β3j is the 
third-order dispersion (TOD) coefficient. T=t-z/vgp 
is measured in a reference frame moving with pump 
pulse traveling at speed vgp. The two walk-off 
parameters of the signal and idler are defined as 
ds=β1s-β1p and di=β1i-β1p, respectively, where β1j is 
the inverse of the group velocity. The nonlinear 
coefficient γje is given by [11] 

TPA ,
2

je j

eff
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β
γ γ= +                                (4) 

where γj=ωjn2/cAeff is the effective nonlinearity of 
the waveguide, n2=12π2

χ
(3)/n0c is the nonlinear 

index coefficient, c is the speed of light in vacuum, 
n0 is the linear refractive index, Aeff is the effective 
area of the propagating mode and βTPA is the 
coefficient of TPA. Here n2=6×10-18 m2W-1 and 
βTPA=5×10-12 mW-1 in the 1550-nm regime [4]. 
In Eqs. (1)-(3), αj accounts for the linear loss and 
αfcj=σjNc represents FCA, where σj is the free carrier 
absorption cross section and Nc is the free-carrier 
density. The free-carrier induced index change is 
δnfcj=ζjNc. These free-carrier parameters can be 
obtained by the following equations [11] 
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where λj is the wavelength, λref=1550 nm, h is 
Planck’s constant, and the carrier lifetime is τc≈1 ns. 
Here, free carriers induced by the signal and idler 
are negligible compared with that induced by the 
pump in the parametric amplification process. 

The parametric process is numerically studied by 
simultaneously injecting pump pulses and signal 
pulses with same pulse width and same repetition 
rate in silicon rib waveguides. The rib height (H) 
and the etch depth (h) are 300 nm and 260 nm, 
respectively. In general, the quasi-phase-matching 
can be satisfied if the pump wavelength is located 
in the anomalous GVD regime [6, 11]. Careful 
choice of the waveguide width (W) is required to 
obtain anomalous-GVD at the pump center 
wavelength (1550 nm) and we can change the rib 
waveguide width to tailor the zero-dispersion 
wavelength (ZDWL). The widths satisfied the 
anomalous-GVD condition at the pump wavelength 
must be a range, and we choose 550 nm, 600 nm 
and 650 nm from the series of widths as the 
waveguide widths. The GVD of the three 
waveguides is shown in Fig. 1. The effective mode 
areas Aeff are 0.09 µm2, 0.12 µm2 and 0.15 µm2 for 
the above-mentioned waveguides, respectively. The 
linear propagation losses of the three waveguides 
are assumed to be 0.3 dB/cm, 0.25 dB/cm and 0.22 
dB/cm, respectively [12]. 

 
Fig. 1. Schematic diagram of rib silicon waveguide and GVD for 

different waveguide widths 

Results 

Figure 2 depicts the spectra at the input and output 
of the rib waveguide with 550 nm width for a 1550 
nm pump with 5 W peak power and 1450 nm signal 
with 1 W peak power when the pump and signal 
pulse width are 100 fs, 300 fs, and 500 fs, 
respectively. It is clear that the signal was 
efficiently converted and amplified into an idler at 
wavelength of 1665 nm. Because of self-phase 
modulation (SPM) and cross-phase modulation 
(XPM) in the FWM process, all of the output 
spectra are broadened and spectral overlap appears 
for the 100 fs pulses as shown in Fig. 2. It is found 
that the spectral broadening is much larger for 
shorter pulses in the femtosecond regime and 
spectral overlap can not avoid in this case for pulses, 



which are less than 100 fs. Therefore it is difficult 
to achieve a wavelength converter and amplifier 
when the input pump and signal pulse widths are 
close to or less than 100 fs because it is difficult to 
separate the signal and idler from the pump. 

 

Fig. 2. The input and output spectrum in the 1.5-mm-long silicon 
rib waveguide for different  pulse widths, respectively. 

We simulate the OPA process using 200 fs pump 
and signal pulses. The lengths of the three 
waveguides are 10 mm and the input pump peak 
power is 5 W, while the signal peak power is 1 mW. 
The repetition rate of pump and signal pulses is 0.1 
GHz, which means low free carrier effects for 
femtosecond pulses. Figure 3 shows the spectra of 
the pump, signal and idler from the three 
waveguides. The spectrum of the pump is greatly 
broadened when the width of the waveguide is 550 
nm, covering the signal and idler spectra as shown 
in Fig. 3 (a). With increasing the width of the 
waveguide, the degree of spectral broadening is 
decreasing. Fig. 3 (c) shows the signal and idler 
spectra only have little overlap with the pump 
spectrum. Therefore, separable spectra can be 
achieved by tailoring the dispersion profiles of the 
silicon waveguide. 

 

Fig. 3. Output spectra of the waveguides with widths of (a) 550 
nm, (b) 600 nm and (c) 650 nm. 

The relationship between the on-chip parametric 
gain and signal center wavelength is depicted in Fig. 
4(a) for a pump peak power of 10 W. The gain 
curves are symmetric around pump wavelength, so 
only the halves of them are plotted. The signal 
center wavelengths that vary from 1350 nm to 1450 
nm are considered in the following simulations for 
longer wavelengths that ranging from 1460 nm to 
1540 nm will result in spectra overlap. Here, we 
define the on-chip parametric signal gain (idler 
conversion gain) as the ratio of the output pulse 
energy of the signal (idler) to the input signal pulse 
energy, such that: Gs=10log10(Esout/Esin), 
Gs=10log10(Eiout/Esin). From Fig. 4(a), one can find 
that a broad bandwidth of the femtosecond OPA 
can be obtained in the silicon rib waveguide with 
well gain flatness. As can be seen from Fig. 4(a), 

when the signal wavelength is 1450 nm, the 
maximum signal and idler on-chip gains reach 26.8 
dB and 25.6 dB, respectively. When the signal 
wavelength is 1350 nm, the minimal gains are 21.8 
dB and 20.5 dB, respectively. It is clear that the on-
chip gain is large enough to overcome the fiber-
chip coupling losses that are about 13 dB. 
Considering the whole gain curve, the FWM 
bandwidth is larger than 400 nm for a pump peak 
power of 10 W. 

The on-chip parametric signal gain and idler 
conversion gain versus pump peak power are 
shown in Fig. 4 (b) for signal wavelength of 1400 
nm. It is found that the gains become larger as the 
pump power increases, and gain saturation appears 
when the pump peak power exceeds 6 W due to the 
increasing nonlinear losses and phase mismatch as 
the pump peak power increases. Remarkably, FCA 
plays a significant role for a high repetition rate (>1 
GHz). In this case, the on-chip gain will decrease, 
and when repetition rate reach 100 GHz the gain 
may even to be zero. One way to overcome the 
obstacle for high repetition rate OPA is to use a 
reverse-biased p-i-n diode structure to reduce the 
carrier lifetime. 

 

Fig. 4. On-chip parametric gain as a function of (a) signal center 
wavelength and (b) pump peak power. 

The above FWM process are simulated with 
unchirped pulses. However, the initial chirp can 
lead to drastic changes in the pulse spectrum. 
Figure 5 shows the spectra at the output of the rib 
waveguide with width of 650 nm for a 1550 nm 
pump and 1450 nm signal with different initial 
chirps. Both of the pulse width of the input pump 
and signal are 200 fs with peak power of 6 W and 1 
W, respectively. Separable FWM spectra with most 
of the energy remains in the central peak can be 
obtained by optimizing the initial chirp. In this case, 
the optimal chirp is a range from -1 to -2 as shown 
in Fig. 5. 

 

Fig. 5. The output spectra in the 3.2-mm-long silicon rib 
waveguide for a 1550 nm pump and a 1450 nm signal with 

different initial chirps. 



Figure 6(a) shows the FWM spectra with signal 
tuned from 1350 to 1500 nm. The repetition rate of 
pump and signal pulses is 40 GHz with initial chirp 
C=-2. Therefore, efficient wavelength conversion 
can be achieved using this rib waveguide with flat 
bandwidth over 500 nm. The conversion efficiency 
as a function of signal wavelength is shown in Fig. 
6(b), and conversion efficiency as high as -1.6 dB is 
obtained. 

 

Fig. 6. (a) The output spectra in the 3.2-mm-long silicon 
waveguide for signal centered at 1350, 1400, 1450, and 1500 nm, 

respectively. (b) Conversion efficiency as a function of signal 
wavelength. 

Conclusion 

We demonstrate efficient femtosecond parametric 
amplification and wavelength conversion via 
degenerate FWM in silicon rib waveguides. The 
influences of spectral broadening, dispersion 
profiles and initial chirp on the parametric process 
are investigated. First, it is difficult to achieve 
efficient wavelength conversion and parametric 
amplification when the pump and signal pulse 
widths are close to or less than 100 fs because of 
the spectral overlap. Moreover, the spectral overlap 
can be suppressed by tailoring the dispersion 
profiles of the silicon waveguides, and separable 
spectra are obtained for parametric amplification 
with 200 fs pulses. The on-chip parametric gain as 
high as 26.8 dB over a flat bandwidth of 400 nm are 
obtained for a pump peak power of 10 W in a 
dispersion engineered silicon rib waveguide. After 
optimizing the initial chirp of the pump and signal 
pulses, relative narrower FWM spectra with most of 
the energy remain in the central peak can be 
obtained. Ultrabroadband wavelength conversion in 
the silicon rib waveguide is achieved with 
bandwidth over 500 nm and peak conversion 
efficiency of -1.6 dB. 
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