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Abstract: We numerically investigate an ultrafast all-optical switching device with an integrated 

silicon microring and a Mach-Zehnder (MZ) coupler. The device exhibits pico-second switching 

speed with only 0.09π of phase shift achieved by cross-phase modulation (XPM).  
OCIS codes: (190.3270) Kerr effect; (190.7110) Ultrafast nonlinear optics; (190.4390) Nonlinear optics, integrated optics 

 

1. Introduction  

All-optical signal processing is becoming more and more appealing in energy-efficient optical networks since signals 

with high bit rates can be processed without using opto-electro-opto (OEO) conversion, and the electronic bottleneck 

can be eliminated. Meanwhile, Kerr effect has been recognized as the primary technology to realize various all-optical 

functionalities [1-3]. In particular, cross-phase modulation (XPM) draws much attraction since it controls signal light 

via a nonlinear phase shift using a second pump light set at a different wavelength, which can be used to implement 

wavelength converters [4] and switches [5, 6] etc. However, Mach-Zehnder interferometer (MZI)-based switches are 

relatively large due to the requirement of π phase shift in one arm, while the modulation rate of silicon microring 

modulators is intrinsically limited by the cavity photon lifetime. 
In this work, we use a reliable and relatively complete numerical model to analyze XPM effect in silicon. In 

particular, the rib silicon waveguide is optimized with appropriate dispersion value and embedded PIN junction for 

sweeping out the TPA-induced free-carriers [7]. XPM induced phase shift upon suppression of free-carriers is 

numerically evaluated and verified with the previously reported experimental results [5, 6]. In the next step, we 

examine an already proposed electro-optic modulator structure which consists of a microring resonator integrated with 

an optically tunable Mach-Zehnder coupler [8] for all-optical switching based on XPM. The input signal to the switch 

is continuous wave (CW), and in the coupling modulation, the switching time can be shorter than the cavity photon 

lifetime and is only limited by the Kerr nonlinear response, enabling ultra-fast switching. In this way, the advantages 

of the proposed device with compact size and ultrafast performance on the order of several pico-seconds are combined.  

2.  Nonlinearity-induced phase shift  

The relevant effects considered are (1) XPM and self-phase modulation (SPM), (2) two-photon absorption (TPA)-

induced pump and signal depletion, (3) TPA-induced free-carrier absorption (FCA), and (4) dispersion. The dynamical 

behaviors of the pump and signal can be modeled by the following nonlinear Schrödinger equations (NLSE) [1-3] in 

Eqs. (1) and (2): 
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Where p and s indices denote the pump and signal respectively. Ep,s is the slowly varying envelope of the pulses, αp,s, 

αTPAp,s, αFCp,s are loss factors associated with scattering loss, TPA, and FCA, respectively, µ is the free-carrier 

dispersion (FCD) parameter, , 2 ,2 ( )p s p s effn A   is the nonlinear parameter, Aeff is the effective area, and n2 is the 

nonlinear index. Eq. (3) describes free-carrier recombination and generation, where N is the free-carrier density, βTPA 

is TPA coefficient, hνp,s is photon energy, and τ is the free-carrier lifetime. It has been shown that, with an embedded 

PIN junction to sweep out free-carriers, τ is reduced to tens of pico-seconds [7].  
The nonlinear phase shift of signal is the result of two effects: XPM and free-carrier induced phase shifts, which 

have opposite signs. The rate of free-carrier based switching is limited by τ, while the XPM-based switching is much 
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faster. In order to get ultrafast switching, XPM effect should dominate over the free-carrier effect. Here, the 

wavelengths of pump and signal are fixed at λp=1510 nm and λs=1590 nm, respectively. We assume that the pump 

signal is a Gaussian pulse
2 2

0exp( )pP P T T , where PP is the peak power, the pulse width T0 = 0.5 ps, and other 

parameters are set as αs,p = 0, n2 = 6.5×10-18 m2/W, βTPA = 5 cm/GW, and repetition rate is 10 GHz.  

 
Fig. 1. (a) TE-mode group-velocity dispersion (GVD) with various waveguide widths and slab thicknesses. The height is fixed at 220 nm. (b) 

Pump pulse envelopes with various propagation distances. (c) Maximum overall phase shift changing with the free-carrier lifetime. (d) XPM and 

free-carrier induced phase shifts after propagating in a 1-cm-long silicon waveguide. The inset shows the transmission loss.  

Fig. 1(a) shows the group-velocity dispersion (GVD) of a rib silicon waveguide with different dimensions. As the 

slab thickness decreases from 130 nm to 70 nm with the widths of 450 nm and 500 nm, GVD also decreases, and on 

the other hand, decreasing the width from 500 nm to 450 nm, GVD value increases. Typically, at the wavelength of 

1550 nm, for a 500 nm×220 nm with the slab of 70 nm silicon waveguide, GVD is around -320 ps/(km×nm) and Aeff  

is calculated to be around 0.14 µm2. This waveguide structure is used for the following analyses. After propagating 

along the waveguide, pump pulse is broadened due to SPM and GVD, and attenuated due to scattering, TPA, and FCA 

losses. Fig. 1(b) shows the influence of SPM, GVD, and loss effects on the pump pulse with various propagation 

distances. Pp and τ are set as 1 W and 50 ps, respectively. We attribute the slight pulse broadening to the mutual effects 

of GVD and SPM. From this figure, the time shift can also be observed due to the walk-off effect between pump and 

signal. Fig.1 (c) shows the maximum overall phase shift changing with τ for different propagation distances and pump 

peak power. For low values of τ (reversed bias PIN employed), the positive phase shift (XPM phase shift) dominates 

over the free-carrier induced phase shift, which is useful for the ultrafast switching application. And in contrast, for 

large values of τ (no PIN), a negative phase shift is induced due to the domination of free-carrier effect. As the pump 

power increases, XPM effect increases more than free-carrier effect for a small τ, and increases less for a large τ. Fig. 

1 (d) shows the contributions of XPM and free-carrier to the phase shifts along a 1-cm-long waveguide again for Pp 

and τ of 1 W and 50 ps respectively. The XPM effect is the main source of the phase shift, and the overall phase shift 

is around π. The inset shows the transmission loss of the signal. A loss of 2.8 dB is caused by TPA and TPA-induced 

FCA, and in the meanwhile, only 0.05 dB FCA loss is generated. From Fig. 1, it is realized that despite the effect of 

nonlinear loss mechanisms, a phase shift of π caused by XPM effect at a pump power of around 1 W is achievable in 

silicon waveguides, which matches well with the previously reported experimental results [5, 6]. Therefore, all-optical 

silicon MZI switches with embedded PIN junctions based on XPM at high data rates are feasible.  

3.  All-optical switching 

Fig. 2(a) shows the schematic diagram of device that utilizes the XPM for ultra-fast all-optical switching. The device 

is composed of a 2×2 MZI with one input and one output ports connected to form a ring resonator. Compared to the 

refractive index and the loss modulation imposed directly on the microring, the coupling strength modulation between 

the microring and the bus waveguide can result in a higher speed without limitation of cavity photon lifetime [8]. 

Using the transfer matrix approach, we have driven the normalized intensity response which is as follows: 
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where Ioutput and Iinput are the output and input intensities respectively, the MZI-based coupler is assumed to be lossless, 

αr is the loss factor associated with the resonator, Δ is the phase difference between the two arms of the MZI, and  

is the resonator round-trip accumulated phase. When  satisfies = 2m (m is an integer), resonance occurs. On 

resonance, transmission is switched from zero at the critical coupling point given by sin( 2)r   to the maximum 

value when sin( 2) 1  is satisfied. Figs. 2(b) and 2(c) show the on-resonance transmission through the device. In 

particular, with αr=0.99, critical coupling is obtained when Δis 1.09, and hence, the signal from the input port is 

fully absorbed by the ring resonator. In contrast, light is fully transmitted through to the output port when Δis  

 
Fig. 2. (a) Schematic illustration of the coupling-tuned silicon waveguide-ring resonator. (b) On-resonance transmission through the device 

with various loss factors. (c) On-resonance transmission with various phase shifts, assuming αr=0.99.  

At the input port, the CW light signal will be split into two arms of MZI using the first 3 dB coupler, and at the 

second 3 dB coupler, a phase difference of 1.09π between the two arms is resulted which is induced by the silicon 

resistive PIP microheaters embedded in the lower arm [9]. This case corresponds to the “off” state of the switching. 

Active tuning of the switch is achieved by injecting a pump pulse into the upper arm with an embedded PIN junction 

for free-carrier sweep-out. Using the theoretical nonlinear modeling above, with PP=0.8 W and MZI arm length of 1 

mm (other parameters are the same as the above analysis), the XPM induced phase shift in the upper arm equals 0.09π, 

and hence, a phase difference of π between the two arms at the second 3 dB coupler is resulted, which leads to the 

“on” state of the switching. 

  In conclusion, we have numerically studied ultrafast optical switching based on the XPM effect in silicon. We 

have shown that the conventional MZI switching should be feasible since a phase shift of π is achievable. Employing 

a silicon ring resonator with a tunable coupler made of 2×2 MZI, all-optical switching with a required XPM phase 

shift of 0.09π is achievable, which enables picosecond switching in a compact device. 
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