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Abstract: We design length, operating wavelength and operating intensities of MZI-based all-

optical switch with semiconductor arms to demonstrate switching gain when input signal intensity 

<0.25x the pump intensity.  Switching speed is further enhanced using push-pull technique. 
OCIS codes: 130.4815 Optical switching devices, 130.7405 Wavelength conversion devices, 250.5300 Photonic 

integrated circuits 

1. Introduction 

Switching gain in semiconductor-based broadband all-optical switches is difficult to achieve.  Current all-optical 

switching technologies based on Silicon utilizes relatively weak χ
(3)

 effect in the medium.  Hence, most of the recent 

silicon-based all-optical switches are based on resonators that exploits resonance enhancement.  Although, some of 

these switches exhibit switching gain, the bandwidth is severely limited [1].  

On the other hand, there are SOA-based all-optical switches that are based on phase and gain modulation.  

However, they require electrical driving power of ~0.5-2 W for biasing the medium to transparency and also strong 

and short control or data pulse to inhomogeneously saturate the medium via carrier depletion, carrier heating and 

spectral hole burning for modulating a weaker pump beam [2].  So, even though SOA-based all-optical switches are 

broadband, switching gain is absent, they have large footprint and require high electrical energy.  Hence, they are 

not suitable for sub-pico-joule energy efficient photonic links.  So, in this work, we investigate a novel MZI-based 

broadband all-optical switch that: 1)doesnot require electrical driving – so the required energy is low, and 2) exhibits 

switching gain – so a weak data or control pulse switches or modulates a stronger pump beam.  

The proposed device is based on sub-micron direct band-gap semiconductor waveguides, based on GaAs or 

InGaAsP, heterogeneously-integrated on to passive waveguides that could be based on Silicon, Titanium Oxide etc.,.  

In this work we assume active material to be InGaAsP with bandgap, corresponding to a wavelength of ~1.565 µm 

and passive material to be Silicon.  In the next section, we investigate spatio-temporal switching properties of sub-

micron waveguide, based on InGaAsP-based bulk medium.  It is then followed by investigation of spatio-temporal 

switching properties of InGaAsP-based sub-micron waveguides in MZI configuration. 

 

2. Spatio-temporal analysis of active waveguide-based switch 

                                                      
  

     Fig. 1. (a) Absorption spectra of an InGaAsP-based bulk active medium in the absence of pump signal and in presence of 1.35 µm pump 

signal at 1MW/cm2 intensity.  Gain peak occurs at λ~1.45 µm. (b) Temporal response of the inverted output signal, Iout at 1.35 µm wavelength for 
the active waveguide-based switch shown in the inset.  The input signal intensity is fixed at Iin=13 MW/cm2 and the length of the switch is varied. 

(c) Temporal response of output intensity as a function of varying input signal intensity and a fixed length L=25µm.  

 

The active waveguide-based switch operates based on the principle of gain modulation.  Semiconductor 

waveguides typically have a saturation intensity of ~1-10 kW/cm
2
 [3].  Saturation intensity is defined as the intensity 

of the optical field required to reduce the absorption of the medium to half its value in the time-scale of spontaneous 

decay that is in the order of nanoseconds.  In sub-micron cross-sectional waveguides with modal area <0.1 µm
2
 

(~0.3µm×0.3µm), saturation intensity translates to ~1-10µW of power [4-6].  With increase in operating power by 

100-1000 x the saturation intensity to ~0.1-10mW, the medium saturation speed can also be increased 

commensurately to tens of GHz.  Hence within the feasible domains of operating power, high-speed modulation of 

gain of the medium is possible in sub-micron cross-sectional waveguides.   

Fig. 1 shows the absorption spectrum when the medium is unpumped and when it is pumped with 1MW/cm
2
 

with a pumping wavelength of 1.35 µm.  Since 1MW/cm
2
 is >100x the saturation intensity, it drives the medium to 
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transparency (absorption~0) with gain peak occurring at ~1.45 µm wavelength.  So, we consider 1.35 µm 

wavelength as the pumping wavelength and 1.45 µm as the control or data wavelength.  Although it appears that we 

are considering operating wavelengths that are neither standard to telecom nor to datacom, these parameters were 

chosen for demonstration with the utilization of reasonable computational resources.  We have already shown in our 

previous publication [4, 5] that the device can be designed to operate at any wavelengths shorter than the wavelength 

corresponding to band edge provided it meets the dimensionless design condition of |α0L|>13 and gL>1.6 [5], where 

α0=ground-state absorption at pump wavelength, g=gain at data wavelength and L=length of the switch. 

Based on Fig. 1(a), α0~-0.55/µm and g~0.08/µm, and hence L should be >20 µm.  The inset of Fig. 1(b) shows 

the schematic of the switch with length L.  A 1.35 µm pump beam at IPS=13 MW/cm
2
 (PS referes to ‘power supply’, 

since its function is analogous to power supply in electronic transistors) drives the medium to transparency.  When a 

data signal at longer wavelength 1.45 µm and intensity Iin=13MW/cm
2
 is introduced, it sees gain and depletes 

carriers to make the medium lossy for 1.35 µm beam.  Hence, as shown in Fig. 1(b), the output signal at 1.35 µm is 

inverted with respect to 1.45 µm signal.  These calculations were performed using our in-house FDTD that solves 

for both optical fields and optical fields-medium interaction via coupled Maxwell’s equations and multiple Bloch-

based rate equation with consideration of Pauli’s exclusion and Fermi-Dirac thermalization [7].   

As the length of the switch is increased, the switching contrast also increases since more carriers are depleted but 

the switching speed reduces, since the pump beam has to saturate longer waveguide.  Increase in input data intensity 

also increases the switching depth as shown in Fig. 1(c).  In the next section, we embed such a switch in MZI 

configuration to obtain switching gain and non-inverted output.  However, a detailed analysis on obtaining switching 

gain in just a waveguide-based switch can be found in [6].  

3.  Spatio-temporal analysis of MZI-based all-optical switch 

      

          
Fig. 2. (a) Schematic of MZI-based all-optical switch with semiconductor active arms. A signal pulse at wavelength λL=1.45 µm and 

intensity Iin is introduced in one of the active arms.  Spatial profile of optical field distribution: (b) in the absence of Iin and (c) in the presence of 

Iin.   (d) Temporal response of the switch characterized by normalized output signal intensity, Iout. Clearly, as Iin is reduced, the switching gain 

increases. (e) Switching gain as a function of input signal intensity Iin. 

 

Fig. 2(a) is the schematic of MZI-based all-optical switch with semiconductor active arms.  The active arms 

could be realized through heterogeneous integration of active waveguides on passive waveguides [8] with a good 

optical field transfer mechanism between active and passive waveguides.  The operating principle of the switch is as 

follows: the active arm is saturated (biased) to transparency by a 1.35 µm wavelength beam to destructively interfere 

on one of the output coupler arms.  When a long wavelength beam is introduced into one of the semiconductor arms 

of MZI, it depletes carriers along the arm to increase the absorption of the medium for 1.35µm pump beam.  The 

interference in the output coupler is perturbed resulting in a finite amount of output signal exiting out as Iout.  The 

spatial profiles of optical field in presence and absence of Iin is shown in Fig. 2(b) and Fig. 2(c) respectively. 

Such an MZI-based switch has an inherent loss of 6dB, due to 3dB loss caused by the input 50/50 coupler that 

allows just 50% of the power to be modulated and 3dB loss caused by the output 50/50 coupler that leaks out 50% 
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of the power along the unwanted output coupler arm.  Hence as the input signal intensity Iin reduces to <0.25IPS, the 

switch compensates the loss and exhibits gain as shown in Fig. 2(d) for which the active arms are 30 µm long.  

Switching gain>2 is obtained as Iin<0.125 IPS.  However, as the Iin is reduced the gain doesnot increase indefinitely 

as shown in Fig. 2(e) for switches with varying length.  As the input signal intensity becomes weak, it doesnot 

deplete enough carriers for modulating the gain of the medium for 1.35 µm pump beam resulting in the saturation 

and reduction of switching gain as highlighted by the blue curve in Fig. 2(e) for switch with 20µm long active arm. 

Although the switching gain>2 can be obtained, pump intensity is ~26 MW/cm
2
 that corresponds to ~20 mW in 

sub-micron waveguides with modal cross sectional area <0.1 µm
2
 (0.3 µmx0.3 µm).  Such high pump intensities 

may be required, since it dictates the carrier recovery rate and hence the switching speed of the device.  However, in 

the next section we show that by using well-known push-pull configuration, the switching speed can be increased 

without increasing the pump signal intensity.  However, the price will be the lowered switching gain.  

               
 Fig. 3. (a) Schematic of MZI-based all-optical switch, in which input signal with intensity Iin and temporal width tin is split into half and 

applied instantaneously into one active arms, and delayed by δτ and applied onto the other active arm.  (b)  Temporal response of output signal 
without delayed pulse (i.e., the configuration shown in previous section) and with delayed pulse with varying delay and input signal pulse width. 

      

Signal switching encompasses the carrier depletion and carrier recovery.  Although carrier depletion rate that 

depends on the input signal does not change significantly as the input signal intensity is varied, the carrier recovery 

or carrier band-filling rate that depends on the pump signal intensity reduces proportionately with pump intensity.  

So, in order to make the device speed independent of pump signal intensity, the schematic shown in Fig. 3(a) can be 

utilized.  Based on Fig. 3(a), the input signal is split into half and is applied to active arms.  Along one of the arm, 

the signal is applied instantaneously and along the other arm, signal is delayed by δτ and then applied.  Then, both 

the switch-on and switch-off depend on the carrier depletion [5].  Hence the switching speed can be increased as 

shown in Fig. 3(b).  Without the delayed signal, the switch-off time is ~75ps.  However, when delayed signal is 

used, the switch-off time can be reduced to ~10ps or switching speed can be increased to ~100 Gbps.  Note that the 

pump signal intensity, IPS is just 10 MW/cm
2
, in comparison to the case shown in Fig. 2, which is 26 MW/cm

2
.  That 

corresponds to <10mW in sub-micron cross-sectional waveguides.  Further reduction of intensities could be possible 

using photonic band-gap materials or plasmonics.  Also, the structure studied here considers InGaAsP-based bulk 

active medium, instead quantum wells or quantum dots-based active media could further improve the switching 

performance because of higher spontaneous decay rates. 
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