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Abstract— In this work, we propose and design a novel all-optical 

switch that exhibits switching gain, based on feasibly realizable 

symmetric passive MZI (Mach-Zehnder Interferometer) with 

direct band-gap active arms.  The switching is based on the 

absorption modulation of active arms through carrier depletion 

by a weak data pulse to switch a stronger pump beam.  The 

proposed switch does not require electrical driving, and because 

of switching gain, it may not require energy-consuming re-

shaping and re-amplification stages.  Hence the power 

requirement is significantly low.  We show that by suitably 

designing the length of the active arms, operating wavelength and 

operating intensity of the pump beam, a switching gain>2 can be 

achieved when input signal pulse is less than 1/8x the strength of 

pump beam.  We also show that the slow switch-off time caused 

by carrier band-filling is circumvented by using an additional 

delayed signal pulse to deplete carriers in both arms at a faster 

switch-on rate. With an inherent switching gain, low power 

operation and a switching speed that can reach ~100 Gbps, it 

could be a scalable and feasible solution to large scale broadband 

switching and wavelength conversion for silicon photonics. 

Index Terms— all-optical switch, optical transistor, wavelength 

converter, photonic integration, transparency. carrier depletion 

I. INTRODUCTION 

LL-OPTICAL switching and routing is known to significantly 

improve the bandwidth and energy efficiency of an optical 

channel [1-4], since there is no requirement for electrical-to-

optical and optical-to-electrical conversion stages for signal 

processing. 

Broadly, all-optical switching fabrics are either based on 

spatial switching or wavelength switching [4].  The wavelength 

switching architectures in particular [5, 6] have been reported 

to provide superior switching performance in the context of 

access networks, telecom networks and data center networks.  

This is because; 1) the architecture is non-blocking 2) the 

power requirement scales linearly with port count, and 3) they 

can be integrated on a chip.   
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A wavelength switching fabric typically consists of tunable 

lasers, wavelength converters and array waveguide gratings 

(AWGs).  The wavelength converter converts the data in a 

given wavelength to a wavelength provided by the tunable 

laser.  The data in the new wavelength is then routed through 

passive array waveguide gratings (AWGs) to appropriate 

spatial channel [5, 6].  So, wavelength converters are 

important components in wavelength switching fabric. 

Semiconductor optical amplifiers (SOAs) that are typically 

placed in MZI configuration are reported as a preferred choice 

of active element in performing wavelength conversion, 

because of their broadband nonlinear properties and ease of 

integration with tunable laser [1-3, 5-7].   

However, switching in MZI-SOA-based wavelength 

converters is caused by a strong and short data pulse that 

inhomogeneously saturate the electrically-driven medium 

through carrier depletion, carrier heating and spectral hole 

burning [7] in MZI arms to change the phase and gain seen by 

a weak pump beam.  This results in the intensity modulation or 

switching of the pump beam at the output of interferometric 

arms.  Since the switched beam is weaker than the input data 

pulse, an amplifier-based regeneration stage is required to 

enhance the strength of the switched beam.  Hence the SOA-

based switching system requires power in the order of few 

Watts or energy in the order of few tens of pJs.  Hence they are 

not suitable for sub-pJ energy efficient photonic links.    

Fundamentally, the required power can be significantly 

reduced if the wavelength converter: 1) does not require 

electrical driving, and 2) has switching gain -  so that a weaker 

input data pulse is wavelength-converted into a stronger output 

pulse and hence does not require re-amplification stage.  In 

this paper, we show that an optically driven broadband 

amplifier that could be realized through heterogeneous 

integration of III-V on silicon [8, 9] could offer a potential 

solution to low power broadband all-optical switching on 

silicon, provided operating intensities, wavelength and length 

of active waveguides are suitably designed.   

This is because, active and passive components can be 

feasibly integrated on sub-micron scale and also high optical 

intensities can be achieved even with feasible optical power 

requirement in waveguides with sub-micron dimensions [8, 9].  

For example, if we consider a waveguide of dimension ~0.1 

µm
2
 (~0.3 µm×0.3 µm) then a power of just ~1-10µW 

corresponds to a semiconductor saturation intensity of ~1-

10kW/cm
2
 [10-13].  Saturation intensity is defined as the 

intensity required for reducing the absorption coefficient by 

half in the time-scale of ~nanoseconds that is equivalent to 
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spontaneous decay time.  So, even if the operating power is 

~0.1-10mW that is ~100x-1000x the saturation intensity, the 

time-scale to drive the medium to transparency could then be 

reduced by 100x-1000x to ~picoseconds.  Hence, within the 

feasible domains of operating powers and time-scales, medium 

manipulation may be possible to achieve all-optical switching 

without electrical bias.  So, in summary, the difference 

between the properties of MZI-SOA-based all-optical switch 

and the proposed MZI-semiconductor-based (MZI-S-based) 

all-optical switch can be tabulated as shown in Table I: 

 
TABLE I 

COMPARISON OF MZI-SOA-BASED ALL-OPTICAL SWITCH AND MZI-S-BASED 

ALL-OPTICAL SWITCH 

 
MZI-SOA-based all-optical switch MZI-S-based all-optical switch 

  
Electrical driving required Electrical driving not required 
Inhomogeneous excitation of gain 

medium by strong and short signal 

beam 

Homogeneous excitation of gain 

medium 

Signal beam is stronger than the pump 

beam for carrier depletion, carrier 

heating and spectral hole burning 

Signal beam can be weaker than 

the pump beam for carrier 

depletion 

Carrier recovery through stimulated 

and spontaneous transitions through  

broadband electrical driving 

Carrier recovery through stimulated 

transitions through narrow-band 

optical driving caused by the pump 

beam 

Operating speed can be >100Gbps Operating speed can be upto 

~100Gbps 

 

There are some recent reports on silicon-based wavelength 

converters that depend on resonance cavity enhancement [14-

17].  Although they are integrate-able, some of them exhibits 

switching gain [14, 15] and does not require electrical biasing, 

since their operation depends on the resonance enhancement 

because of weak Kerr nonlineary in silicon, it is narrow band 

and hence cannot feasibly switch varying wavelengths emitted 

by tunable laser.  There are some more reports [18, 19] that are 

not based on conventional semiconductor materials and hence 

may not be integrate-able. 

We also had previously reported a theoretical study of a 

novel photonic transistor that performs wavelength conversion, 

based on semiconductor sub-micron waveguide-based active 

medium that does not require electrical biasing and exhibits 

switching gain [20, 21].  The considered all-optical switch 

based on asymmetric directional coupler with an active arm 

and a passive arm is shown in Fig. 1(a) [20, 21].  The passive 

arm could be based on silicon and the active arm could be III-

V-based active waveguide, based on InGaAs heterogeneously 

integrated on silicon [21] similar to that of [8,9].  

A short wavelength beam with intensity, IPS (PS refers to 

power supply with an analogy to power supply that biases 

electronic transistor) and wavelength λH (H refers to high 

energy or short wavelength) introduced into the passive arm, 

completely couples and drives the active arm to transparency.  

A data pulse with long wavelength λL (L refers to low energy 

or long wavelength) introduced into the active arm depletes 

carriers to make the active arm absorptive and hence switches 

the λH beam through the passive arm.  Although, the 

directional coupler-based wavelength converter is broadband 

and provides switching gain, the practical realization is 

difficult since it is based on asymmetric coupler with 

waveguides of sub-micron width.  This makes the structure 

unfeasibly sensitive to the relative widths of the asymmetric 

coupler arms as shown in Fig. 1(b).   

Fig. 1. (a) Schematic of asymmetric directional coupler-based photonic 

transistor [20, 21]. (b) Normalized value of Iout in the absence of Iin as a 

function of length and change in passive arm width with respect of active arm 

width. 

 

In the absence of signal pulse Iin, Iout should be ~0 for the 

photonic transistor to be correctly biased.  However, since 

active and passive waveguides are of different materials, they 

have different indices.  In order to design and realize the 

asymmetric coupler with 100% coupling of optical field from 

one arm to the other, the width of the active arm can be fixed 

and the width of the passive arm can be varied.  Note the 

sensitivity of Iout, in the absence of Iin to the width of passive 

waveguide shown in the Fig 1(b).  Clearly the width difference 

is ~17.5 nm with a sensitivity of ~±2.5 nm.  These calculations 

were done by utilizing our recently reported analytical 

framework that enables the design of devices with active and 

passive sections by calculating the optical field profile and 

refractive index profiles in presence of interaction of multiple 

optical fields through the medium.  The model is based on 

self-consistent solution of Maxwell’s equations via planewave-

based eigenmode expansion and mode-matching approach to 

calculate optical field profiles, and Bloch equations-based 

theoretical framework with Fermi-Dirac thermalization to 

calculate the refractive index profile seen by each optical field 

in presence of interaction of multiple fields through the 

medium [22]. 
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The difference in width between active and passive arms 

shown in Fig. 1(b) is because of the carrier-induced refractive 

index change that depends on the intensity and wavelength of 

Iin.  High sensitivity requirement is because the coupler arms 

have high-index contrast and are of sub-micron dimension 

yielding a strong dispersion.  This leads to an increase in the 

effective index difference between the symmetric and anti-

symmetric modes, resulting in the parabolic increase of 

sensitivity as a function of normalized coupling length [23].  

Given that the practical resolution of electron beam 

lithography is ~10 nm, realizing a structure with a sensitivity 

of ~±2.5nm could be extremely difficult.   

Hence, a feasible solution could just be an optically-driven 

active waveguide-based switch that operates within the 

feasible domains of operating power and wavelength.  

However, the output from the waveguide-based switch is 

inverted since the long wavelength data pulse depletes carriers 

for short wavelength pump beam to increase the absorption 

seen by the short wavelength pump beam in presence of data.  

So, by embedding active waveguides as active arms in passive 

MZI configuration, we can obtain a non-inverted output.   

In the next section, we first show the switching properties of 

optically-driven active waveguide and follow it up with the 

switching properties of optically-driven MZI-based all-optical 

switch. 

II. SPATIO-TEMPORAL ANALYSIS OF ACTIVE WAVEGUIDE-

BASED SWITCH 

 
Fig. 2. Absorption spectra of an active bulk medium in the absence of any 

pump and in the presence of 1MW/cm2 intensity pump at 1.35 µm 

wavelength.  Clearly peak gain occurs at ~1.45 µm. 

 

For the design of the switch, we fix the operating 

wavelengths of pump beam at λH=1.35 µm for consistency 

with our previous photonic transistor design [21].  We 

consider InGaAsP-based bulk active medium [22].  Then the 

absorption spectra are as shown in Fig. 2.  When the medium 

is pumped to transparency at a wavelength of 1.35 µm, the 

peak gain occurs at 1.45 µm.  So, the data pulse is fixed to 

have a wavelength of λL=1.45 µm.  If, for example, the 

difference between the operating wavelengths is <40 nm, then 

the gain seen by the long wavelength beam is ~8dB in a 100 

µm waveguide [8], which is not enough for the current switch 

unless the length can be commensurately increased.  An 

estimate of gain required can be done based on the design 

principles of photonic transistor [21].   

Since the short wavelength beam pumps the medium to 

transparency and also provides gain for long wavelength beam, 

its operating intensity and wavelength depends on the ground 

state absorption α, and it simultaneously dictates the gain g it 

provides to long wavelength beam at transparency.  Hence a 

dimensionless design requirement for directional coupler-

based photonic transistor to achieve switching gain is shown to 

satisfy αL>26 and gL>3.2 [21].  Since, in a directional 

coupler, the field traverses approximately half the distance in 

each arm, the design requirement for an active waveguide 

reduces to αL>13 and gL>1.6.  Since g~0.08/µm, the length 

requirement is then, L>=20 µm.  This is assuming 100% 

optical field confinement in the active medium.  However, 

since gL=ΓgL’, where Γ =confinement factor, then the 

required length, L’>20/Γ µm for the same performance of the 

device in terms of speed and energy requirement.  For 

simplicity, in all our calculations, we assume 100% optical 

confinement. 

Although it appears that the chosen wavelengths are not 

consistent with telecom and datacom wavelengths, one should 

note that any operating wavelengths can be chosen as long as 

they meet the design requirement of αL>13 and gL>1.6. 

 

Fig. 3. Wavelength converted pulse at 1.35 µm from an active waveguide 

shown in the inset due to 50 ps input signal pulse at 1.45 µm for varying 

active waveguide length.   

The inset of Fig. 3 shows the schematic of waveguide-based 

switch.  A short wavelength pump beam with intensity IPS 

drives the waveguide to transparency.  Then the introduction 

of a long wavelength data pulse at peak intensity Iin depletes 

carriers to make the medium absorptive for IPS to reduce the 

output Iout in presence of Iin.  Hence the output is inverted.  For 

the purpose of analyzing the length dependence, we fix the IPS 

and Iin at 13 MW/cm
2
. 

Fig. 3 shows the temporal response of active waveguide-

based all-optical switch as the length varies from 20 µm to 30 

µm.  These spatio-temporal calculations were done using our 

in-house active 2D FDTD (finite difference time domain) code 

[24] that encapsulates the light-semiconductor interaction 

dynamics by solving 20-level rate equations spanning a 

bandwidth of 500nm through discrete dipole approximation to 
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characterize the carrier transitions with Fermi-Dirac 

thermalization and Pauli’s exclusion.   

Although, the switching depth increases with increase in 

length, the switching speed reduces because of increased 

switching depth and because of an approximate linear increase 

in saturation intensity as a function of length [21].  Since the 

switching speed scales as the ratio of operating intensity to 

saturation intensity [10-13], with an increase in the number 

density of the spectrally and spatially displaced carriers, the 

switching speed decreases as the saturation intensity of the 

structure increases.  

 
Fig. 4. Wavelength converted pulse at 1.35 µm from an active waveguide due 

to 50 ps data pulse at 1.45 µm for varying input signal peak intensities.   

 

We further explore the dependence of input intensity on the 

switching in Fig. 4 for a fixed active waveguide length of 25 

µm.  As the input data pulse intensity increases, larger number 

of carriers contribute to the switching and hence increases the 

switching depth.  So, the peak data pulse intensity, Iin>=IPS.  

To avoid regeneration stage, since Iout/Iin should be atleast 1, 

the best operating intensities for all-optical waveguide-based 

switch is Iin=IPS. 

III. SPATIO-TEMPORAL ANALYSIS OF MZI-BASED ALL-OPTICAL 

SWITCH 

 
Fig. 5. Schematic of optically-driven symmetric MZI-S-based all-optical 

switch showing the input signal introduced into one of the active arms that 

gives rise to inverted and non-inverted signal output at the output splitter 

arms.   

 

Fig. 6. (a) Spatial profile of optical field in the absence of Iin. (b) Spatial 

profile of optical field in the presence of Iin.   

The deduced design guidelines of length, L>=20µm and 

operational intensity of Iin=IPS for waveguide-based all-optical 

switch are further applied to explore the switching properties 

of symmetric MZI-S-based all-optical switch.   

The schematic of the switch is shown in Fig. 5 and its 

operation is similar to typical MZI-based switches.  A 3dB 

coupler splits the power supply beam, operating at intensity IPS 

to pump the two active arms of MZI to transparency.  The IPS 

then constructively interferes along one output arm and 

destructively interferes along the other arm.  When a data 

pulse at peak intensity Iin is applied along one of the active 

arms of the MZI, the interference pattern along the output 3dB 

coupler is altered resulting in non-inverted output in the Iout 

arm.  The spatial profiles of optical fields showing Iout=0 in the 

absence of Iin and Iout≠0 in the presence of Iin is shown in Fig. 

6(a) and Fig. 6(b) respectively. 

If we consider a passive symmetric MZI, bandwidth is 

dictated by the 3dB coupler.  However, for MZI-S-based all-

optical switch, bandwidth is dictated by both 3dB coupler and 

the gain spectra. 

 
Fig. 7. Switching gain of the output pulse at 1.35 µm due to 50 ps input 

signal pulse with wavelength 1.45 µm as a function of varying power supply 

and peak input pulse intensities. 
 

In presence of Iin, although Iout is non-zero, there is an equal 

amount of output power leaking out of the other arm as well.  

This is because, in the absence of Iin, the Iout is destructively 

interfered signal but in the presence of Iin, IPS is suppressed 

along one of the path and hence there is no interference at the 

output as shown in Fig. 6 (b).  And since the output coupler is 

a 3dB coupler, the strength of Iout reduces by 3dB as shown in 

the temporal dynamics of Iout in response to the 50 ps data 

pulse with intensity Iin in Fig. 7. 

Note that we only consider Iin/IPS=0.5 in Fig. 7.  This is 

because, as shown in the previous section, the best switching 

depth is achieved when the interacting signals are of same 

strength along the waveguide.  For satisfying this condition in 

MZI with a 3dB input coupler, we increase the IPS to 2Iin.  So, 

effectively with MZI input coupler and output coupler loss of 

3dB each, IPS is reduced by ~6dB with respect of Iin at the MZI 

output.  In the next section, we show that the Iin can be reduced 

by more than 10x with respect to IPS to compensate for losses 

and subsequently increase the switching gain. 
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The temporal response of MZI switch in Fig. 7 also shows 

that the switch-on speed is almost constant, since it depends on 

rate of depletion of carriers in active region through stimulated 

emission that in turn depends on almost constant number 

density of states in valence band seen by the long-wavelength 

beam.  

However, the switch-off speed depends on the rate of 

populating the conduction band with carriers to drive the 

medium back to transparency.  Since the conduction band is 

populated through stimulated transition after the data pulse 

leaves the active arm, the populating rate depends on the 

power supply intensity IPS.  Higher the IPS, faster is the carrier 

recovery rate.  It changes from ~50ps to ~30ps to ~10ps as the 

signal intensities vary from 13MW/cm
2
 to 26MW/cm

2
 to 

52MW/cm
2
 respectively.  However, the carrier depletion time 

along the leading edge of the pulse is ~10ps and it doesnot 

change significantly as IPS changes.  

In a sub-micron waveguide with a modal area of <0.1µm
2
, 

the above intensities translates to the following power 

requirements: 1) If the channel is operating at a speed of 

~10Gbps then the IPS would require <10mW. 2) If the channel 

is operating at a speed of ~10-40Gbps, then the power 

requirement for IPS could be ~10-25mW. 3) If the channel is 

operating at a speed >40Gbps, then IPS requires >25mW.  

These power requirements are for devices with bulk active 

medium.  The power requirements may be much lower if the 

active medium is based on quantum wells or quantum dots 

because of lower saturation intensity and faster spontaneous 

decay rate. 

However, even for the bulk medium, the speed of the switch 

can be made independent of IPS and simultaneously can also be 

made to reach a switching speed of ~100Gbps through ‘push-

pull’ configuration [7] as shown in a later section.  This is 

done  by applying a delayed input signal pulse to the other arm 

so that the lagging edge of the output pulse does not depend on 

the carrier population rate, instead depends on the carrier 

depletion rate. 

IV. SWITCHING GAIN IN MZI-S-BASED ALL-OPTICAL SWITCH 

 
Fig. 8.  Temporal response of the switching gain of the wavelength converted 

output pulse at 1.35 µm due to 50 ps input signal pulse at wavelength 1.45 

µm as a function of varying input signal intensities. 

 

Although, MZI-S-based all-optical switch exhibits a loss of 

~6dB with respect to Iin, the gain of the switch that is defined 

as Iout/Iin can be enhanced by reducing the Iin as shown in Fig. 

8.  It shows the temporal response of MZI-S-based switch with 

30µm arms, constant IPS of 26MW/cm
2 

and varying values of 

Iin.  It clearly shows that a weak beam can indeed switch a 

stronger beam. 

Since the MZI-S-based switch has an inherent gain (defined 

by Iout/Iin) of ~0.25 (6 dB loss); Iin~IPS/4 to achieve a gain of 

~1 and Iin<IPS/8 to achieve a switching gain of >2, in 

consistence to the results shown in Fig. 8.  However, these 

calculations are only true if the IPS is completely absorbed 

along the arm in which the signal is introduced.  If the IPS is 

not completely absorbed when the Iin is introduced then there 

will be partial destructive interference at the MZI output to 

reduce the switching gain as shown in Fig. 9 for MZI-based 

switches with different arms’ length.   

For example, as shown in Fig. 4, when Iin<3.2 MW/cm
2
 for 

25 µm active waveguide, the IPS is not absorbed completely in 

presence of the signal and hence the switching depth reduces.  

This effect is reflected in the form of reduced gain in MZI-

based switch with 25µm arms in Fig. 9.  The switching gain 

further reduces for 20µm arms. 

 
Fig. 9.  Switching gain of the wavelength converted output pulse at 1.35 µm 

as a function of input signal intensity Iin at wavelength 1.45µm for varying 

active arms’ length of MZI-S-based all-optical switch. 

  

V. INCREASING THE SWITCHING SPEED OF MZI-S-BASED ALL-

OPTICAL SWITCH 

 
Fig. 10.  MZI-S-based switch, in which the input signal pulse with intensity 

Iin and pulse width tin is introduced.  The intensity of the signal pulse is 

reduced by half and is delayed by δt before injecting into another arm. 

 

As shown in section II, the speed of the switch depends on 

the carrier depletion rate and carrier population (recovery) 

rate.  Although the carrier depletion rate is fast and almost 
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independent of the signal intensity, carrier population rate is 

slower and depends on the power supply intensity IPS.  So, an 

alternative solution to achieve high speed is to split the input 

signal pulse intensity with a pulse width of tin by half and delay 

it by δt before injecting into the other MZI arm as shown in 

Fig. 10.  By splitting the signal pulse intensity by half and by 

delaying and injecting into the other MZI arm results in the 

depletion of carriers along the other arm as well, and hence the 

switch-off rate of the output signal depends on the rate of 

carrier depletion.  Further, as carriers recover in both arms, the 

destructive interference of power supply beam at the output 

port enables Iout to stay at switch-off state. 
 

 
Fig. 11.  Temporal response of MZI-S-based switch, in which the input data 

pulse with fixed intensity Iin=1MW/cm2 and different pulse width, is injected 

with different delay.  The power supply intensity is fixed at IPS=10MW/cm2. 
 

A comparison of temporal response of the MZI-S-based 

switch with and without delayed signal pulse is shown in Fig. 

11.  We considered 20ps, 10ps and 5ps input signal pulses 

with fixed MZI arms’ length of 30µm, fixed IPS=10MW/cm
2
 

and fixed Iin=1MW/cm
2
.  Since the data pulse intensity is 

reduced by half and applied to both arms, the switching gain 

reduces (green, red and cyan curves) in comparison to 

applying data pulse in just one arm (blue curve) as shown in 

Fig. 11. 

In addition, the output pulse width can clearly be reduced to 

<20ps without increasing IPS.  For active arms of <0.1µm
2
 

cross-sectional dimension, IPS=10MW/cm
2
 translates to a 

power requirement of ~10mW for achieving a speed of 

~100Gbps.  This could further reduce to <5mW [8] for 

quantum wells-based active medium.  In addition, since 

Iin=1MW/cm
2
 translates to ~1mW of power; modulated data 

signal can be directly used for switching without any 

amplification or pre-processing stages. 

Finally, note that the switching gain reduces for shorter 

input pulses, since the carriers along the MZI arms are not 

completely depleted.  Further, the spike in the output pulse is 

the result of reflection of the delayed pulse from the active-

passive arms’ interface.  It can be reduced through the use of 

suitable tapers for mode-matching purposes.  Then, the small 

bump that is more evident when tin=20ps and δt=20ps seen in 

the output pulse is the result of change in state from carrier 

depletion to carrier recovery as the delayed input pulse leaves 

the active arm. 

VI. CONCLUSION 

 

In this work, we proposed and numerically evaluated the 

performance of a novel MZI-semiconductor-based (MZI-S-

based) all-optical switch with switching gain.  The MZI-S-

based switch consisted of arms with direct bandgap 

semiconductor.  The operation of the switch is based on the 

pump beam, also known as the power supply beam saturating 

the active arms to transparency.  Then the signal pulse at a 

longer wavelength compared to the pump beam depleted the 

carriers to cause absorption modulation of the pump beam at 

the MZI output.  By suitably designing the length of active 

arms, operating wavelengths and operating intensities, it was 

shown that a weaker signal pulse could switch more than 10x 

stronger pump beam.  Hence the switch was shown to possess 

switching gain.  It was also shown that, since the MZI 

inherently exhibited ~6dB loss, switching gain> 2 was 

achieved when Iin<1/8x the pump beam intensity.  

However, since the switch was based on linear gain 

modulation that in turn depends on the carrier depletion caused 

by the leading edge of the signal pulse and carrier band-filling 

due to lagging edge of the pulse.  The only limiting factor of 

the switch is it was only capable of converting a longer 

wavelength pulse to shorter wavelength.  A complementary 

scheme for converting a shorter wavelength pulse to longer 

wavelength is possible [21], but it may not have switching 

gain, since the carrier band-filling caused by the leading edge 

of signal pulse requires signal pulse to be stronger than the 

pump beam.  Nevertheless, the energy required would still be 

much lower than the current technologies since there is no 

electrical driving. 

Finally, we also showed that the speed was limited by the 

carrier recovery time.  This is because, once the signal pulse 

leaves the active arm, the pump beam populates the 

conduction band with carriers and hence drives the medium 

back to transparency.  Hence the carrier recovery time is 

dependent on the pump beam intensity.  However, we showed 

that by adopting the ‘push-pull’ configuration, the speed of the 

switch can be made independent of the pump beam intensity.   

This was done by splitting the signal pulse intensity by half 

and by injecting it to both MZI arms but to one of the arms it is 

injected after some delay.  The application of signal pulse and 

its delayed version depleted carriers in both arms to almost 

instantly switch-off the output signal.  Further as the carriers 

recovered in both arms, they destructively interfered to stay at 

the switch-off state.  This method potentially allowed us to 

reach a speed of ~100Gbps with a power requirement of a few 

milliwatts.  Also, since the input signal power could be <1mW, 

modulated data signal could directly be used without 

amplification or any other pre-processing stages.  The delay 

time of the pulse could be further optimized for high speed 

operation along with high switching gain.   

In summary, we have theoretically shown that sub-micron 

wide active-passive integrated waveguides could perform 

broadband all-optical switching and wavelength conversion 
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without the requirement of electrical bias using a feasible 

symmetric MZI-based configuration.  This could potentially 

reduce the power requirement per switch and also simplify the 

design significantly.  Also, since the weaker signal switched 

the stronger pump beam, the requirement of regeneration stage 

may be circumvented.  Hence, this could potentially be a low-

energy all-optical switching solution for large-scale silicon 

photonic circuits.  
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