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All-Optical Switch Controls  
Strong Beams with Weak Ones

Andrew M. C. Dawes, Lucas Illing, Susan M. Clark and Daniel J. Gauthier

Switches that are capable of redirect-
ing pulses of light are important 

components of high-speed optical com-
munication networks. With such devices, 
an incoming “switching” beam redirects 
other beams via light-by-light scattering 
in nonlinear optical material. For quan-
tum information networks, it is impor-
tant to develop optical switches that are 
actuated by a single photon. 

Unfortunately, the nonlinear optical 
interaction strength of most materials 
is so small that achieving single-photon 
switching is exceedingly difficult. This 
problem appears to be solved through 
modern quantum-interference methods, 
where the nonlinear interaction strength 
can be increased by many orders of 
magnitude.1-4 Another desirable property 
of all-optical switches is that the output 
beams are controlled by a weaker switch 
beam, so they can be used as cascaded 
classical or quantum computational ele-
ments. Current switches, however, tend to 
control a weak beam with a strong one.  

In a recent experimental study, we 
demonstrated an all-optical switch that 
operates at low light levels and controls 
strong beams with weak ones.5 In our 
setup, two counter-propagating pump 
laser beams pass through warm rubidium 
vapor. When the power of the pump 
beams is above a critical level, strong non-
linear coupling between the beams and 
the atoms results in an instability that 
gives rise to new beams of light emitted 
along a cone around the pump beams6 
[see figure, part (a)]. 

Two distinct beams are generated at 
pump beam powers just above the insta-
bility threshold and form a two-spot pat-
tern when observed on a plane perpendic-
ular to the propagation direction (a, b). 
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This two-spot pattern can be rotated by 
applying a properly aligned switch beam, 
as shown in (c). Typically, the orientation 
of the output beams rotates to the direc-
tion of the switch beam, and we find that 
the pattern is most easily perturbed when 
the switch beam is injected at azimuthal 
angles of ±60°.

In the absence of a switch beam, we 
observed the two-spot pattern shown in 
(b), where the output power is 1.5 W. 
The injection of a 2.5 nW switch beam 
results in a complete rotation of the 
output beams (d). The switch beam thus 
controls output beams that are 600 times 
stronger.

Partial switching can be achieved with 
a much lower power switch beam. For 
example, a 230-pW beam switches half 
of the power from the two original beams 
into the two rotated beams. Thus, in this 
case, the switch beam controls output 
beams that are approximately 6,500 times 
stronger. Furthermore, an observed 3 s 
rise-time implies that the switching is 
achieved with only about 2,700 photons. 

The energy density E, in units of pho-
tons per (2/2), where = 780 nm is the 
wavelength of the switch beam, indicates 
the number of photons needed to actuate 
a switch whose transverse dimension has 
been reduced as much as possible.7 A 
measured energy density E of fewer than 
10-2 photons/(2/2) suggests that the 
switch might operate at the single-photon 
level with system optimization. 
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A weak switch beam rotates the 
two-spot pattern. (a) Two pump laser 
beams (red) counterpropagate in 
rubidium vapor, inducing an instability 
that generates two new beams of light 
emitted along a cone (blue). The two 
beams form a two-spot pattern (red). 
(b) Observed two-spot pattern.  
(c) A weak switch beam (yellow)  
rotates the pattern. The pattern is  
most easily rotated when the switch 
beam is injected along the cone (blue) 
and at azimuthal angles of ±60°.  
(d) Observed rotated pattern.
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All-Optical Switches and Memories Fabricated on a  
Silicon Chip Using Photonic Crystal Nanocavities    

Takasumi Tanabe, Masaya Notomi, Akihiko Shinya, Satoshi Mitsugi and Eiichi Kuramochi

(a) Scanning electron microscope image 
of a silicon photonic crystal nanocavity 
which has a quality factor of 18,400. The 
cavity is directly connected to the input 
and output waveguides. (b) All-optical 
memory operation. The dotted line rep-
resents the input light to the nanocav-
ity and the solid line represents three 
outputs. The green line is the transmit-
tance for the step input slightly below 
the threshold power for bistability. The 
blue line indicates when a “SET” pulse 
is launched at 400 ps. When both “SET” 
and “RESET” pulses are injected, the 
transmittance is indicated by the red line 
(a.u. = arbitrary units).

R ecently, the field of silicon photonics 
has garnered considerable attention 

in the scientific and technological com-
munities. Silicon fabrication technologies 
are now highly sophisticated, and fusion 
with high-performance silicon comple-
mentary metal-oxide semiconductor 
chips has become more promising. 

Silicon is also an excellent platform 
for photonic crystals. Extremely low-loss 
waveguides and very high quality factor 
(high-Q) optical nanocavities have been 
fabricated on a chip using two-dimen-
sional photonic crystals.1 Researchers 

into the photonic crystal waveguide was 
just a few hundred femtojoules. Theoreti-
cally, the minimum input energy required 
for the operation is roughly 2 fJ. This 
value is comparable to the operating 
energy of existing electronic transistor 
gates (sub-fJ).

In addition, we showed that the trans-
mission of the cavity exhibits bistability 
when the signal light is detuned to a 
shorter wavelength.5 We then devised 
an all-optical memory using a single 
photonic crystal nanocavity [see (b)]. We 
set the power of the step input slightly 
below the bistable threshold to exhibit 
the “OFF” state. When we launched a 
“SET” pulse with an energy of 74 fJ, 
the cavity switched to the “ON” state. 
We injected a negative pulse to reset the 
cavity to “OFF.” This bistable behavior 
constitutes a memory operation, since a 
single nanocavity stores the information 
in the “ON” or “OFF” state.

In conclusion, we have devised 
all-optical switches and memories that 
operate with an energy of about 100 fJ 
at a switching speed of less than 100 ps. 
Because these tiny nanocavity devices 
can be cascaded using waveguides, this 
study paves the way to the development 
of photonic crystal-based silicon photonic 
devices on a chip. 
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have devised high-Q nanocavities using 
photonic crystals because a photonic 
bandgap can yield strong light confine-
ment even with a small modal volume. 
Such cavities are difficult to achieve with 
conventional techniques.  

Theoretical work has indicated that an 
ultra-small high-Q nanocavity significant-
ly reduces the operating energy when it is 
used as an all-optical switching device.2 
Based on this fact, we devised all-optical 
bistable switches yielding thermal effects.3 
The operating power for bistable switch-
ing is approximately 40 W, which is 
extremely small for silicon devices. Bista-
bility has been regarded as a key technol-
ogy for fabricating all-optical photonic 

logic gates. Indeed, we 
demonstrated “AND” 
and “NOT” operations 
using this device.

Recently, we used 
a different method to 
improve the operating 
speed of photonic crystal 
nanocavity switches.4 
The generation of carriers 
enabled by two-photon 
absorption changes the 
refractive index and 

shifts the cavity resonance to a shorter 
wavelength. Because the carrier lifetime is 
much shorter than the thermal relaxation 
time, the operating speed is signifi-
cantly improved. When the signal light 
is initially at the cavity resonance, the 
transmittance turns off at the moment 
the control light is injected into the cav-
ity. By contrast, the signal transmittance 
turns on when the signal light is slightly 
detuned to a shorter wavelength.  

Switching occurred at a speed of less 
than100 ps when the input pulse energy 
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