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Future switching technology: bacterial
protein-based programmable all-optical
switch for integrated optics applications?

Gopalkrishna M. Hegde™* and K. P. J. Reddy

We report on the bacterial protein-based all-optical switches which operate at low laser power,
high speed and fulfil most of the requirements to be an ideal all-optical switch without any moving
parts involved. This consists of conventional optical waveguides coated with bacteriorhodopsin
films at switching locations. The principle of operation of the switch is based on the light-induced
refractive index change of bacteriorhodopsin. This approach opens the possibility of realizing protein-
based all-optical switches for communication network, integrated optics and optical computers.
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AN important component of high-speed optical communi-
cation networks is an all-optical switch that allows one
optical signal to control another optical signal, i.e. control
of light by light' *. For quantum information networks, it
is important to develop optical switches that are actuated
by a single photon. The attractions of using all-optical
switches are significant. All-optical switches steer the
light pulses among different fibre spans without convert-
ing them into electrical signals at any point. They prom-
ise to have potential capacity to increase speed, make it
compact, slash costs and make it easier for telecom
operators to deploy future developments in transmission
technology. Other prominent applications of such switches
are in integrated optics (I0) and in emerging optical
computers. 10 is aiming at integrating miniature active
and passive optical components on the surface of a single
substrate (usually silicon or glass) similar to conventional
integrated electronics. The active elements in 1O are all-
optical switches and modulators which play the role of
transistors in 10 circuits and the passive elements are the
waveguide structures. Researchers are working on a variety
of optical switching technologies. These include arrays of
tiny tilting mirrors (MEMS), liquid crystals, bubbles,
holograms, silicon photonic crystal, rubidium vapour and
thermo-acousto-optics* '°. However, none of these switches
is fulfilling all the requirements of information networks
due to their limitations either with structure, mechanical
movements, speed, large power consumption, program-
mability or compatibility. Also, at present, none of them
is ready in full scale for widespread deployment in carrier
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networks. Much work needs to be done before a reliable,
high speed and commercially viable all-optical switch will
be available.

Progress in the development of all-optical switches, 10
devices and hence the much awaited full-scale optical
computers is severely hindered due to the lack of appro-
priate materials to mass produce the fast responding
photonic switches, which can be operated with the help of
light pulses. The conventional approach has been to
exploit the nonlinear property of the established photonic
materials to control the propagation of optical signals
with intense laser pulses. In parallel with these develop-
ments, several biomaterials have been explored for photonic
applications''. In particular, the photochromic protein
called bacteriorhodopsin (BR) has emerged as a promi-
nent candidate for the fabrication of future biomolecular
photonic devices. BR is a light-sensitive bacterial protein
found in the purple membrane of Halobacterium halo-
bium, having all the necessary characteristics to be a good
photonic material> ">, The advantages of BR molecules
include high quantum efficiency of converting light into a
state change, large absorption cross-section and optical
nonlinearities, robustness to degeneration by environ-
mental perturbations, capability to form thin films in
polymers and gels, repeatability and existence of genetic
variants with enhanced spectral properties for specific
device applications. Due to these modifiable properties, BR
can be regarded as a programmable protein. These photo-
chromic properties of BR molecules have resulted in
applications like three-dimensional memories'> ", pattern
recognition systems'’, holography'’°, second harmonic
generation®’, mode locking®', spatial light modulation®***,
logic gates™*®, optical computing®’, optical displays and
image processing”?’. Several reviews have been pub-
lished on the potential of protein based optical devices'> ™.
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Another interesting property of BR is its reversible
refractive index (RI) change when switched photochemi-
cally from one state to the other; such transformations
also change the absorption spectrum of the material’®™>’
following Kramers—Kronig relations. This property of BR
has drawn a lot of attention in recent years for its technical
applications.

In this article we shall explore the technological poten-
tial of BR, which has some unique properties suitable for
all-optical switching. We describe a new type of BR-
based 2D programmable photonic switch embedded in an
optical waveguide. This bio-photonic switch is integrated
with matured technology of optical waveguides and has the
potential to replace the other forms of optical waveguides
such as photonic crystals, which are fast emerging as new
light-guiding channels. The present system utilizes light-
induced reversible RI change in the biological material
for its switching action. The switch being all-optical has
an added feature of programmability, where the required
switching speed could be selected through appropriate
software.

Materials and methods

When exposed to light the BR molecule undergoes a
complex photocycle having many intermediate states,
with absorption maxima spanning the entire visible re-
gion of the spectrum (Figure 1). In the initial B state, also
called the light adapted state, the retinal chromophore is
in its all-trans molecular configuration. After excitation
with yellow light at 570 nm, the molecule in the initial B
state gets transformed into the .J state with an absorption
maximum at ~650 nm within about 450 fs. The species in
the J state thermally transforms in 3 ps into the interme-
diate K state, which in turn transforms in 2 us into the L
state. The relatively long-lived intermediate M state is
generated by thermal relaxation of species from the L
state in 50 ms. The molecule returns to the B state via a
couple of intermediate states N and O through thermal re-
laxation in about 10 ms.

From the all-trans configuration of O, the P state is
formed in a photochemical transition induced with red
light (640 nm). In the dark, a thermal decomposition of
the P state into the O product has also been observed.
There is no thermal decay from the P or Q state to the ini-
tial B state, and the initial B state can be regenerated only
through photochemical excitation of the P and Q states.
An important feature of all the intermediates is their ability
to photochemically switch back to the initial B state on
shining light of wavelength that corresponds to the ab-
sorption peak of the intermediate state in question.

The well-known volumetric memories using BR utilize
just two states of the molecule: the initial green-
absorbing state B and the long-lived blue absorbing M
state'””"”. Also, BR has high quantum efficiency (65%) of
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converting light into a state change. The light-activated
forward reaction (B—M) takes only about 50 us whereas
the reverse reaction (M-B) can be driven by light or heat
and takes a few nanoseconds. For data storage purposes,
the B state represents a ‘0’ and M state represents a ‘1°.
The other approach for long-term data storage using BR
involves the so-called branched photocycle of P and QO
states by exposing to the corresponding wavelengths. The
cache memory process utilizes only the state change of
BR upon exposing to the light within its photocycle,
whereas many nonlinear optical applications are possible
using light-induced RI change of BR. Among them optical
switching has generated a lot of interest in recent years.
Various all-optical switching schemes based on the
induced anisotropy™*, absorption shift’” and changes in the
RI’® have been demonstrated using BR. Switching based
on RI change is attractive because of speed.

Switch design and experimental protocol

The light-induced RI change of BR, followed by changes in
its absorption spectra were measured by several groups™ ™.
It has also been reported that the RI change in BR is
intensity-dependent and the size of the RI change of the
film is of the order 5 x 107. The optical power range re-
quired for such a change in RI of BR is 5-20 mW/cm’,
with 90% intensity modulation. Using this property of BR,
possible TO switching has been demonstrated in which
BR was used as an adlayer’®>®. In this configuration the
changes in the incoupling angle to the waveguide due to
changes in RI of BR film were about 6.5°. Making use of
the intensity-dependent reversible RI change of BR film
upon exposing to light of wavelengths falling within its
photocycle described above, we have designed new type
of all-optical switches™. The basic principle of operation
of the device is presented schematically in Figure 2. It
consists of a conventional optical waveguide (compatible to
the BR film), usually a thin film of photoactive material

Figure 1. Schematic representation of the photochemical cycle of
bacteriorhodopsin {BR) molecule when exposed to 570 nm laser light,
indicating various intermediate states.
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