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Protein-based integrated optical switching and modulation
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The static and dynamic response of optical waveguides coated with a thin protein film of
bacteriorhodopsin was investigated. The size and kinetics of the light-induced refractive index
changes of the adlayer were determined under different conditions of illumination. The results
demonstrate the applicability of this protein as an active, programmable nonlinear optical material
in all-optical integrated circuits. €002 American Institute of Physics.
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Coupling of optical data-processing devices with micro-The light-induced change of refractive index of a bR-
electronics, as well as sensory functions, is one of the biggesbntaining film was indeed demonstrated eariiralthough
challenges in molecular electronics. Suitable nonlinear optinot kinetically resolved. This opens the way to a highly in-
cal (NLO) materials with high stability and sensitivityrre  teresting use of the NLO characteristics of bR, namely for
being intensively researched. In addition to organic and inthe modulation of the coupling of light into and out of 10
organic crystals, biological molecules have also been consitievices controlled by the light-induced transitions of bR.
ered for use in optoelectronics, among which the chromopro- | our experiments bacteriorhodopsin-containing purple
tein bacS:tenor.hodopsm(bR) has generated the most nembranes were suspended in distilled water and dry bR
mteresftz.* bR, isolated from the outer cell membrane of the s of good optical quality were produced by layering the
bacteriumHalobacterium salinarumis the simplest known suspension on a smooth surface. Integrated optical experi-
ion pump, and one of the best-characterized membrane Prsents were carried out using slab geometry wavegu(iiés

teins. Upon illumination it transports protons across thecrovacuum Ltd, BudapestThe waveguide consisted of a

memprane, yvhile undergoing a cyclic series of reactions witr%hin Si(Ti)O, layer (refractive indexng~1.8, thicknessd,
quasistable intermediate staieslled the photocyc)é ~200 nm on a 16<48 mm glass substra(eéfractive index
BRs70— Kgoo— Lsag— M 410~ Nsgg— Ogz0— BRs70. ng~1.5 surface. Coupling of light into the waveguide was

) . achieved through a grating formed in the waveguitiee
The letters denote the ground and intermediate states, and tB@nsity: 1A =2400 mm'%, length of the grating region: 1

subscripts refer to the wavelengths/nm of their absorption, ) |, 5 thin waveguide, only the zeroth transverse electric
maxima. The transition rates in dried bR films span from TE) and transverse magnetic light modes can propaddfe

sqbpmoseconds to seconds. Gels and thin f|Ims'cor'1t§1|n|n ince the guided modes have a significant evanescent com-
oriented bR molecul@$ are extremely stable, maintaining : .
ponent, coupling to or from an external beam is strongly

their photoelectric activity for several years at the same level. L .
Despite the large variety of bioelectronic applications utiliz-Influenced by the refractive index of the material above the

ing the favorable optical and photoelectric properties of bRgratmg arealthe adlaye)_. Thus, a change of the _mdex of
and its mutants produced by genetic engineefing, report  '€fraction of bR @n,) will modulate the anglex of incou-
has yet been published about its application in integrate@ng- _ _
optics(10). 10 is a discipline of optoelectronics, which inte-  Angular dependence of coupling of a plane polarized
grates various optomodules on a small substrate, in order #ght from a He—Ne laser(Melles Griot, 15 mW, \
create analogs of integrated circiit§ince the theory and =632.8 nm into the waveguide was measured when the
measuring techniques for integrated optics are well estatgrating region was covered by b@ee Fig. 1 We deter-
lished, the main limitations in developing devices are of amined the changes of the incoupling angle during the bR
technical nature, namely, in our case to find the proper NLCQphotocycle initiated by a pulse from an excimer laser
material for the particular application envisaged. Thepumped dye lasefLambda Physik Lextra 100, Rhodamine
Kramers—Kronig relations imply changes in the absorption6G, A =580 nm, E=10 mJ/pulsg or from a Nd: Yttrium—
spectra accompanying changes in the index of refractioraluminum—garnet laséContinuum equipped with a tunable
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FIG. 1. The grating coupler with a bacteriorhodopsin adlayer. Incoupling is
schematically indicated. FIG. 3. Coupled light intensity changes measured upon flash excitation of
the film. Ground state bR was excited by 570 nm flashes. The measuring
light intensity was attenuated to 0.5 m\tde—Ne laserh =633 nm), so as to
optical parametric oscillator hegd =410 nm, 10 mJ pulse avoid considerable pre-excitation of the sample. Traces were recorded at two
energy. positions[(a) and (b), with incoupling angle®),=5.967° andd,=6.167°),
on opposite sides of the incoupling peak at TE moéeg-€6.067°). The

The waveguide was placed on a rotational SYE#ING  amplitude of the relative light intensity changedtwas about 70%.

Electro Optics Digital Positioning Systgmby which the

coupling anglea could be controlled to an accuracy of

104 deg The incoup|ed ||ght was measured at the ends dfght intensity Changes fO”OWing flash excitation were mea-

the waveguide by a photomultipli¢Hamamatsy The light ~ sured.

intensity signal was amplified by a laboratory-built preamp- ~ Figure 3 shows two traces measured at opposite sides of

lifier and then recorded with a Le Croy 9310L transient digi-the incoupling peak corresponding to the TE mode. The

tizer. In order to improve the signal to noise ratio, the timetraces were analyzed using global fitting with multiexponen-
resolution of the system was limited by low-pass filtering totial curves. In the millisecond domain two exponentials re-

0.8 us. sulted in a good fit, with time onstants =57 ms andr,

From the angular shift of the peaks of incouplif@m- =350 ms, characteristic of the second half of the photocycle
pared to the case when no bR adlayer is préséme refrac- (M decay at low humidity™® The antisymmetry of the traces

tive index of the(unexcited bR adlayer was determined to show that the primary origin of the intensity change is a

be to 1.52, in agreement with previous observations by otheiransient change of the coupling angle, confirming the domi-

methods»® Furthermore, those experiments have showmating role of refractive index changes in the observed
that under continuous illumination the refractive indexswitching effect. From the maximal value of the angular
changes to an extent consistent with a buildup of the popushift, the corresponding light-induced refractive index
lation of the intermediatél. Such changes in the adlayer change of the adlayer was calculated<(20~ %) using the
refractive index should correspondingly shift the positions ofwaveguide equations. Its value is close to previous
the incoupling peaks, as illustrated in Fig. 2. Consequentlyfindings®** To be able to correlate the changes of the cou-
within certain angular ranges, the intensity of the incoupleddling geometry to the steps of the photocycle, we also per-
light should change during the bR kb transition, thus yield- formed absorption kinetic experiments on the same sample
ing the sought-for modulation or switching driven by exter-under identical conditions. Evaluating the kinetics of Me

nal light. In order to prove this hypothesis, we performedintermediate(obtained by measuring absorption changes of

kinetical experiments. The rotational stage was stopped dhe bR film at 405 nm upon light excitatiprwe obtained the

different angles in the region of effective coupling and thesame time constants as mentioned above. The correlation is
in agreement with the Kramers—Kronig origin of the ob-
o served refractive index changes on this time scale, corre-

Lightintensity change during the bR - M transition sponding to the nearly 160 nm difference between the ab-

sorption maxima of the bR ground al states. The speed

of light modulation based on this effect, therefore, should be
limited by the kinetics of thévl formation to about 5Qus in

the photocycle of wild type bR, when using flash

excitation*®> Under continuous illumination, however, when

the light density is much lower, the buildup of tive popu-
lation 7, , and consequently the refractive index changes are
© limited by the light intensity and the decay rate Mf typi-

- : ; cally to the millisecond time regime. With a 10 mW/rim
illumination from a He—Ne laseryy~15 ms (data not
showr).

FIG. 2. An illustration of the principle of the switching. The angular depen- A faster switch can be devised by making use of the

dence of coupling with thé/ form (a) and with the bR ground state) are photoreaction of theVl intermediate: it is known that blue
calculated from the known refractive index change. The lower cucye ’

represents the expected changes of the intensity of coupled light during tHéght shortcuts the photocycle, driving tiwform back to the

bR toM transition. g:ﬂround staté® Optical changes accompanying this process
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0.020 induced refractive index changes of bR are comparable to or
_ exceed the corresponding properties of inorganic NLO crys-
;} emer j tals, while the possibility of genetically controlling the opti-
& oot i O LT ‘ cal properties of bRabsorption spectrum, cycle time, efc.
2 ol AR R offers a great and unique versatility for optical circuit design.
x i
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