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Miniaturization and embedding of soliton-based electro-optically
addressable photonic arrays
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We achieved the soliton-based miniaturized integration of electro-optic devices in a photorefractive
paraelectric bulk crystal, by driving self-trapping through an external bias field in a top-sided
electrode geometry. The ensuing spatially resolved electric field manifests a localized
voltage-dependent region in which a quasi-uniform field leads to screening-like self-trapped waves
at considerably low voltages without sample miniaturization, along with their electro-optic beam
manipulation. By replicating the electrode structure, our achievements constitute the basic building
block that paves the way to digitally addressable volume photonic manipulator arra3@04©
American Institute of Physic§DOI: 10.1063/1.1795359

Photorefractive spatial solitohshave been recently of a constant homogeneous external bias field, delivered
implemented to achieve electro-optically activated beam mathrough two opposite electrodes deposited on the opposite
nipulation functions, such as intensity modulation and two-lateral faces of the sample. This leads to a field orthogonal to
channel routing, the devices themselves self-integrated in thihe beam propagation axis, in common to all solitons, not
bulk>® The basic idea is to first generate a soliton in anallowing for any form of spatially resolved control on the
otherwise homogeneous crystal, and then to use the refragonlinear process that does not involyslow) charge
tive index pattern to guide longer wavelength, nonphotoreredistribution®®
fractively active, beams, for which it is effectively Moreover, the exact balancing of diffraction and self-
permanent.At this stage, a quadratic electro-optic responséensing, for a given micron-sized soliton or multisoliton
allows the activation and alteration of the original pattern, bystructure, implies an external electric field, which both drives
changing the external bias, a process which provides devigghotorefractive charge migration and determines the spatially
functionality during readoutThis is the result of the beating resolved electro-optic response, of the order of several
between the traces of the soliton-supporting space-charge//cm (Ref. 10 (see Ref. 11 for a reviemthat translates
field and the now controlling external bias. into characteristic values of applied voltage of the order of a

The optical circuitry is at once integrated in the bulk kV.
crystal volume, transparent at infrared wavelengths, and Microfabrication of a dedicated guiding geometry, as
compatible with a fast response. Previous results have reprgenerally done for LiNb@ limits the advantages peculiar to
duced the basic electro-optic functions presently achievedolitary waves in bulk. Furthermore, in ferroelectric crystals,
through integrated LiNb@ technology. Solitons, in turn, altering the standard geometry can activate depolarization, a
hold the key to a qualitatively different technology, in which process leading to domain enucleation which does not evi-
guidedbeam handling and processing occurs in a fully threedently affect a paraelectric crystal.
dimensionalbulk environmenf The intrinsic localization We demonstrate a viable avenue based on delivering the
and robustness of the soliton beams should allow the explobias voltage through a single facet geometry, with all the
tation of the entire crystal volume to achieve elaborate anglectrodes deposited side-by-side, during the nonlinear
massively dense optical routing structures, with particulapropagation writing stage and in the subsequent routing
advantages for future generations of miniaturized transparestage. Electrostatically, in this configuration, the values of
devices. external bias required to achieved kV/cm fields can be con-

Where recent endeavors point in this directidhno  siderably reduced by microscopically reducing the electrode
physical mechanism has been devised to allow for the posdistance. Furthermore, by tailoring the electrode geometry,
sibility of imprinting a givensteering pattern in the volume, we can achieve a quasiarbitrary spatial pattern of the bias
formed through different localized soliton processes, and telectric field, up to several hundred microns inside the
subsequently address arelectro-optically activate them  sample.
through appropriate low switching voltages. The weakness of  physically, this attractive condition implies a consider-
henceforth investigated soliton and soliton-array manifestaaply altered optical self-action, in view of the fact that the
tions lies in the fact that these emerge through the screeninghotorefractive charges, which mediated the self-induced in-
dex pattern, are set to respond and drift in a now elaborate
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and electro-optic phenomenology. We implement the geom- Numerical results indicate that a region emerges in
etry illustrated in Fig. (&), which constitutes, in our scheme, which the generally inhomogeneous bias field is quasiuni-
the basic building block to the more complex and elaboratdorm. Although it is sufficiently extended to encompass the
addressable photonic array. Since there is no possibility ofiffracting beam, its positioiiand siz¢ is dependent on the
analytically fixing the boundary conditions, we rely on a nu-applied voltage. Therefore, in contrast to standard geom-
merical approach to predict the now intrinsically vectorial etries, soliton formation involves the matching of twas
space charge fiel& induced by the light beam. We consider opposed to oneelectrostatic conditions: that the quasiuni-
the standard photorefractive motfel form region, associated with the given values of external
_ bias, be in proximity with the soliton launch position, and
v '[_ (I+1p) Ve+(KeT/Q) V I] =0, (1) that its value coincide with that required to self-trap.
where ¢ is the space charge electrostatic potenti&l For example, an external bias\éf,=80 V will lead to a
==V o), | the light intensity distribution|, the background needle trapping index pattern(x,y), locally resembling
illumination intensity,Kg the Boltzmann constarit, the tem-  the standard on€, if the propagating beam is launched
perature g the electron charge ard=4,&+4,8,. We self- 110um from the crystal edge, as plotted in Figicll In
consistently restrict investigation winvariant intensity dis- general, calculations identify a relationship between the ver-
tributions | that characterize solitons, reducing Efj) to a tical launch position and the soliton supportivig,, that, for
the two-dimensional transversg plane. Self-action is the launches up to several hundred microns into the bulk, are
result of the electro-optic index-pattern modulatidm  more than one order of magnitude lower than those required
=—(1/2)n°ge3(e, — 1)%(d@l 9x)?, wheren is the zero-field re-  in the standard configurations. For example 56 from the
fractive index,g=0,.y is the dominant component of the edge, the predicteWs,=40 V.

quadratic electro-optic tensgjy for an x-polarized launch Experimental results for a launch50 um from the top
beam, ¢, is the vacuum dielectric constant, ard is the edge, are reported in Fig. 2. For a zero applied yoltage. the
relative sample low-frequency dielectric constént. beam diffracts to 15um after the 1 mm propagation along

We specialize predictions to our experiments, whichthe z axis, corresponding to approximately two diffraction
hinge on a & x 2.4Y x 1@ mm sized sample of Cu and VV lengths[see Fig. 2b)]. As predicted, two-dimensional self-
co-doped potassium-lithium—niobate—tantal#®eTN ) crys-  trapping is achieved for &,=40-50 V, after a buildup
tal, at a temperatur€=16 °C, 4° above the ferroparaelectric time of approximatelyr;=120 s, for a 1uW launch.
transition, wheren=2.4, g=0.12nfC?, and ¢=1.5 Similar self-trapping phenomenology was observed from
X 10%*? The top-sided electrodes were tailored on tie 3 50 to 300um from the top edge, with voltages ranging
X 1@ mm facet, with an intraelectrode 180m gap[see Fig. from 40 to 160 V, leading to a screening-like soliton sup-
1(b)]. The beam was a continuous-wave argon ion 50 m\porting region inside the crystal of 260x 250Y um?, sche-
x-polarized laser, operating at=514 nm whose intensity matically illustrated in Figs. (b) and Xc). The measured
distribution is approximated by a Gaussian of intensity fullvalues ofV, at different distances from the edge are shown
width at half-maximum(FWHM) Ax=Ay=7 um and inten- in Fig. 2(d). Beams launched less than @énh from the top
sity ratio | g/ 1,=5. edge experienced distortive edge effects, whereas trapping
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FIG. 2. Soliton formation: intensity distribution of the inputwm FWHM beam(a); diffraction at output fac€b); and self-trapped soliton fdrs,=40 V (c).
Note the soliton slippage in the vertical direction due to the slight index grajieatFig. {c)], combined to the standard self-bending process. Meadlyged

vs the distance from the crystal edge is plotteddy
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FIG. 3. Embedded routing: output in-
tensity distribution forV,,=80 V (a);
for V,=—80 V (b); (c), (d) the respec-
tive calculated index patternsn(x,y).
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beyond the 30Qum limit required values of applied voltage shown in Fig. 4. In this case, we generated three vertically
leading to the dielectric breakdown of the air. In the horizon-stacked solitons, the tdifrig. 4@)] and bottom{Fig. 4(b)] of

tal dimension, the region is determined by the emergence giositive electro-optic response, whereas the central one is
y-oriented components, which considerably weaken selfnegative[Fig. 4(c)]. The structure is achieved through an
action. By impinging on the pattern with a less intenseappropriate sequence which allows the formation of the 7
50 nW readout beam, which activates charge displacemenk 20 um? system, and forms an electroactivated beamsplit-
only for times greater than 28, we are able to achieve ter forV,. =V [Fig. 4€)], or, alternatively a waveguide for
electro-optic25 dB attenuation. This occurs because the soliy, =-V_ [Fig. 4f)], when the read beam is launched on the
ton pattern, activated foVac=Vso, reverts to a defocusing  central soliton. Horizontal scalability can be achieved repli-
structure forVa,=0." _ ~ cating each device with a further electrode stage, as shown in
~ The next step was to implement our results to miniatur-rjg. 4d). Preliminary results for three electrodes confirm
ize electro-optic beam .mampulatlo_n and swnchln_g, realizingat independent solitons form, generating two separately ad-
a two-mode router using two solitons of opposite electroyressable devices. Linear and nonlinear interaction among
optic responsé;’ achieved within the same soliton-active re- e ams in different soliton-activated regions has not yet been

g_|i0n. Th_e Writing stage is accomplished in two steps: in theaddressed, since we are in the process of developing the
first, a single soliton is formed 9Am from the crystal edge, required micron-level-tailored electrodes.

with an appropriate value o¥s,; subsequently, a second In conclusion, our investigation demonstrates that top-

icl)lgorr]nlir f?r:nt]k?d Vé'th an Ok? Ft)k?stltteh blas:ngvvrc?[:tagljlv 55[[ atk dsided electrodes can allow spatial photorefractive soliton for-
pm 1ro € edge, such that they are vertically Stacked»iiqn for quasidigital voltages in an extended crystal vol-

;I:;e ;Zitoightggirzs n;r\n,'\tli a&g\i/r?tedw?g:e%i'd;; [0Y§t: Vtsﬁra ume. They further support different geometries with a varied
g g 9. et~ *sob spectrum of electro-optical manipulative functions. The in-

roles are inverted, attaining the required routing, when th":frinsic miniaturization which derives from the spatially re-

read beam is launched between the two, at A60from the solved bias conditions, opens the way to addressable arrays
edge. We congruently modify the model of &), allowing f photonic devices. In fact, we have demonstrated both ver-

the prediction of the space-charge field induced both by th . . o .
soliton and a previously attained charge distribution. Switch-'pa”Y stacked, Fig. .3’ and horizontally distributed soliton
gircuitry, embedded in the bulk volume.

ing results and the relative predicted electro-optic pattern
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