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Photopolymeric matrices functionalized with optically active molecules are of spe-
cial interest to elaborate low cost organic components for use in integrated optics.
We have first studied the patterning of the optical properties using appropriate
masks for the actinic light inducing the polymerization through a one-photon
absorption process. The modulation of the refractive index can be used to make
optical waveguides or quasi phase-matching structures. We have then studied,
both experimentally and theoretically, the various growth forms of self-written
waveguides created in the bulk of photopolymerizable resins under quasi-solitonic
propagation conditions. By using another approach, we have taken advantage
of the high spatial selectivity of the two-photon absorption procedure to design con-
trolled optical polymerized pathways. As an example, we have realized fibers
connections, Y-branch splittings, and finally, a passive Mach-Zehnder interfero-
meter structure, opening the way to the fabrication of fully organic electro-optical
modulators.

Keywords: optical integrated circuits; photopolymerization; push-pull molecules;
solitonic propagation; two-photon absorption; waveguides

INTRODUCTION

The significant advances obtained these last years in polymeric
electro-optic materials will make them valuable candidates for organic
electro-optical modulators in the near future [1-3]. In this domain,
photopolymers functionalized with optically active chromophores
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are increasingly attractive organic materials for manufacturing
components for optical integrated circuits. Such optical devices must
meet two requirements, first to fulfill the functions related to the
desired applications, and second to confine the light into the polymer-
ized guides. For the first goal, when embedded in the matrix, push-pull
chromophores, having a permanent dipole moment and a quadratic
hyperpolarizability (second-order non-linearity), are especially suited
to functionalize polymers [4-6]. By controlling their orientation in
the sample, it is possible to spatially modulate the non linear optical
(NLO) properties of the material [7-9]. Different sophisticated techni-
ques, largely based on microlithography [10], are usually employed to
achieve the second goal. In this work, we demonstrate how doped
photopolymers, together with appropriate and easy techniques, can
offer an interesting alternative to conventional organic materials for
fabricating optical integrated devices.

The paper is organized as follows. In the first part, we show how it is
possible to create spatially structured NLO properties and optical
waveguides by polymerization through one-photon absorption. In the
second part, we use the powerful two-photon absorption (TPA) tech-
nique to fabricate the fundamental elements (connections, Y-splitters)
needed to create an optical circuit. Finally, we present a Mach-Zehnder
structure built using this approach and which opens the door to future
electro-optic modulators based on functionalized photopolymers.

ONE-PHOTON ABSORPTION POLYMERIZATION
A. Periodic-Poled Materials

In order to make electro-optical devices, NLO polymers are usually
patterned using classical microlithography techniques. Moreover,
the linear and quadratic optical properties of the medium depend on
the orientation of the NLO chromophores and different well-known
techniques using electric or optical fields have been proposed to main-
tain the orientation of these chromophores in selected areas [11,12].
We have developed an alternative, low cost and easy approach to
pattern the orientation of push-pull chromophores, using the process
of polymerization to freeze the molecules imbedded in the resins. It
was already known [13,14] that it was possible to freeze the orien-
tation of molecules in such materials but, to our knowledge, we were
the first to report the photopatterning of the quadratic NLO properties
of doped photopolymers. The method we used has been described
elsewhere [15]. The demonstration of the validity of our method has
been obtained by using a photopolymerizable resin which combines
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a tri-functional monomer : tris(2-hydroxy ethyl) isocyanurate triacry-
late (SR368, Cray Valley), 2 wt% of bis (5°-cyclopentodienyl) bis-
[2,6-difluoro-3(1H-pyrrol-1-yl)phenyl]-titanium] (Irgacure 784, Ciba),
a photoiniator sensitive in the blue/green part of the spectrum, and
a co-polymerizable chromophore DiAcMONS (see Scheme 1). The
relaxation time for the orientation of the chromophores was evaluated
to a value of T,.x = 4200 hours, and was deduced from the fit of the
experimental data recorded during the first 150 hours. Indeed, experi-
mental results deviate from the stretched exponential law at long time
scales and the value of 4200 hours was obviously under-evaluated.
Further improvement of the stability demands a higher polymeriza-
tion rate to increase the chromophore orientation freeze efficiency.
This is achieved by a polymerization at higher temperature. We have
been able to achieve photopatterning up to 140°C, limited by the ther-
mal degradation of the chromophore. The crosslinking rate was then
improved and the viscosity increased leading to a better stability of
the orientation of the chromophores in the mixture. This stability
has been checked by measuring the evolution of the second harmonic
generation as a function of temperature. Figure 1 shows the variation
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SCHEME 1 Schematic drawings of the molecular compounds used for the
freeze of the quadratic optical properties of photopolymers.
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FIGURE 1 Evolution of the second harmonic generation of a photopolymer
with frozen DiAcMONS push-pull molecules imbedded in the material, as a
function of temperature (rate 10°C/mn).

of the optical quadratic properties of such a sample, with DiAcMONS
as nonlinear optical chromophores. The decrease of the second
harmonic generation begins for temperatures higher than 100°C, indi-
cating a good stability of the orientation of the chromophores.

In these conditions, the hardening of the matrix associated to the
photopolymerization process can be used to freeze chromophores
embedded in a matrix in a given orientation, and to realize long time
duration of the photo-structuration of the optical quadratic properties
needed to fabricate, for example, quasi-phase matching structures.

B. Solitonic Waveguides

Under particular conditions, the permanent increase of the refractive
index associated to the photopolymerization induced by a laser beam,
can lead to the formation of a permanent waveguide as the reaction
proceeds. This phenomena has been referred to as light induced
self-written (LISW) waveguides [16,17] and results from the compe-
tition of the diffraction of the incident Gaussian beam and photopoly-
merization which tends to increase the refractive index where the
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light intensity is highest. More recently, Sugihara et al. [18] have pro-
posed a refined technique based on a judicious blend of two kinds of
photosensitive materials to create the core and the cladding of the
guide. With this technique they obtained 20mm long LISW wave-
guides with propagation loss less than 1dB/cm.

We have both experimentally and theoretically explored the differ-
ent stages of guide propagation in bulk photopolymerizable media, the
experimental details and the main theoretical results concerning the
creation of LISW have been given previously [19,20]. The photopoly-
merizable resin was a mixture of three main compounds: a sensitizer
dye (eosin Y: 2/, 4', 5, T'—tetrabromofluorescein disodium salt, at
0.1 wt%), a cosensitizer (methyldiethanolamine at 5 wt%) and a multi-
functional acrylate monomer (pentaerythritol triacrylate) which is the
solvent of the two other products. When absorbing an incident photon
the dye is converted to its triplet state: a redox reaction takes place
between the dye and the amine that generates free radicals capable
of initiating the polymerization of the monomer.

By injecting an Ar laser beam in the resin via a 3 um core optical
fiber, we create a polymerized area which propagates as a permanent
optical waveguide. We characterize this guide by using the usual

V-factor defined as: V = (2n/ Jay/n2,., — n?ladding ), where a is the fiber

diameter, 4 the wavelength, nc.,. and nggqqing the refractive index of
respectively the polymerized area and the surrounding non-polymer-
ized matter. In order to fabricate a single mode guide and ensure a
quasi-solitonic mode propagation, this V-factor has to be less than
2.4. This can be achieved by a pre-polymerization of the sample in
order to increase njqqqing to a value around 1.508 [21] to fine-tune
the gap between the refractive index of the core and the cladding
in the 10 >~10 * range. In these conditions, we can control the formation
of permanent polymerized waveguides over long distances (we have
been able to fabricate waveguides of up to 10cm length). Figure 2
shows an example of such a waveguide, with the characteristic brea-
things of the solitonic propagation (left), and as an application, the
connection of two monomode fibers separated by a distance of 1 mm
(right).

PHOTOPOLYMERIZATION INDUCED BY TWO-PHOTON
ABSORPTION: APPLICATION TO OPTICAL INTEGRATED
COMPONENTS

One limitation of light induced self-written waveguides is inherent
to the straight-line propagation of the light, which doesn’t allow the
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FIGURE 2 Solitonic polymerized wave guide (left) and example of fibers
separated by 1mm distance and connected by a polymerization process
controlled by a quasi-solitonic propagation of the actinic light (right).

realization of complex structures. We have therefore developed a
second approach based on polymerization induced by a two-photon
absorption (TPA) process. Two-photon absorption process in photopoly-
merizable materials is becoming a very convenient tool to create 3D
microstructures with well-defined sub-micron details [22,23]. This is
due to the many advantages of this technique, especially the ease of
fabrication compared to etching or UV lithography processes. The 3D
control of the photopolymerization through TPA allows drawing guides
with arbitrary designs. The first attempt to fabricate optical wave-
guides trough two-photon absorption process was made few years ago
by the group of P. N. Prasad [24] who used a mixture of two resins to
create separately the core and the cladding of some guiding structures.

Our approach is both more simple and more efficient. We use as a
resin (see Scheme 2) 70% isocyanurate triacrylate as single monomer,
a binder (poly(styrene-co-acrylonitrile, 29,.5%), and a two-photon
initiator (E, E, E, E, E, E)-1,13-bis-[4-(dyethilamino)phenyl]-tri-deca-
1,3,5,6,8,10,12-hexaen-7-one, 0.5%). The polymerization is obtained
by focusing the output of a femtosecond laser beam emitting a wave-
length at 900 nm in the bulk of the sample. By a computer-controlled
displacement of the sample it is then possible to create arbitrarily
shaped polymerized structures [25].

We first created straight waveguides connected to standard optical
fibers in order to verify the light guidance properties. After inscrip-
tion, we can visualize the field distribution inside the waveguide by
injecting a visible laser beam (He-Ne) in the fiber and by detecting
with a CCD the weak diffusion from the sample. From the material
and voxels properties we showed that the polymeric guide is a multi-
mode index-graded guide. We have estimated that the losses originate
from the mismatch of the fiber core (diameter 3 um) and the multimode
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SCHEME 2 Schematic drawings of the molecular compounds used for the
polymerization induced through two-photon absorption (see text).

nature of the waveguide. An efficiency of about 36% at the end of the
waveguide with a non-optimized optical system has been obtained, in
agreement with numerical simulations [19].

The second validation of the technique consisted in connecting two
optical fibers placed in arbitrary positions in the bulk of a sample.
Figure 3 shows such fibers separated by a distance of 1.3 mm and con-
nected by a TPA photopolymerized guide. The few dark spots seen in
the figure are due to the diffusion of a He-Ne laser beam by residual
impurities in the material. Then, we made a Y-splitter connecting an
input fiber to two output fibers. This structure was the first optical div-
ider made by TPA and made possible the fabrication of a Mach-Zehnder
interferometer. Figure 4 (top) shows the image of such a structure we
created by TPA. In order to observe the modes supported by our guides,

=

FIGURE 3 Example of connection of two monomode optical fibers placed in
arbitrary positions in the volume of a photopolymerizable resin.
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FIGURE 4 Image of a Mach-Zehnder structure created by two-photon
absorption technique (top) and distribution of the light intensity of a He-Ne
laser beam split into the two arms of the interferometer (bottom).

we have cut a sample along a vertical plane to expose the waveguide
cross-section and polished the surface. Figure 4 (bottom) shows the dis-
tribution of the light intensity at the output surface indicating both the
multimode nature of the propagation as well as the ability of the Y-split
to separate the input beam in the two output guides.

CONCLUSION

We have shown trough some examples, how photopolymeric matrices
functionalized with optically active molecules can be of special interest
to elaborate low cost organic components for use in integrated optics.
First, the freezing of quadratic push-pull chromophores by a con-
ventional one-photon absorption polymerization has been used to
elaborate materials with spatially distributed second harmonic gener-
ation. The technique is especially easy and well suited for the fabri-
cation of quasi-phase matching structures using appropriate masks
or illumination gratings. Then, we have studied how the control of
a quasi-solitonic propagation of the actinic light inducing the polymer-
ization can be employed to make straight and long waveguides,
connecting aligned optical fibers. Finally, we have developed an other
approach, based on two-photon absorption technique, for the polymer-
ization of well-defined 3D microstructures in order to fabricate active
optical circuits. First, optical fibers, located in arbitrary positions in
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the volume of a sample, have been connected. Then, Y-splitters have
been fabricated. Finally, we have realized a more complex design, a
Mach-Zehnder structure.

Our results demonstrate the feasibility of elaboration of some basic
optical components needed in optical circuits and using the TPA tech-
nique applied to photopolymers. Moreover, combined with the spatial
control of the orientation of push-pull chromophores by the freezing
process induced by photopolymerization, TPA approach emerges as a
very promising technique for the fabrication of optical organic devices
for integrated optics.
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