Proceedings Symposium IEEE Photonics Benelux Chapter, 2010, Delft, the Netherlands

Dual-beam optical trap based on microfabricated
optical waveguides
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We propose a novel design of the dual-beam trap for trapping and Raman identification of
particles and biological objects in water. The device is based on S3N,; waveguides launching
counterpropagating beams into the fluidic channel of a lab-on-chip. For waveguides with a
square cross section of 1 unf, a 5 um gap between them and a 785 nm operation wavelength,
we perform simulations of the beam profiles and the trapping forces acting on polystyrene
beads (diameter 0.2-1.4 um). The forces reach values up to 12 pN/Watt, indicating high
suitability for particle trapping in a fluidic environment.

1. Introduction and approach

In bio-sensing there is a focus on the combinatidnphotonics with lab-on-chip
techniques [1]. In this field the miniaturizatiohaptical tweezers by using waveguides,
giving a new version of Ashkin’'s dual-beam trap {#hich avoids laser beams, is a
challenge. Fibers [3,4] have been used to form sadhnap, leading to prototypes
integrated with a lab-on-chip. However, fibers srape not suited for mass production,
as required in areas such as in water-quality mong and medical diagnostics.

Here, we propose a novel design of the dual-beamfor trapping of particles and
biological objects in water, and study its propestfrom simulations. The device is
based on microfabricatedsSi, solid-core waveguides which launch counterpropagat
beams into a fluidic channel. The waveguides aadd#d by Si@ In the channel the
concentrated optical field may induce the Ramageifiprint of the trapped object.

We choose Ium? square cross-section
waveguides, in easy reach of standard
fabrication technology. The Sum gap
between the waveguide facets equals the
fluidic channel width. See Fig. 1, which
also defines the axes of the system. This
gap size is compatible with various
biological objects, for instance certain
| bacteria. We use &, as waveguide
material since it can operate at the near-

Fig. 1. Sketch of the dual-beam trap based onvisible and visible wavelengths used in

microfabricated $N,waveguides Raman spectroscopy and for its
compatibility with microfluidic technology. FurtheBSiN, and SiQ have good index
contrast (Bisna—=1.9 versus §o0=1.45). We establish the properties of the trapnfro
finite-difference time-domain (FDTD) simulations ¢fie beam properties and by
calculating the trapping force acting on polystgdieads. The simulations are carried
out for the Raman excitation wavelenglk785 nm, for which the waveguide can
accommodate up to 8 modes per polarization dinectio
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2. Characteristics of the single beam and the combined beams

Since the mode structure of these waveguides andxiting beams cannot be obtained
analytically, we perform simulations with the 3D HD method [5]. The excitation
source ig/-polarized, exciting modes with field componeBjsandH,. It delivers 0.5 W
optical power to the waveguide. The fluidic mediismvater (p2c=1.33).

Fig. 2 gives plots for the beam exiting a waveguglmulated for a 4um source-
facet distance. The red color in Fig. 2a represth@selectric field intensity in they-
plane, averaged over a time interval where thetisoithas converged to remove the
intensity modulation in the water region. Figs. &id 2c show the averaged intensity
profile on they- andx-axis, respectively.

The most important feature in Fig. 2a is beam spneg which is due to diffraction at
the waveguide facet. For counterpropagating beéissl¢ads to a non-zero scattering
force, which drives a patrticle to the trap centoe &n axial displacement [2]. The
intensity pattern inside the waveguide shows a radidm on top of a maximum, seen
more clearly in Fig. 2c. The modulation arises frioterference of the wave sent by the
source and the wave partially reflected at the tfadde maximum is part of a
multimode interference (MMI) pattern [6]. This ocsuas a result of excitation of
several modes by the source, which presently istaitiired to selectively excite the
lowest mode. For the transverse and the axiallpr@fibell-shaped and a decaying curve
are observed, respectively, which is as expectb@. dmaller maximum in the axial
direction before the decay is the continuation led MMI pattern formed inside the
waveguide. Details of the transverse and axial eurdepend on the source-facet
distance, which influences the MMI pattern. Howewbe main characteristics needed
for trapping,viz. the bell shape and the decay, are seen for eacbesposition.

As a further step, we obtain for the complete el trap the averaged intensity
distribution, without bead and with auin polystyrene bead at the point (0, 1, 0), again
using a 4um source-facet distance. The sources oscillathasg, each delivering 0.5
W of optical power. Fig. 3 shows the results fa ti+plane, without bead (a) and with
bead (b). Contrary to Fig. 2a, averaging leaveacintheAy,o/2=295 nm periodicity in
the water region, since interference now givesaadihg wave pattern. The interfering
beams yield an overall intensity distribution tialt give a gradient force for radial and
a scattering force for axial displacements. Whemmaring Figs. 3a and 3b, the
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Fig. 2. Simulated intensity distribution of the ettécal field in thexy-plane for the jum?
cross-section square waveguide (a), and transybjsand axial (c) intensity profile for
this wavegide. In (a) the normalization is such that the @allor scale is use
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disturbance of the field distribution by the beadipparent. Owing to the higher index
of the bead r{yoyst=1.6) compared to that of water, it concentrates atectrical field
inside its volume, also perturbing the field invtsinity.
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Fig. 3. Averaged intensity distribution in tixg-plane for the dual-beam trap based oprt®
cross-section square waveguides, without beadn@)wath a 1um diameter polystyrene bead
centered at point (0, 1, 0) (b). The normalizai®such that the full color scale is used.

4. Force characteristics of the dual-beam trap

We determine the trapping forces on the three &o#s the simulated optical fields.

Polystyrene beads of diameter 0.2, 0.5, 0.8, 1dJlaéum serve as force probes. The
force is evaluated by integrating the Maxwell strésnsor [7], using a cube of side
a=2(r + res) enclosing the bead=<bead radius; res3im/20 is the grid resolution).

In Fig. 4 we present the resulting curves, forxhandy-direction (results for the-
andy-direction are the same, to within the accuracytiier grid resolution). For the
direction the force is linear around the cenite,it follows the usual Hookean law and
defines a stable trapping point at the trap ceiwh increasing distance, the force
shows an extremum of which thg-position increases with increasing bead sizes Thi
bead-size dependence indicates operation outsed&alyleigh regime, consistent with
the appreciable field disturbance by the partibleven Fig. 3b. The maximum trapping
force is 12 pN/W (1.4m bead), in thg- andz-direction. The maximum trap stiffness
thus is 0.03 pN/nm/W, a value very suitable fopfiag.
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Fig. 4. Calculated forces in the andy-direction for several bead diameters (a, b). The
inset in (b) is a blow up of the force curve forsjtive positions of the 0.2 and Opin
diameter beads. The oscillatory curves in (a) algnomial fits to the simulated points.
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For thex-direction strong force oscillations are superingzb®n a weak background.
The oscillation period is 297 nm, consistent witle fperiodicity in Fig. 3. Thus, the
oscillations relate to beam interference. We artipa¢ in the gap region a 1D optical.
lattice is formed. A=0 the oscillatory curve for 0.2 and Quéh has a negative slope,
indicating a gradient force pushing beads to thenisity maximum. For 0.5 and 1ufn,

on the contrary, the slope is positive, pushinglibads to an intensity minimum. This
behavior, including its spatial oscillatory chaectagrees completely with the results of
Zemanelet al. [8], who theoretically study forces on wavelengike polystyrene beads
in a 1D optical lattice in water. These authorsifthat the oscillatory force depends
periodically on the particle sizeé,e. as a function of size the equilibrium position
alternates between maxima and minima. Apparentlg, ttvo types of behavior we
identify agree with the results in [8]. The behavir the 1.4um bead is the same as for
the 0.5 and 1.¢um beads. The background, however, has a positbpe skcontrary to
the usual negative slope found for the other b&aatssThis sign reversal so far has not
been properly analysed. The phase of the forcdlatsmns in thex-direction depends on
the relative phase of the beams, so that in adeate this dependence enables moving
the particle in the-direction by changing the relative phase.

6. Summary

In summary, we simulate a novel dual-beam optiegl based on $, waveguides, for

(near-)visible wavelengths and compatible with wificridic technology. The maximum
force on 1.4um polystyrene beads is 12 pN/W, correspondingtrastiffness of 0.03

pN/nm/W, a value comparable to that of fiber-bagagds. We envision that this dual-
beam trap, when accommodated with a miniaturizeshd®aspectrometer, may fulfill

requirements for on-line sensing of drinking wated medical diagnostics.
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