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Abstract: We introduce a new class of on-chip optical tweezers with high trapping efficiency,
compact footprint, and broadband operation by integrating free-form micro-reflectors to the facets
of waveguides. © 2021 The Author(s)

1. Introduction

Optical tweezers have advanced significantly in a plethora of research landscapes [1] including atom optics,
chemistry, and biology since Arthur Ashkin pioneered the research field of optical trapping in the early 1970s, nearly
half a century ago [2]. Traditional optical tweezers use a high numerical aperture (NA) objective to focus light into
a tight spot and generate a strong intensity gradient for trapping, which require a bulky and costly benchtop system
[3]. Miniaturized planar on-chip optical tweezers based on photonic waveguides or plasmonic structures have been
proposed [4-6] to overcome these shortcomings. However, they use the gradient of the evanescent field for trapping.
The trapping happens very close to the device - less than one wavelength away - due to the near field behavior of the
evanescent fields. On-chip optical tweezers with high NA that can trap and levitate particles is of great significance
in many research fields but has not yet been demonstrated. Here, we show that by integrating free-form micro-
reflectors to the facets of on-chip waveguides for wavefront shaping, a three-dimensional optical field gradient can
be generated for stable optical trapping with high trapping efficiency, compact footprint, and broadband operation.

2. Design

The design of our on-chip optical tweezers based on a pair of elliptical reflectors is shown in Fig. 1(a). The free-
form focusing reflectors are 3D printed onto the facet of the waveguides through two-photon lithography. The 1550-
nm wavelength single-mode waveguides are made of polymer with a cross-sectional size of 2.5 pm *<2.5 um on a
silicon substrate. The core and cladding materials of the waveguides are EpoCore and OrmoCore, with indexes of
1.575 and 1.537, respectively. One of the two foci of the elliptical reflector is placed at the waveguide facet. The other
is set at the pre-defined crossing point of the two reflected beams, which is positioned z = 12 um above the upper
surface of the chip. Each of the two counter-propagating beams diverges upon exiting the waveguides before being
total-internally reflected and focused by the elliptical reflectors. The two focused beams intersect at a specific angle
and together generate a 3D gradient field, which can be used for particle trapping.

3. Results

Simulations are carried out to investigate the trapping performances under different crossing angles (6) of the two
beams. The FDTD simulated light intensity distributions of the two crossed beams are shown in Fig. 1(b) and 1(c)
when the crossing angle is set to be 30°and 60< respectively. The light in both waveguides is TE polarized and in
phase. A larger angle results in a higher intensity gradient in the z-direction but produces a larger beam size in the
horizontal x-direction with more interference fringes. When a microparticle with a diameter of 4.5 um is placed into
the focal spot region, it is subject to both the optical scattering force Fg-,4r and gradient force Fgrap. Since the
scattering forces in the x-direction from the two counter-propagating beams cancel out, the total optical force in the
x-direction is only due to the gradient force, which produces a potential well for particle trapping, shown in Fig. 1(d)
and (e). When the crossing angle is smaller than 56< the trapping potential depth is larger than 500 ksT/mW,
corresponding to a trapping power of at least 20 |W for the 10 kgT stable trapping threshold. In the z-direction, the
scattering forces from the beams do not cancel and tend to push the particle away from the trapping well. To achieve
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trapping in the z-direction, the minimum total force F® = min (Fgcar + Fgrap) Should be negative. There is an
optimum angle of around 65<when the minimum total force reaches -0.5 pN/mW, as displayed in Fig. 1(e) and (9).
However, the crossing angle is constrained from below by the total internal reflection condition. In the experiment,
the crossing angle was set to be 50< The measured light intensity distribution of the crossed beams is shown in Fig.
1(h). The optical microscope image in Fig. 1(i) shows a microparticle stably trapped by the on-chip optical tweezer.
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Fig. 1. On-chip optical tweezers. (a) Schematic of the on-chip optical tweezers. (b-c) Simulated light intensity distributions of the two crossed beams
at two incidence angles. (d-e) Calculated (d) trapping potential in the x-direction and (e) optical force in the z-direction when the two beams are crossed
with different angles. (f-g) Calculated (f) trapping potential depth and (g) minimum optical force versus crossing angle of the two beams. (h) Measured

light intensity distributions of the two crossed beams above the chip. (i) An optical microscope image showing a particle with a diameter of 4.5 um
trapped by the chip.

In summary, a new class of on-chip optical tweezers based on free-form micro-optics is proposed and
experimentally validated. The free-form micro-optics can be used to shape wavefronts on-demand in a chip-level
platform. Here we use them to generate a 3D gradient light field for trapping suspended particles. The potential
applications include atom/ion trapping and cooling, cell analysis and assembly, micro-fluidic sensing, among others.
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