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Abstract: Nanophotonic particle manipulation exploits unique light shaping capabilities of
nanophotonic devices to trap, guide, rotate and propel particles in microfluidic channels. Recent
introduction of metalens into microfluidics research demonstrates the new capability of using
nanophotonics devices for far-field optical manipulation. In this work we demonstrate, via
numerical simulation, the first tunable metalens tweezers that function under dual-beam
illumination. The phase profile of the metalens is modulated by controlling the relative strength
and phase of the two coherent incident light beams. As a result, the metalens creates a thin sheet
of focus inside a microchannel. Changes to the illumination condition allow the focus to be
swept across the microchannel, thereby producing a controllable and reconfigurable path for
particle transport. Particle routing in a Y-branch junction, for both nano- and microparticles, is
evaluated as an example functionality for the tunable metalens tweezers. This work shows that
tunable far-field particle manipulation can be achieved using near-field nano-engineering and
coherent control, opening a new way for the integration of hanophotonics and microfluidics.
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1. Introduction

Nanophotonic devices provide unprecedented levels of control over light waves via engineering
light-matter interactions at the nanoscale. The integration of these devices with microfluidic
systems enables advanced particle manipulation beyond the scope of conventional optical
tweezers [1, 2]. Driven by this potential, a number of different nanophotonic devices have been
explored, including waveguides [3], microrings [4], whispering gallery mode resonators [5, 6],
photonic crystals [7], all-dielectric nanoantennas [8], and plasmonic resonators [9, 10]. All of
these previous approaches achieve particle manipulation by exploiting electromagnetic near-
field effects. Indeed, nanophotonics in the context of microfluidic applications is widely
considered equivalent to “near field photonics” [11]. By comparison, recent exploration of
metalens-based optical trapping [12-15] provides a new research direction: nanophotonic
particle manipulation in the optical far field. A metalens is a metasurface (two dimensional
metamaterial) that focuses light in the far field like a conventional glass lens, but achieves the
required light bending with a subwavelength thickness [16]. In the context of optofluidics,
metalens retains far-field particle manipulation capabilities of traditional optical tweezers (i.e.
optical tweezers that rely on microscope objectives with a high numerical aperture), while it
leverages the nanoscale light shaping capabilities provided by nanophotonic devices. This
combination offers unique opportunities for advanced particle manipulation in lab-on-a-chip
systems, as far-field optical control can now be engineered at the nanoscale.

This work represents the first study of tunable, metalens-based optical tweezers that
function under dual-beam illumination. As opposed to the most common configuration of
optical tweezers where a single incident light beam is used, dual-beam illumination employs
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two counter-propagating light beams. The combined optical force provided by the two incident
beams has been used to trap macro-sized particles [17], stretch biological cells [18, 19],
translate trapped particles along the beam axis [20-22], and even control their orientation in an
optical trap [23]. Further exploration of the coherence between the two beams has enabled more
advanced control such as particle translation with nanometer accuracy [24] and transferring
optical angular momentum to trapped particles [25, 26]. In these previous works, the two
incident light beams interact with the trapped particle directly. In contrast, this work employs
two incident beams for a fundamentally different purpose: they are used to control the
electromagnetic response of a metalens. The coherent interaction between the two incident
beams and the metalens enables control over the phase profile of the metalens, which results in
a steerable focus and consequent translation of trapped particles. This work is the first report
that introduces coherent control of metasurfaces, a research area that has recently emerged from
the development of tunable metamaterials [27], into the realm of microfluidics.

2. System design: metalens particle router

As a proof-of-principle demonstration, this work analyzes a tunable metalens-based particle
router that can route fluid-borne particles in a Y-branch junction on demand, a functionality
that resembles tunable optical tweezers (Fig. 1). The tunable metalens tweezers are an array of
silicon nanopillars on top of a glass substrate (Figs. 1a and 1b). The unit cell (i.e. the smallest
periodic unit of the metalens) is a row of 25 silicon nanopillars along the x axis (Fig. 1c), and
the whole array is created by replicating this unit cell along the y direction at a periodicity of
900 nm. For all the nanopillars, the center-to-center distance between adjacent nanopillars is
900 nm, the height is 500 nm, and the cross section is elliptical. As shown in Fig. 1c and listed
in Table 1, both the shape and dimensions of the cross section vary with the x position of the
nanopillar, which is a key design feature of the metalens.

The metalens is covered by a layer of PDMS (polydimethylsiloxane) and positioned beneath
a microfluidic channel (Fig. 1b). The microchannel has a width of 22.5 um (in the X direction,
matched to that of the metalens) and a base 130 um above the metalens (in the z direction,
defined from the middle height of the nanopillars). Water inside the microchannel moves
slowly forward in the +y direction along the entrance section and predictably divides into the
two branches, with the left and right half of the fluid moving towards Exit 1 and 2, respectively.
Particles of interest, which are injected into the entrance section, pass above the metalens
towards the branching point of the Y-branch junction. The metalens tweezers are designed to
optically trap these particles in controlled positions in the xz cross-sectional plane, while
leaving them free to move in the y direction. Particles trapped in the left and right half of the
entrance section will be guided towards Exit 1 and 2, respectively, enabling the intended
functionality of all-optical particle routing.

The particle trapping and routing (Fig. 1b) is achieved using coherent control. Coherent
control, in the context of metamaterial and metasurface modulation, uses two coherent, counter-
propagating light beams with controlled relative phase and strength as illumination [27]. A key
aspect of coherent control/illumination is to create local electromagnetic field configurations
that are unavailable for conventional plane waves [28]. The two most typical configurations are
the E-antinode (electric field antinode) and the B-antinode (magnetic field antinode), where the
local magnetic and electric field is always zero (i.e. a wave node), respectively. They are very
different from conventional single-beam illumination, where both the electric and magnetic
fields have finite magnitudes. These different field configurations can trigger different
electromagnetic responses from a metasurface [29, 30]. In this case, the dual-beam illumination
is used to create a tunable focus, with the E-antinode focus and the B-antinode focus guiding
suspended particles towards different exits (Fig. 1d).
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Fig. 1. Schematic diagram of tunable metalens tweezers and the application as an optofluidic
particle router. (a) Schematic of the metalens, which is an array of Si nanopillars (in yellow
color) on top of a glass substrate. The array has 25 nanopillars (only five are depicted here due
to space constraint) in each row along the x axis, and the rows are identical along the y axis. The
metalens lies beneath a microfluidic channel defined by a layer of PDMS (not depicted). The
boundaries of the microchannel projected onto the glass substrate are indicated by the black
lines. The microchannel has the shape of a Y-branch junction, consisting of one entrance and
two exits. The intended functionality of the metalens tweezers is to define the x position of
suspended particles in the entrance section, enabling routing towards either of the two exits. (b)
Cross section of the device through the entrance channel. Under the illumination of two coherent,
x-polarized, counter-propagating light beams at normal incidence (not depicted), constructive
interference of light scattered by the nanopillars (red arrows) forms a focus inside the
microchannel and the intermediate PDMS layer. The xz cross section of the focus approximates
a Bessel beam. Several dimensions are annotated and the device is not drawn to scale. (c)
Schematic of a single unit cell of the metalens, which consists of a row of 25 nanopillars. The
figure is drawn to scale. (d) By using the technique of coherent control, the focus can be steered
in the xz plane. The shape and the steering of the focus suggest that the tunable metalens behaves
like a conventional cylindrical axicon lens that rotates in the xz plane.

The light focusing and particle trapping properties of the metalens were numerically
evaluated by using a commercial finite element solver (Comsol Multiphysics). For all
illumination conditions analyzed in this work, the incident light was linearly polarized along
the x axis. The wavelength was 1550 nm, a telecommunications wavelength also frequently
used in optofluidic experiments [31]. At this wavelength, the refractive indices of water, glass,
PDMS and Si were set as 1.33, 1.50 (ngiass), 1.40 (nepoms) and 3.48, respectively [32, 33]. The
metalens was considered to be infinitely long in the y direction, approximating an entrance
channel far away from the two exit branches. Following our previous work [30], all the
illumination conditions were determined using the incident magnetic fields at the position of



the metalens, where Bgiass and Bppms were for the incident light from the glass side and the
PDMS side, respectively. The E-antinode condition corresponded to Beiass/Broms = - NGlass/NPoMs
= -1.50/1.40 (the negative sign implied that the two fields were m out of phase), while the B-
antinode condition corresponded to Bglass/Broms = 1 (the two fields were in phase). Two
polystyrene spheres (refractive index = 1.56) [34], a hanosphere with a diameter of 100 nm and
a microsphere with a diameter of 1 um, were used to determine typical particle responses to the
illumination. The optical force was first determined by integrating the Maxwell stress tensor at
the surface of the particles using the simulated electromagnetic field. The trapping potential
was then computed by integrating the force along a straight path as described in more detail in
Section 4.

Table 1. Cross sectional dimensions of the 25 constituent nanopillars in nanometers. All the nanopillars have
an elliptical cross section with the principal axes along x and y.

No. X axis y axis No. X axis y axis No. X axis y axis
1 120 250 10,11 170 170 17,18 380 235
2,3 130 350 12 350 253 19,20 380 230
45 130 310 13 380 245 21,22 380 220
6,7 140 270 14 380 242 23,24 380 210
8,9 160 190 15,16 380 240 25 400 130

3. Tailored phase response of constituent Si nanopillars

The metalens produces a focus due to the constructive interference of light scattered by the
nanopillars, a process where the phase of the scattered light is of crucial importance. Figure 2
uses a specific nanopillar (nanopillar #1 in Fig. 1c and Table 1) as an example to demonstrate
coherent control over the output phase. To simplify the phase extraction [35, 36], a uniform
array (i.e. periodic along both the x and y axes) of same-sized nanopillars is simulated for this
initial study. Both the PDMS layer and the glass substrate are treated as infinitely thick (i.e. the
microfluidic channel is not considered at this stage, which is a good approximation due to the
similarity between water and PDMS in their refractive indices). The spacing of the nanopillars
is defined to be the same value of 900 nm as in the metalens (Fig. 2a). The array is illuminated
by light at normal incidence, either from both the PDMS and the glass sides (Figs. 2b and 2d)
or from only the PDMS side (Fig. 2c). The array scatters incident light both upwards (into the
PDMS) and downwards (into the glass); only the former is analyzed here due to its relevance
to particle manipulation. All the field maps (Figs. 2b-2d) show a plane wave propagating along
the +z direction, as only the zeroth-order diffraction is allowed for an effective wavelength
(1207 nm in the PDMS) larger than the periodicity (900 nm). The output wave maintains the x
polarization of the incident wave, as polarization rotation is forbidden by the planar symmetry.
As demonstrated previously in Ref. [30], two coherent, counter-propagating light waves
illuminating an interface at normal incidence can form a standing wave, even if the media on
the two sides of the interface have different refractive indices. If the interface is at the E-
antinode (equivalently the B-node) of the standing wave (i.e. the illumination condition of Fig.
2b), the local electromagnetic field is purely electric. In contrast, if the interface is at the B-
antinode (equivalently the E-node, the illumination condition of Fig. 2d), the local field is
purely magnetic. A gradual transition from the E-antinode to the B-antinode can be achieved
by maintaining one incident wave unchanged, while adjusting the phase and strength of the
other incident wave. In this work, the incident wave from the PDMS side is chosen as the
invariant wave (more detail in Section 4), and Fig. 2¢ corresponds to a specific case in the
gradual transition where the other wave (i.e. the wave from the glass side) is switched off.



Figures 2b-2d show that the phase of the output light changes significantly with the
illumination condition. The difference is 66.5° between the E-antinode and the single-beam
conditions, and it reaches 174.5°, almost a total phase reverse of n, between the E-antinode and
the B-antinode conditions. The phase shift clearly reveals that the optical properties of the Si
nanopillar can be modulated through coherent control. This modulation originates from the fact
that the nanopillar possesses multiple Mie resonances at this wavelength, where the electric
dipole and magnetic dipole resonances are selectively dominant under the E-antinode and B-
antinode conditions, respectively (see Fig. S1 for near-field analysis) [37]. Because different
resonances impart different phase shift in light scattering, the nanopillar demonstrates a variable
scattering phase controlled solely by means of the incident light.
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Fig. 2. Phase response in the output light from an example nanopillar. (a) Schematic of the
nanopillar, which has an elliptical cross section with a width (along the x axis) of 120 nm and a
length (along the y axis) of 250 nm. To determine the phase, a uniform array of the nanopillar,
with periodicity = 900 nm in both the x and y directions, is simulated. The incident light
propagates along the £z directions. (b-d) Output electric field inside the PDMS, with the array
(b) at the E-antinode of a standing wave formed by two incident light beams, (c) under the
illumination of a single beam from the PDMS side, and (d) at the B-antinode of a standing wave.
All three maps show the same area of 900 nm x 3 um in the xz plane. The field is normalized
against the maximum value in each individual figure.

A light-focusing metalens requires its constituent units (here the nanopillars) to exhibit a
tailored phase profile across the whole metalens, and a tunable metalens further requires this
phase profile to be modified in a designated fashion. In this work, both requirements are
satisfied by adjusting the cross section of the nanopillars across the metalens. Following the
same method discussed above for Fig. 2, nanopillars with 961 different cross sections are first
simulated, with the dimensions along the x and y axis adjusted independently from each other
from 100 to 400 nm at a step of 10 nm. Suitable nanopillars are then identified based on the
strength (Fig. S2) and phase shift (discussed in detail below) in light scattering. As the result,
the 25 nanopillars in a metalens unit cell adopt 15 different cross sections (Fig. 1¢ and Table
1). Reducing the dimension step from 10 nm to an even smaller value will increase the number
of nanopillars available for selection, albeit also increasing the difficulty for future
nanofabrication of the device.

Figures 3a-3c show the output electric field of the 25 nanopillars under three illumination
conditions. In each figure, the 25 nanopillars are arranged in the order that they appear in the
metalens unit cell (Figs. 2b-2d, which are for nanopillar #1, match with the first panel in Figs.
3a-3c). While these results are obtained from uniform arrays of same-sized nanopillars, they
provide a useful initial step in designing the function of the metalens [37, 38]. All the 75 panels
(25 pillars under 3 different illumination conditions) of Figs. 3a-3c show a plane wave



propagating upwards away from the nanopillars. The vertical shift of the wave among these
panels demonstrates that the phase of output light depends on both the geometry of the
nanopillar and the illumination condition.
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Fig. 3. Field distribution and phase shift of output light from uniform arrays of nanopillar #1 to
#25. (a-c) Output electric field for three different illumination conditions. The panels are
arranged as the nanopillars appear in the metalens unit cell. Each single panel (size highlighted
for the first panel in each row with a black box) corresponds to the same area of 900 nm x 1.8
um in the xz plane. The field is normalized against the maximum value in respective panel. (d-
f) Values of phase extracted from corresponding field maps (dots), with the dashed lines as guide
for the eye.

Figures 3d, 3e and 3f show the phase extracted from Figs. 3a, 3b and 3c, respectively. In
each figure, the phase variation across the 25 pillars has roughly a V shape, with two straight
lines intersecting at the center (i.e. at nanopillar #13). As the illumination condition changes
from the E-antinode (Fig. 3d) to the B-antinode (Fig. 3f), the V shape rotates in the clockwise
direction. This rotation results from the different illumination-induced phase shift among the
nanopillars: the outer nanopillars (i.e. those closest to #1 and #25) have a larger shift than the
inner nanopillars (i.e. those closest to #13), and the nanopillars on the left and on the right shift
in opposite directions.

4. Coherently controlled light focusing and particle routing

As long as the near-field coupling between adjacent nanopillars is sufficiently weak and all the
nanopillars have similar scattering strength (see Fig. S2 for details) [38], the light shaping
performance of the metalens can be reasonably predicted based on the results in Fig. 3. This
prediction is confirmed in Fig. 4, which shows the output of the metalens tweezers illustrated
in Fig. 1. To better characterize the modulation in the output, in addition to the three
illumination conditions discussed above (i.e. the E-antinode, the single-beam and the B-
antinode conditions), Fig. 4 also includes two intermediate conditions. All the five conditions



can be easily specified by the field ratio Bgiass/Broms, Which is -1.5/1.4, (1/2) x (-1.5/1.4), 0, 1/2
and 1 for Figs. 4a, 4b, 4c, 4d and 4e, respectively (note that 1.5/1.4 comes from Ngjass/Npoms as
discussed previously). All the conditions can be achieved by keeping the input beam from the
PDMS side unchanged, while controlling the strength and phase of the beam from the glass
side. Note that, the same as in Figs. 2 and 3, the field distribution shown here is purely the
output field and contains no input field. Different from those two previous figures, the PDMS
layer above the nanopillars is no longer treated as infinitely thick due to the inclusion of the
microchannel in the simulation.
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Fig. 4. Light focusing and steering of the metalens under (a-e) five different coherent
illumination conditions, with the field ratio Bg.ss/Broms €quals (a) -1.5/1.4, (b) -1.5/2.8, (c) 0, (d)
0.5 and (e) 1. The maps in the top row show the electric field in the same area in the xz plane
that bisects the middle of the nanopillars. These maps are 22.5 um x 168 um in size, with the
bottom ~2 um above the metalens. The base and the middle of the microchannel are highlighted
in (a), (c) and (e). As water and PDMS are close in refractive index (1.33 versus 1.40), no
reflection is discernible at the microchannel base. As opposed to the top row, the bottom row
shows the field in the xy plane, with each map covering an area of 22.5 pm x 8.1 um at 10 um
above the microchannel base. All the ten maps are normalized against the electric field of the
incident light from the PDMS side, which is invariant with illumination condition. In consistence
with the previous two figures, the maps do not contain any incident light or waterborne particle.

The top row of Fig. 4 shows the output field distribution in the xz plane (i.e. the cross section
of the microchannel). Each map is 22.5 um in width (the width of the metalens) and 168 pum in
height (from 40 um above the microchannel base to ~2 pum above the metalens). A long, narrow
focus flanked by weak sidebands is observed. The focus is steered continuously, moving across
the middle line of the microchannel from Fig. 4a to Fig. 4e. The angle between the central axis
of the focus and the z axis is -1.37° and 1.36° in Figs. 4a and 4e, respectively, representing a
steering angle of approximately 2.7°. The conversion efficiency, which is defined as the energy



ratio of the main focus lobe and the total input, is 16.4% and 10.4% for the E-antinode focus
and the B-antinode focus, respectively.

The bottom row of Fig. 4 shows the corresponding field distribution in the xy plane 10 um
above the microchannel base, for a range of 9 unit cells along the y axis. The distribution is
independent of the y position for all the illumination conditions. This feature originates from
the high uniformity of the nanopillars in the y direction: they are identical, and have a constant
subwavelength spacing along each line in this direction. Such field distribution indicates that
the focus creates a controllable and reconfigurable straight path for particle transport. It allows
for the combined use of optical force and microfluidic flow, suitable for functionality such as
routing where optical control is required only in directions orthogonal to fluid flow [10]. Target
particles can even be actively collected to a designated transport path by sweeping the optical
trap in the xz plane, as indicated by the continuous beam steering seen from Fig. 4a to Fig. 4e.

The elongated focus and its side bands in the xz plane (Fig. 4), together with the VV-shaped
phase profile (Fig. 3), resemble a Bessel-beam focus (see Fig. S3 for comparison). Bessel beams
are produced traditionally using a glass axicon lens and more recently using a variety of
metalenses (hence the terminology of axicon metalens and meta-axicon) [39-41]. They possess
unique properties such as non-diffracting (i.e. capable of maintaining its transversal intensity
profile in propagation) and self-healing (i.e. capable of recovering its original beam profile even
if it is obstructed by a finite sized object), which are ideal for high-throughput particle
manipulation [42-44]. The results in Figs. 3 and 4 demonstrate that the metalens functions like
a steerable, cylindrical (referring to the invariant focus shape along the y direction) glass axicon
lens that can be used as variable-position optical traps and tweezers.
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Fig. 5. Potential energy for trapping a single particle in the microchannel under three different
illumination conditions. The particle diameter is (a) 1 pm and (b) 100 nm. In both cases, the
center of the particle is kept at 10 um above the microchannel base. The vertical dashed lines
indicate the middle of the microchannel. The potential is normalized against the total incident
power, and it is set as zero at the left end of all curves.

Based on the output field in Fig. 4, trapping potential is calculated for two example
polystyrene particles, a microsphere with a diameter of 1 um (Fig. 5a) and a nanosphere with a
diameter of 100 nm (Fig. 5b), in the microchannel. In the calculation, both particles are swept
from the left to the right boundary of the microchannel, at a height 10 um above the channel
base. The trapping potential along this straight line is then calculated with respect to the starting
point. As seen in Fig. 5, for both particles, the bottom of the potential well appears in the left
half of the channel (at x = -2.5 um) for the E-antinode focus, while it moves to the right half (at
X = 2.5 pum) for the B-antinode focus. This horizontal shift of the potential well clearly shows
that coherent control enables particle routing. The depth of the potential well is roughly 100
and 0.1 kg-T/(mW-um-?) for the microsphere and nanosphere, respectively, where kg is the
Boltzmann constant and T is 297.15 K. It scales with the particle volume, as commonly
observed in conventional optical traps (e.g. those created by focusing a single input beam using
a microscope objective). As the trapping strength is sensitive to particle size, the routing



functionality demonstrated here may be adopted for size-based sorting in the future, potentially
by judicially balancing the optical trapping with microfluidic forces.

The trapping potential shown in Fig. 5 is derived from analyzing the interaction between
the particles and the output field shown in Fig. 4, without considering any direct interaction
between the particles and the incident light from the PDMS side. This is because that, being a
plane wave, the incident light does not apply any force on the particles along the x axis, hence
has no contribution to the x-axis trapping potential and the routing functionality. This analysis
is based on the assumption that the incident wave reaches the metalens still as a plane wave,
which is a good assumption for small particles (here diameters < 1 um) sparsely distributed far
away (distance > 130 pm) from the metalens.

5. Conclusion

To conclude, we have proposed and numerically evaluated a coherently controlled metalens
that functions as tunable optical tweezers. Being an array of Si nano-pillars with a
subwavelength thickness, the metalens focuses incident light into a thin sheet, which is similar
to a cylindrical, axicon lens made of glass. The phase profile of the metalens can be coherently
controlled, where the two counter-propagating incident light beams are adjusted in their relative
phase and strength. This results in continuous steering of the focus across the microfluidic
channel, enabling routing of both nano- and micro-sized particles in a Y-branch junction.
Through modulating the response of the metalens, the coherent illumination enables
controllable transverse (i.e. normal to the beam axis) particle steering, which has not been
achieved in traditional dual-beam optical traps.

Metalens, as well as the broader concept of metasurface, enables novel light manipulation
through nano-engineering, a capability that holds great promise for novel particle manipulation
in next generation optofluidics and lab-on-a-chip systems. Although it no longer provides sub-
wavelength focusing as seen in other nanophotonic platforms, metalens enables a very high
level of flexibility in shaping the light field, as the far field distribution (here a steerable Bessel-
beam focus) no longer has to trace the geometric shape (here an array of nano-pillars with fixed
shape and dimensions) of the nanostructures. By demonstrating particle routing based on
coherently tunable metalens tweezers, this work opens a new avenue for exploring the
integration of nanophotonics and microfluidics.
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