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Abstract: Optical tweezers (OTs) have made significant progress in recent years, realizing the non-
contact optical manipulation of target objects through the interaction between light and matter. In
addition to trapping particles with the intensity gradient of the beam, a series of complex optical
elements are required to properly modulate the beams to expand the operation of optical manipula-
tion. The development of metasurfaces alleviates this problem. Due to the merits of miniaturization,
planarization, multi-function, and integration of metasurfaces, these kinds of novel devices have
been applied in OT systems. Metasurface devices have been used to replace traditional objective
lenses, achieving device integration and even obtaining multi-function of OTs with unique optical
properties in applications. OTs with metasurfaces have developed rapidly, and a great deal of work
has been carried out on OTs with metasurfaces, as well as discussions on their practical applications.
In this review, we regard the latest progress in the field of OTs with metasurfaces. We classify OTs
with metasurface and summarize the new impetus brought by metasurfaces for the development
of OTs.
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1. Introduction

Substantial work has been devoted to manipulating targets with beams [1—4], and
Nobel prizes have been conferred for related work to commend its progressiveness and
breakthrough capabilities. Ashkin first utilized laser beams to trap particles [5,6]. This method
of manipulating particles with a beam can be referred to as “optical tweezers”. Generally
speaking, in OTs, the gradient force generated by the gradient of light intensity tends to trap
particles at the focus, and the momentum of the beam transmitted to the particles leads to
the generation of scattering force, which often drives the particles to move in the direction
of beam propagation. This new method of particle manipulation can impose non-contact
optical trapping on particles, and is of great significance in biomedicine [7,8], chemistry [9],
quantum science and technology [10], and nanotechnology [11]. To achieve more diversified
manipulation, methods such as “pushing [12]”, “pulling [13]”, and “rotating [14,15]”, have
been developed, and more complex optical devices are needed to modulate the desired light
field and increase the complexity of the optical system [16,17].

Researchers have developed new devices to solve the associated problems, including
diffractive optical elements (DOEs) and more controllable spatial light modulators (SLMs).
However, due to the limited ability of DOE to modulate the beam, additional devices such
as polarizers remain necessary. Similarly, SLM also has the problem of power threshold,
which is limited when applied to optical tweezers (OTs) and other fields that require
high-power light sources. Therefore, researchers urgently need an optical device with
stronger light-field regulation ability. The development of metasurfaces strongly meets
these conditions. A metasurface is a kind of novel optical device and has been applied to
generate desired light fields [18-20]. A typical metasurface consists of many subwavelength
cells. Each nano cell can flexibly and independently adjust the parameters of the local light
field, such as the polarization or phase. The merits of the metasurface, the small and delicate

Photonics 2023, 10, 623. https:/ /doi.org/10.3390/photonics10060623

https:/ /www.mdpi.com/journal /photonics


https://doi.org/10.3390/photonics10060623
https://doi.org/10.3390/photonics10060623
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/photonics
https://www.mdpi.com
https://orcid.org/0000-0003-3370-8913
https://doi.org/10.3390/photonics10060623
https://www.mdpi.com/journal/photonics
https://www.mdpi.com/article/10.3390/photonics10060623?type=check_update&version=1

Photonics 2023, 10, 623

2 of 21

multi-functional device, can be summarized as miniaturization, integration, multi-function,
and planarization. The miniaturization of the metasurface leads to the minimal volume
of metasurface devices. Replacing some traditional optical devices with metasurfaces
can make systems smaller and more compact [21,22]. Integration is demonstrated in the
fact that metasurfaces can be easily integrated with other metasurfaces and even other
devices [23]. In addition, discrete local control of metasurfaces enables the integration of
various optical device functions onto a single metasurface [15] and provide metasurfaces
with advantages in generating structured beams [24]. This characteristic allows systems
of OTs with metasurfaces to be further simplified. The metasurface’s multi-functionality
is indicated: some metasurfaces are sensitive to parameters of incident beams, allowing
the same metasurface to generate different light fields. This advantage enables OTs with
metasurfaces to have excellent dynamic control ability [25] and can be further applied to
active [23] or passive sorting [26]. As a two-dimensional distributed device, the metasurface
can be characterized by planarization. Hence, metasurfaces have great potential in the
application of near-field OTs [27]. Their flexible and precise control ability can improve the
precision of optical tweezers and expand the application range.

Undoubtedly, such a miniaturized, integrated, planar, and multi-functional metasur-
face is of great significance for generating OTs. This review will introduce the principles
applied in OTs and review the latest developments of metasurface OTs. We first introduce
metasurfaces designed to replace traditional objective lenses in OTs, as well as integrated
devices with metasurfaces. Then, we introduce dynamic manipulation and sorting with
metasurface OTs. Finally, special near-field metasurface OTs are introduced.

2. Theoretical Basis

To better introduce OTs with metasurfaces, it is necessary to summarize briefly the
principles and concepts involved in OTs. Generally, the movement of a particle driven by
the beam can be attributed to two aspects: optical force and optical torque. A particle is
affected by optical forces, which trap or manipulate the particle. Under some conditions,
the beam can also torque the particle and rotate it; we briefly discuss these two aspects in
the following sections.

2.1. Optical Forces for Trapping the Particles

A common method to calculate the optical forces on particles in the light field is to
utilize the Maxwell stress tensor. The time average optical force can be written as [28]:

H A
F, = ]{ T-AdS, (1)

The optical force exerted by the beam can be obtained by calculating the integral on
the closed surface around the particle, which can be written as [28]:
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where T is the time average Maxwell stress tensor, the parameter fi represents the unit

vector pointing to the outside of the closed surface, and ? is the unit tension.

The calculations can be simplified with the dipole model for a subwavelength particle.
Here, the time average optical force exerted by the beam on the particle can be written
as [29]:
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where E and H are the electric field and magnetic field of the incident beam, respectively. Pa-
rameters p and m are the electric dipole moment and magnetic dipole moment, respectively,
which can be written as [30]:
p = €ox.E
{ m = a,H ’ @)

where a, and a;, are the polarization rate and magnetic polarization rate of particles,
respectively, which can be written as [30]:
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Parameters a1 and by are the Mie scattering coefficients of the first order. The Mie
scattering coefficients of the v-th order can be written as [30]:
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where x = koR, and R is the particle’s radius, and k is the wave number of the beam in

the vacuum. The parameter n = , /gji is the refractive index of the particle. j, and hz(,l) are
the spherical Bessel function and the spherical Hankel function of the v-th order, respec-
tively. The prime indicates the derivative, for example [nxj,(nx)]" = d[nxj,(nx)]/d(nx).
A traditional OT exerts optical forces on target particles through the gradient of the light
intensity of the light field. Generally, nanoparticles (typically a few hundred nm to a few
um) are attracted to the focus. In the xy plane, particles are trapped at the center. Along the
z-direction, the particle is trapped somewhere below the focus.

Similarly, there are many other ways to calculate the force on particles. The Lorentz-
Mie theory can be used for Mie particles, to calculate the force exerted on the particles by
the beam [31]. For non-spherical particles, metallic particles, or structured beams with
unique properties, the generalized Lorentz—Mie theory (GLMT) can be used to calculate
the optical force on the target particles [32-34]. The finite difference time domain (FDTD)
and finite element method are also used to calculate optical forces. For example, using the
FDTD method, by simulating the optical field with the particles in the beam, the optical
force on the particle can be obtained by integrating the Maxwell stress tensor according to
the result of the optical field. It must be noted that appropriate models should be selected
according to the type of particles (metal or dielectric), their size, and the beam type (plane
wave or structured beam, etc.), which plays an essential role in the accuracy of numerical
calculation results.

2.2. Optical Torques for Rotating the Particles

It is believed that the angular momentum carried by the beam drives the particle to
rotate. According to electromagnetic theory, beams with a certain spatial distribution can
carry angular momentum. In 1936, Beth proposed that the angular momentum brought
by light has a spin part related to the beam’s polarization [35], and this part of angular
momentum comes from the spin of photons. In 1985, Chang and Lee calculated the optical
torque on the optical levitation weak absorption ball according to classical electromagnetic
theory [36]. It is generally accepted that the angular momenta carried by the beams can be
divided into spin angular momentum (SAM) and orbital angular momentum (OAM).

The OAM was first proposed by Allen et al. in 1992 [37]. They proposed that a laser
beam can carry a part of the angular momentum related to the orbit, which is associated
with the spatial distribution of the beam. They demonstrated that Laguerre-Gaussian (LG)
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beams could carry OAM. The beam in the LG mode has a spiral phase of exp(—il¢) (where
lis an integer which represents the topological charge of the beam, and ¢ is the azimuth
angle). In addition to the axial phase singularity, it is spatially continuous and has a spiral
wavefront, which is also called a vortex beam. This beam can transfer the OAM of I to the
trapped particles. The component of angular momentum generated by LG mode beams
with unit power is stated [37]:
I, o orduf
M= Gl 50 o
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where w is the angular frequency of the beam, r is the union factor of the beam, and y is
the complex scalar function describing the amplitude of the light field. The parameter ¢
defines the polarization of the beam. For a left or right-handed circularly polarized beam,
o = *£1. For a linearly polarized beam, o = 0. The total angular momentum transferred by

the beam can be written as [38]:
-1
T= z+a+a<2k2’ > ]h, )

2p+1+1

where k is the wave number of the beam, z, is the Rayleigh distance, p is the mode index
of the incident LG beam, and 4 is the reduced Planck constant. For a collimated beam,
kz, > 1.

SAM is defined as the angular momentum generated by the polarization of light.
In 1998, Friese et al. controlled the rotation of highly absorbing particles [39] through
polarization in water and controlled the rotation frequency of the target in the range of
several hertz. In 2001, Nieminen et al. conducted a detailed analysis of the SAM [40,41].
For a material of thickness d, the torque exerted on it can be given as [38]:

T = — £ E3sin[kod (1o — ne)] cos(2¢) sin(26) (10)
+££ E2{1 — cos[kod (1o — ne)] } sin(2¢)

The parameters 1, and 7. are the target’s ordinary and extraordinary refraction in-
dices. Ej is the intensity of the electric field, ¢ is the degree of ellipticity of the beam,
¢ is the permittivity, and 0 represents the angle between the fast axis of a quarter-wave
plate and the optic axis of a birefringent particle. For a circularly polarized incident beam,
the particles are subjected to a constant torque provided by SAM. Later, Nieminen et al.
applied the T-matrix method to torque calculation [42], and researchers further conducted
a series of studies on the torque of particles with different shapes and beams with dif-
ferent spatial distributions [43,44]. Interested readers can consult relevant references for
further information.

3. Optical Tweezers with Metasurfaces

In this section, we briefly introduce the application of metasurfaces in OTs in recent
years. We make a simple classification according to the features of metasurfaces applied
in OT systems. First, we introduce far-field OTs with metasurfaces. To represent the
advantages of miniaturization of the metasurface, we report works using metasurfaces
as substitutes for traditional lenses. Next, we introduce OTs with metasurfaces where
multi-device functions have been integrated on a single metasurface. Then, OTs with
structured beams generated with metasurfaces are introduced, further indicating the merits
of metasurface integration. Research on dynamic manipulation and sorting of particles is
reviewed in the following sections, indicating the advantage of the multi-function of the
metasurface. Finally, we come to near-field OTs with metasurfaces, showing the merits of
planarization of the metasurface.
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3.1. Optical Tweezers with Metasurfaces as Objective Lenses

A frequent idea has been to use metasurface devices to replace traditional objective
lenses. In 2019, Z. Shen et al. made a numerical study of metasurfaces composed of cells
of Si cuboid nanofins on a SiO, substrate [18], which can be seen in Figure la,b. The
metasurface cells yield Pancharatnam-Berry (PB) phases with incident circularly polarized
beams. Each cell acts as a half-wave plate. The phase of circularly polarized beams can be
modulated according to the rotation angle about the z-axis of each cell. By arranging the
nanofins on the substrate at appropriate rotation angles, the metasurface can generate the
required phase response to obtain the required light field when the circularly polarized
beam is incident. As Figure 1c shows, instead of using a traditional objective lens, the
metasurface concentrates the beam and forms the focus. Through theoretical calculation it
was shown that, in the water environment, the optical forces on the Si Rayleigh particles
pointed to the focal point of the outgoing beam, as illustrated in Figure 1d, and stable
trapping of target particles was achieved.

(a) (b) 1800m
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Figure 1. (a,b) The structure diagram of the metasurface and the cell. (c) The focal point generated
with the designed metasurface. (d) Schematic diagram of optical forces on particles at different
positions in the light field. It can be seen that the optical forces point to the beam focus. Adapted
from ref. [18]. © 2019 Optica Publishing Group. Users may use, reuse, and build upon the article,
or use the article for text or data mining, so long as such uses are for non-commercial purposes and
appropriate attribution is maintained. All other rights are reserved.

Further experimental work has been carried out on metasurfaces in OTs. Suwan-
nasopon et al. also designed a metasurface on the principle of the PB phase, as shown
in Figure 2a. The metasurface was composed of periodically arranged Au nanofins [21].
In the experiment, a 30 mW laser with a wavelength of 1064 nm was used to irradiate
the metalens, and a focus point was obtained at 800 pm. The devices and the set of the
metasurface used in the experiment can be seen in Figure 2b. It can be seen in Figure 2c
that the target particle was trapped by the beam with the metasurface, at the center of the
figure, in less than 4 s.

In 2021, Kunhon Shen et al. trapped nanoparticles in a vacuum environment with
a metasurface device for the first time [45]. Instead of PB metasurfaces, they designed a
metasurface insensitive to the polarization of incident beams, as shown in Figure 3a,b. This
metasurface modulates the beam’s phase through the accumulated phase changes when the
beam passes through the cells of the metasurface. A cell provides the same phase response
for two incident beams with orthogonal polarization directions (for example, two linearly
polarized beams with mutually perpendicular polarization directions), and these can be
called “polarization-insensitive metasurfaces”. The beam focused by the metasurface forms
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a stable three-dimensional (3D) potential well where SiO, nanoparticles with a diameter of
170 nm can be trapped. As Figure 3c shows, the transfer of particles was obtained between
the potential wells formed by the traditional objective lens and the metasurface. In 2020,
Chantakit et al. trapped nanoparticles with the help of the PB metasurface devices and
arranged the particles in the pattern of letters “META” [22], which can be seen in Figure 3f.
The operation demonstrated that OTs with metasurfaces could manipulate particles flexibly.

(@)

Gold nanorod

Metalens

Sample
chamber || Gjass slide particles

()

5|
Figure 2. (a) The local schematic diagram of the metasurface. (b) The schematic diagram of the
metasurface and particles in the experiment. (c) Experimental results of particle trapping. The black
arrow represents the flow direction of the background liquid. From left to right, it can be seen that
the particles were trapped at the focal point. Adapted from ref. [21].
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Figure 3. (a,b) The metasurface’s overall and local schematic diagram. (c) The schematic diagram
of particle movement between potential wells generated by metasurface and traditional objective
lens. Adapted from ref. [45]. © 2021 Optica Publishing Group. (d,e) The overall and local schematic
diagram of the metasurface. (f) The nanoparticles are arranged as letters. Adapted from ref. [22]. ©
2020 Optica Publishing Group. Users may use, reuse, and build upon the article, or use the article for
text or data mining, so long as such uses are for non-commercial purposes and appropriate attribution
is maintained. All other rights are reserved.

The works above demonstrated that metasurfaces could effectively replace traditional
objective lenses and be used in OTs. The entire size of a metasurface can be reduced to
tens or even a few microns. Compared with conventional lenses, these metasurfaces are
remarkably compact. Based on miniaturization, OTs with metasurfaces can also trap target
particles stably. Miniaturization also provides convenience for flexible manipulation of
the OTs’ trapping position. The successful shifts of particles between the potential wells
generated with traditional lenses and metasurfaces also prove that OTs with metasurfaces
can be effectively applied with current OT systems. It should be noted that although
dielectric cells have good transmissivity, the metasurface may have some disadvantages in
efficiency compared with traditional objective lenses. However, the merits of metasurfaces
outweigh such flaws. A typical process to manufacture a metasurface is to apply atomic
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layer deposition (ALD) [46]. This process is compatible with the manufacturing process of
chips, which makes OTs with metasurfaces conducive for application in that context. Based
on the works mentioned above, other kinds of metasurfaces, such as wideband achromatic
metasurfaces [47], are also expected to be used in OTs, further enriching the development
of OTs.

3.2. Optical Tweezers with Metasurfaces Integrating Multi-Devices

On the basis of using metasurfaces as substitutes for traditional objective lenses, re-
searchers have further explored the application of metasurfaces in OTs. Since a metasurface
is composed of many independent cells, the local phase distribution can be flexibly modu-
lated, and multiple devices can be integrated into a single metasurface. For example, the
phase distribution of a spiral phase plate and an objective lens were added onto a single
metasurface [15]. In 2020, Chantakit et al. experimentally generated an optical vortex (OV)
with metasurfaces [22]. The set of the metasurface can be seen in Figure 4a. Their meta-
surface can be regarded as combining a convex lens and a spiral phase plate. As Figure 4b
shows, the OT can also rotate the particle along the halo in addition to trapping particles.
Simulation of the generation of a focused OV with a PB metasurface was performed by
Z. Shen et al. in 2021 [15]. The diagram of the metasurface and the cell can be seen in
Figure 4c. They generated OVs with a single metasurface through numerical calculation
and comprehensively discussed the force exerted on the particles near the focal plane.
Arrows in Figure 4d indicate the time-averaged Poynting vectors. Particles trapped on
the halo rotate along them. Therefore, such an optical vortex can also be called an optical
spanner (OS).

Sol__—

=350 M

-1 0 1
x(pm)
Figure 4. (a) The overall and local schematic diagram of the metasurface OT. (b) The particle rotates
along the halo. Adapted from ref. [22]. © 2020 Optica Publishing Group. (c) The structure diagram of
metasurface assembly and unit. (d) The halo is generated with the metasurface at the focal plane. The
arrows indicate the time-averaged Poynting vectors, and the particles trapped at the halo rotate along
them. Adapted from ref. [15]. © 2021 Optica Publishing Group. Users may use, reuse, and build
upon the article, or use the article for text or data mining, so long as such uses are for non-commercial
purposes and appropriate attribution is maintained. All other rights are reserved.
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Based on device integration, further integration of multi-functions in OTs has also
become possible with the assistance of metasurfaces. Splicing together two monolithic
metasurfaces is the most straightforward idea. Ma et al. designed a corresponding meta-
surface in such a way [48]. The metasurface can be divided into two areas; each region
independently modulated the light to form a focus or an OV and trapped or rotated parti-
cles. Tianyue Li and Xingyi Li proposed further ideas [49,50]. We come first to Tianyue Li’s
work. PB metasurfaces can provide two categories of independent phase modulation. One
category is the accumulated propagation phase when the beam transmits through the cells
of the metasurfaces. The other is the PB phase determined by the nanofins’ rotation angles.
These two types of phases do not interfere with each other, so Li et al. utilized a single
piece of metasurface to produce two non-interfering focuses [49]. A focus and an OV were
generated simultaneously at different focal lengths, and the combination of OT and OS
was achieved simultaneously. Figure 5a clearly shows the OT and OS combination. Xingyi
Li’s team designed a metasurface that generated two different light fields with varying
incident beams [50], as Figure 5d shows. By employing the concepts of propagation phase
and PB phase, when the left-handed circularly polarized beam (LCP) was incident, the
light spot was observed on the focal plane and acted as an OT. A halo was observed when
the right-handed circularly polarized beam (RCP) was incident, and the function of OS
was achieved. Figure 5e shows the difference in the trapping effect between the LCP and
RCP incident beams. With the incident LCP beam, the SiO, particle was trapped and
manipulated by the moving focal point, as Figure 5e(i) shows. Figure 5e(ii) shows that an
irregularly shaped CaCOj particle was observed spinning when it was trapped. In the
case of RCP beam incidence, the SiO, particles were trapped and rotated on the halo like a
necklace, as seen in Figure 5e(iii). Meanwhile, the CaCOj3 particle was observed spinning
while rotating along the halo in Figure 5e(iv). These observed features demonstrate that
the particles can be trapped or rotated along the halo. Therefore, an outstanding dynamic
manipulation can be obtained. These works embody the characteristics of integration and
multi-function of the metasurface.

The integration advantage of metasurfaces allows their use in OTs to realize the
integration of devices and even the integration of multiple functions. Such integration
enables combining more devices and functions on a single metasurface, providing new
possibilities for dynamic manipulation. Furthermore, it reduces the size of the already
compact OTs compared with OTs using traditional objective lenses, enabling the OTs with
metasurfaces to meet more requirements of the lab-on-chip. Such a feature also reduces the
difficulty of optical path assembly and the requirements for optical axis alignment, and
facilitates the work of the whole system.

3.3. Optical Tweezers with Structured Beams Generated with Metasurfaces

Thanks to the flexible discrete adjustment of the local phase distribution, metasurfaces
have unique advantages in generating structured beams that require compact phase modu-
lation. OTs with structured beams generated using metasurfaces can be viewed as a further
development of the advantage of integration. Wang et al. developed a novel plasmonic
OT based on a metasurface [51], which was able to trap the target particle precisely. The
plasmonic OT traps and manipulates particles with the surface plasmon polariton (SPP). In
Wang's work, left and right-handed polarized beams are simultaneously incident on the
metasurface, and the polarization-sensitive metasurface allows them to focus at different
distances, as Figure 6a shows. Then, the silver film is irradiated, and the SPPs are produced.
Finally, the light field consists of a halo and a focal point can be formed, as shown in
Figure 6b. The light spot plays a role in trapping the target particles. The surrounding halo
can isolate the rest of the particles, aiming to accurately trapping the target particles, as
shown in Figure 6¢,d.
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(b)

Side view
- W

Top view

Figure 5. (a,b) The structure diagram of the combined OT and OS system and the diagram of the cell
of the metasurface. (c) Beams generated with the metasurfaces. Adapted from ref. [49]. © 2021 Optica
Publishing Group. (d) The structure diagram of the multipurpose metasurface. (e) The trapping and
manipulating effect of the OT. (i) The OT traps and manipulates the SiO; sphere with the light spot
when LCP is incident. The blue sphere is the target sphere which moves in the direction of the white
arrow. The black sphere is a fixed reference. (ii) The CaCOj3 particle spins counterclockwise when
the light spot traps it. (iii) Eight SiO, spheres are trapped at the halo generated with RCP. The blue
mark indicates their clockwise rotation along the halo. (iv) The CaCOj particle spins when it rotates
clockwise along the halo. Adapted from ref. [50]. © 2022 Optica Publishing Group. Users may use,
reuse, and build upon the article, or use the article for text or data mining, so long as such uses are for
non-commercial purposes and appropriate attribution is maintained. All other rights are reserved.
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Figure 6. (a,b) The diagram of the metasurface and the trapping of the particle. (c,d) The results of

the experiment. Curves of different colors represent particles that should be excluded, and the red
curves in the center represent the trapped target particle. Reprinted (adapted) with permission from
ref. [51] ACS Photonics 2018, 5, 7, 2945-2950. Copyright 2018 American Chemical Society.
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Using the spin-decoupled phase control method, Zhu et al. designed metasurfaces
from which different responses can be generated for left-handed and right-handed polar-
ized beams [52]. As Figure 7a-c show that the metasurfaces they designed can generate two
focal points generated by pure radially or angular polarized beams, respectively. However,
the authors only briefly discussed the possibility of trapping particles with the metasurfaces.
Curves in Figure 7e,f indicate that the focuses formed had a trapping effect on the particles,
suggesting the potential of applying such a set of metasurfaces to OTs. The particular
application of this kind of structured beam is still to be explored.

B 0.

£} @wop

~60(
-900 -600 =300 O 300 600 900 -900 -600 -300 0 300 600 900
AX (um) Ay (um)

Figure 7. (a) The diagram of the metasurface generating the structured beams. The blue and
pink regions on the metasurface correspond to focal spots with azimuthal and radial polarizations,
respectively. (b,c) The results of the beams generated with the metasurface. It can be seen that the
radial and angular polarized beams formed a focus, respectively. (d—f) The optical forces exerted on
the particle in the light field. Adapted from ref. [52]. © 2022 Optica Publishing Group. Users may use,
reuse, and build upon the article, or use the article for text or data mining, so long as such uses are for
non-commercial purposes and appropriate attribution is maintained. All other rights are reserved.

Kuo et al. generated more complex Airy beam OTs with a metasurface device in
2021 [24]. An Airy beam has the characteristic of transverse self-acceleration, allowing
the beam to form a bending track, as Figure 8a shows. The unique bending track has
outstanding merits in OTs. The nanoparticles can be trapped on the main and side lobes of
the Airy beam and travel along the beam. Such a feature can be utilized for the directional
transportation of particles. By comparing Figure 8b,c, it is evident that particles were
transported to the lower right corner of the area. It can be seen in Figure 8e,g,i that when
propagating to a certain distance, the Airy beam forms a regular light lattice, and each point
can also trap the particles. These features provide convenience for large-scale sampling
and transmission, which expands the application prospects of OTs with metasurfaces.

Structured beams applied in OTs further demonstrate the integration capacity of
metasurfaces. Compared with the conventional devices currently used, the metasurface has
more freedom in generating beams by its discrete phase adjustment, polarization, and even
transmittance. Meanwhile, the metasurface provides a beam modulation ability comparable
to that of a traditional spatial light modulator (SLM), with micron size. Considering that
an SLM is limited by the power threshold of the incident beam, metasurfaces have higher
potential for application in OTs. Concerning the enrichment and development of the
manipulation form and prospects for OTs brought by structured beams, such as Airy
beams, it could be foreseen that these new structured beams, which have not yet been
applied in this context, have great potential for expanding the functions and application
space of OTs. The advantages of metasurfaces for generating complex structured beams
mean that they represent a powerful tool for achieving these ideas.
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Figure 8. (a) The diagram of the Airy beam generated with the metasurface. (b,c) By comparing the
two figures, it can be seen that the Airy beam transported the particles. (d,f,h) The light field at the
different propagation distances. (e,g,i) The particles trapped by the array. Adapted from ref. [24].

3.4. Dynamic Manipulation with Metasurfaces in Optical Tweezers

Compared with traditional OTs, the advantage of the multi-function of the metasurface
brings new potential for dynamical manipulation in OTs. The change of incident beams
may control the generated light fields due to the anisotropy of the metasurface to the
incident beam. The intuitive idea is to achieve focal scanning by titling the incident beams.
For a traditional object lens, the outgoing beam will also tilt accordingly when the incident
beam is tilted. A similar phenomenon will also occur on metasurface devices. M. X. He led
the team to design the metasurface, which converted the transverse intensity distribution of
the Gaussian beam into the intensity distribution along the propagation direction, forming
a light field distribution sufficient to trap target particles [53]. The oblique scanning of the
incident beam can also drive the scanning of the trapped potential well-formed, which
further has the potential to manipulate particles dynamically.

The further idea is to control the light field distribution with the polarization-sensitive
metasurface to achieve dynamic manipulation. Markovich et al. designed the metasurface
based on the critical operation of creating polarization-sensitive Fresnel zones whose
properties predefine the focal spot positions [54], as Figure 9a shows. The metasurface
generates the focus points of different focal lengths at the optical axis with the incident
linearly polarized beams of different polarization angles. By rotating the polarization
direction of the incident beam, the focus position can be changed to realize the dynamic
manipulation of particles along the propagation direction. Xu et al. used a similar idea
but used a series of metasurface groups to obtain the traverse directional transport of
particles [25], which can be seen in Figure 9b. Their metasurface is composed of silica bands
in gold film. The silica bands are divided into four groups, and the bands in each group are
parallel and form a hexagon. The stripes between different groups form a certain angle to
each other and rotate 0, 60, 120, and 180 degrees counterclockwise about the z-axis from
left to right, respectively. When the polarization direction is parallel to the silica bands
of the metasurfaces, the focus light intensity formed by transmission is the strongest, as
Figure 9¢,f show. When the polarization direction of the incident light rotates, a directional
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moving “belt” of hot point can be obtained, and this “hot spot” plays the role of a “conveyor
belt” for transporting particles.
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Figure 9. (a) The diagram of optical manipulation along the optical axis with the metasurface. When
the beam’s polarization angle rotated by 90°, the focus moved from a distance of 3 um from the
metasurface to a distance of 7 um. Reprinted (adapted) with permission from ref. [54] Nano Lett. 2018,
18, 8, 5024-5029. Copyright 2018 American Chemical Society. (b) The diagram of the metasurface
optical conveyor belt. (c) The structure diagram and phase response of the metasurface. (d) The phase
delay introduced by the bands (green dots) and the theoretical phase (solid line). (e) The “conveyor
belt” is produced when the beam rotates. When the incident beam’s polarization rotates clockwise
from 120° to 0° and then to 60°, the hot spots transfer from above the first metasurface to above the
second and third in the sequence. (f) The normalized statistical intensity of electric field intensity
of differently orientated metasurfaces corresponding to A (green line directed to 120°), B (red line
directed to 0°), and C (blue line directed to 60°) in (b) under different angles of polarization. Adapted
from ref. [25]. © 2022 Optica Publishing Group. Users may use, reuse, and build upon the article,
or use the article for text or data mining, so long as such uses are for non-commercial purposes and
appropriate attribution is maintained. All other rights are reserved.

Yin et al. utilized the method of changing the illumination configuration to obtain
directional manipulation of the particles [23]. The metasurface was composed of a series of
Au nanopillars, covered with a polydimethylsiloxane (PDMS) layer, and placed beneath
the microfluidic channel, as shown in Figure 10a,b. Three configurations of illumination
were applied. The first two configurations use two coherent, counter-propagating beams
with controlled relative phase and strength to illuminate the metasurface. These are the
E-antinode (electric field antinode) and the B-antinode (magnetic field antinode), where the
magnetic or electric field is zero. The third lighting configuration is a single-beam incident
from the PDMS direction. As Figure 10a shows, the microfluidic channel has two outlets.
Under three illumination configurations, the metasurface can generate focused light fields
pointing to different outlets, as shown in Figure 10d-h. These light fields act like pipes,
guiding particles to the corresponding outlets. The illumination configurations can be
artificially selected to guide particles to the desired exit. Such directional and adjustable
particle transport implies the potential of the metasurface OTs for active optical sorting.

The anisotropy of metasurfaces for incident beams can produce different modulation
effects when incident beams change, giving metasurfaces the advantage of multi-function.
This merit is revealed by OTs that use a single metasurface to achieve dynamic manipulation
perfectly. The metasurface applied in OTs can expand the degree of the freedom of beam
control, and such a feature enables expansion of the freedom of dynamic manipulation.
This characteristic greatly expands OTs” simplicity and application prospects in dynamic
manipulation. Dynamic manipulation based on metasurfaces can also be applied to active
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optical sorting. A simple change of the incident beam can realize the transfer of hot spots
in the light field, allowing free control of target particles. Such features mean that OTs with
metasurfaces have great potential for precise dynamic manipulation.
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Figure 10. (a,b) The diagram of the OT system. (c) The cells of the metasurface. (d-h) The electric field
of the beams in the microfluidic channel, for (d) E-antinode, (e,g) for intermediate, (f) single-beam,
and (h) B-antinode. Adapted from ref. [23]. © 2020 Optica Publishing Group. Users may use, reuse,
and build upon the article, or use the article for text or data mining, so long as such uses are for
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3.5. Particle Sorting in Optical Tweezers with Metasurfaces

Passive sorting through the different motion states of different particles is a simpler
and more feasible approach than performing artificially active sorting through the dynamic
manipulation of OTs with metasurfaces. In dynamic manipulation, it is natural to find
that particles’ size and other parameters may influence their movement states. Z. Shen
et al. developed a particle sorting method through a numerical study [55]. The structure
of the metasurface is illustrated in Figure 11a. The metasurface worked as a cylindrical
lens with a phase gradient. Through simulation and theoretical calculation, they concluded
that particles could be trapped at the striped focal spot. The force caused by the phase
gradient drove the particles to move directionally. Particles of different radii moved at
different velocities, as shown in Figure 11b. Based on such a feature, particles can be sorted
according to their sizes after traveling for some distance.
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Figure 11. (a) The diagram of the OT system. The phase gradient provides the forces leading the
particles to move. (b) Particles with different radii moved at different velocities, and they were
separated. Adapted from ref. [55].

Zhang et al. adopted the methods of the “optical conveyor belt” to transmit par-
ticles [26], similar to the idea of Xu’s work in Section 3.4. The SiO, bands embedded
in the gold film were replaced by oval Au nano blocks arranged in stripes on the SiO,
substrate. Figure 12a,b shows that a cycle comprises three metasurfaces rotating 0, 120,
and 240 degrees, respectively. With the rotating incident linearly polarized beam, the “hot
spot” moves directionally and the particles are transmitted on the “conveyor belt”. The
nanoparticles transmitted by the belt travel at different velocities and, after moving several
cycles, particles of different sizes can be separated. Different colors in Figure 12e represent
particles with different radii. The mixed particles have been separated.

(@ O

‘ 360nm

- . by v, -3, s 4 B0,
g 60 120 » BU9 240 nm I = bity, *+3q o0
vy

E i 1 38am )

(©) wr

F (pa/Wipm)

Count

M i M 4;

/I,)!
612
408
300 G 204
400 0 sy

100
200

Xpm,

102

3
X(um)

Figure 12. (a,b) The diagram of the OT system and the cells of the metasurface. (c) Fx (blue line)
and Fz (orange line) exerted on 3 um polystyrene particles. (d) Trapping potential wells for the
polarization angle of 0, 60, and 120 degrees, respectively. (e) Particles were separated after several
minutes. Adapted from ref. [26]. © 2021 Optica Publishing Group. Users may use, reuse, and build
upon the article, or use the article for text or data mining, so long as such uses are for non-commercial
purposes and appropriate attribution is maintained. All other rights are reserved.

Optical sorting with the OTs with metasurfaces can be divided into two aspects, active
sorting, and passive sorting. The active method involves artificially changing the incident
light to actively control the movement of particles with the help of the metasurface’s excel-
lent dynamic optical modulation ability. The passive method uses particle motion speed
differences during transmission to distinguish particles of different sizes. Compared with
the active method, the passive approach is more convenient for sorting. It is necessary to
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distinguish the movement states of different particles in advance. The OTs with metasurface
utilized for passive optical particle sorting mentioned in this section were based on the
forms of dynamic optical manipulation mentioned in Section 3.4. Optical sorting could
be considered as a further development of dynamic manipulation and further indicates
the advantages of multi-functionality of metasurfaces in OTs. This type of optical particle
sorting discards the process of coloring, resolving, and charging required in the current
common sorting methods. Simply, the movement of particles can separate the particles
according to size. In addition, particles with similar refractive indexes can be sorted with
this method, which expands the application of optical sorting and improves the degree of
freedom of sorting. Meanwhile, planarized metasurfaces can be easily applied to the chip
to reduce the system’s volume. In addition, the planarization of the metasurface allows
these optical tweezers to be easily combined with other devices on chip.

3.6. Near-Field Optical Tweezers with Metasurfaces

The OTs with metasurfaces mentioned above can be classified as far-field OTs. For a
far-field OT, the beam converges to form the required light field distribution at a position
with a distance from the surface of the metasurface and then manipulates the target particles.
In this section, we introduce OTs with metasurfaces that trap particles on the surface of
the metasurface. This kind of OT with metasurface can be called near-field OTs. A typical
method utilized by near-field OTs with metasurfaces is to trap the particles at the hot spots
between the metasurface cells. For example, Yang et al. developed OTs with quasi-bound
states in the continuum (quasi-BICs) [27]. Quasi-BICs can achieve high quality factor (Q
factor) resonances as well as high field enhancement. The metasurface comprised oval
Si nano blocks on the silica substrates, as illustrated in Figure 13a—c. With the help of a
quasi-BICs system, the field enhancements were observed between cells. SiO, nanoparticles
are shown trapped at the series of focal spots as green spheres in Figure 13a.

Figure 13. (a) The schematic diagram of the symmetry-protected quasi-BIC metasurface. (b,c) The
schematic diagram of a unit cell. Geometrical parameters are Py = 894 nm, P, = 515 nm, a = 445 nm,
b=216 nm, H = 175 nm, and 6 = 5°. Reprinted (adapted) with permission from ref. [27] ACS Photonics
2021, 8,7, 1961-1971. Copyright 2021 American Chemical Society.

Jiang et al. designed a plasmonic nano-ellipse metasurface composed of oval gold
nano blocks on a silica substrate [56]. Nano blocks were arranged on rectangular grid
points, with the long axes of any adjacent nano blocks perpendicular to each other, as
shown in Figure 14a,b. The linearly polarized beam was incident from the direction of
the nano blocks. By rotating the polarization angle, it is possible to turn on/off the hot
spots between adjacent nano blocks, as Figure 14c shows. The change of the hot spots then
conveys the trapped particles on the nano blocks due to the rotation of the incident beam,
as illustrated in Figure 14d.
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Figure 14. (a,b) The schematic diagram of the metasurface and its cells. (¢,d) The schematic diagram
of the transportation of the particles. The numbers on the purple elliptical cylinders indicate the order
in which the particles pass through them. (e) Hot spots generated between adjacent nano blocks
in simulation. (f,g) The results for the optical forces on particles and the trapping of the particles.
Adapted from ref. [56]. © 2018 Optica Publishing Group. Users may use, reuse, and build upon the
article, or use the article for text or data mining, so long as such uses are for non-commercial purposes
and appropriate attribution is maintained. All other rights are reserved.

Another method adopted is to generate SPPs with the help of the metasurface and
obtain optical manipulation with the SPPs. Rahim et al. [57] and Safkat et al. [58] followed
similar ideas, both utilizing two groups of V-shaped metasurfaces. When the beam was
incident, SPPs generated by the two metasurfaces were coherent, and the interference field
was formed over the substrate. Hence, the central region of the substrate had a continuous
distribution of electric field, as Figure 15a shows. The interference field can exert optical
forces on particles on the substrate’s surface and directionally manipulate them. Rahim’s
work successfully exerted intriguing optical pulling forces on particles regardless of their
materials, as the arrow in Figure 15b shows. According to their calculation, particles with
sufficient radii were subject to the pulling force regardless of their material. Meanwhile, it
is worth noting that Safkat drew interesting conclusions for smaller particles (with radii of
around 200 nm) under similar configurations. For particles of different materials (dielectric,
plasmonic, or chiral objects), the direction of the optical forces pointed to different paths
through numerical study, as shown in Figure 15c—e. These results indicate the system’s
potential for being applied to optical sorting.

In addition to the coherence of SPPs from two sets of metasurfaces, the characteristic
of metasurface cells being able to arrange independently at will provides a new possibility
for near-field optical manipulation. For example, Yang et al. designed metasurfaces with
cells arranged as a right-hand Archimedes’ spiral on a golden film [59]. Each cell was
composed of two V-shaped nanocavities, as Figure 16a shows. When the linearly polarized
beam was incident, the SPP formed as a halo, and the particles could be trapped at the hot
halo. It should be noted that the specially arranged nanocavities introduced the OAM into
the incident linearly polarized beam, enabling the system to rotate the trapped particles
without the help of OVs. As Figure 16b shows, particles were trapped at the halo, and the
optical forces drove them to rotate along the halo.
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Figure 15. (a,b) The schematic diagram of the metasurface. The white arrow in (b) indicates that
the particles were pulled towards the source. Reprinted from ref. [57] Opt. Commun., 508 (2022)
127679, M. Jiang, G. H. Wang, W. H. Xu, W. B. Ji, N. M. Zou, H. P. Ho, X. P. Zhang, Two-dimensional
arbitrary nano-manipulation on a plasmonic metasurface, Copyright (2022), with permission from
Elsevier. (c—e) Schematic diagram of the metasurface and the principle of the sorting of the particles
based on their materials. Adapted from ref. [58]. Permission conveyed through Copyright Clearance
Center, Inc.
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Figure 16. (a) Schematic diagram of the setup of the metasurface. (b) Optical forces exerted on the
particles. The blue curves indicate the potential wells where the particles can be trapped. Adapted
from ref. [59].

Near-field OTs trap targets on their surface. With the help of delicate metasurface
devices, the OT systems become smaller and more planar. This characteristic further
expands the application scope of OTs with metasurfaces on chips. Moreover, metasurfaces
in near-field OTs show a good field enhancement effect (typically with the help of SPP
or quasi-BIC). This feature enhances the trapping depth of particles and tempers the
requirements for light source power without weakening the trapping effect, making the
near-field OTs with metasurfaces more widely used. By adjusting the metasurfaces or the
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incident beams, these near-field OTs with metasurfaces can accurately locate the potential
well’s exact position and exhibit more flexible trapping and manipulation capabilities.
The OTs mentioned above have not entirely overcome the shortcomings of the traditional
evanescent wave near-field OTs; for example, the evanescent wave decays rapidly in a
short distance and cannot manipulate the target particles at a longer distance. However,
such innovations have provided a new degree of freedom for the optical field control of
near-field OTs, providing near-field OTs with broad development prospects.

4. Conclusions and Outlook

In this review, we introduced the current development of OTs with metasurfaces. First,
metasurfaces can effectively replace traditional objective lenses in OT systems. Metasurface
devices greatly reduce the volume of devices and improve the flexibility of OTs. Although
there are still some defects, the application of metasurfaces brings tremendous potential
for OTs. Second, a single metasurface can integrate the phases of various devices, and
even various functions, further improving the miniaturization of devices. Meanwhile,
this feature also reduces the requirements for the accuracy of optical path assembly and
optical axis alignment, improving the system’s reliability. The merits of metasurfaces for
the generation of complex structured beams make it easier to use OTs with metasurfaces
to apply structured beams. Third, using a single metasurface, the dynamic manipulation
of particles in the beam can be obtained through simple modulation of the incident beam.
Metasurfaces provide more freedom for optical manipulation in OTs. The flexible and
simple operation also makes active particle sorting possible. With the development of
dynamic manipulation, optical conveyor belts have also been obtained. It is also possible
to sort particles passively according to their movement rates without artificial control,
demonstrating a new and more straightforward way of sorting particles without losing
accuracy. Finally, metasurfaces play a role in near-field OTs. The metasurface can help
accurately locate the trapping position, improve the local field strength to improve the
trapping ability, or modulate the light field distribution to expand the manipulation ability.
In general, the application of metasurfaces in OTs has brought new characteristics and
advantages for OTs. These advantages can be attributed to four features of metasurfaces:
miniaturization, integration, multi-function, and planarization.

e  First, metasurface devices effectively reduce the volume of the OTs, making the OTs
more flexible. The connection of the production process of the metasurface and the
chip also means that OTs with metasurfaces have unique advantages on chips. These
features reflect the advantages of the miniaturization of the metasurface.

e  Second, multiple devices can be integrated into a single ultra-thin metasurface, and the
system’s compactness is further improved. Meanwhile, metasurfaces have performed
excellently in the generation of complex structured beams. This makes the application
of metasurface in OTs promising. The merit of integration is clearly shown.

e  Third, metasurfaces expand the freedom of light field control, making dynamic ma-
nipulation more flexible. Active or passive optical sorting with the help of OTs with
metasurfaces is also uniquely improved compared with the current methods. Ow-
ing to the multi-function of the metasurface, OTs with metasurfaces have developed
such applications.

e  Fourth, OTs with metasurfaces have great advantages in the lab-on-chip, which can be
easily combined with various devices. The free arrangement of metasurfaces can make
near-field OTs distribution more controllable and achieve more flexible manipulation.
The planarization of the metasurface endows the OTs with these properties.

Of course, when using metasurfaces, it is necessary to consider some of their short-
comings. For example, the efficiency is lower than that of traditional objective lenses,
and the Nyquist sampling theorem limits the width of the phase fringes displayed on the
metasurfaces. However, for many applications, the merits of metasurfaces outweigh such
flaws. Novel metasurfaces, with their special advantages in beam modulation, are bound
to contribute to great achievements in developing OTs in the future.
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