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Recent development of particle manipulation has led to high demand for dynamic optical tweezer
structures. However, confining and rotating a single microparticle in the far-field region with a uniform
potential distribution remains a complicated task. A plasmonic vortex lens (PVL) has been proven to
easily rotate the dielectric particle owing to its effect on orbital angular momentum (OAM). Here we
propose and demonstrate PVL multiple arms with a circular groove (CG). The device consists of
a multiple arm spiral slit that generates a plasmonic vortex (PV) and a circular groove to bring the PV
from the surface to the far-field region. Numerical simulations are performed to calculate the intensity
distribution of the primary ring, the optical force and potential. The primary ring size can be adjusted
using different polarization directions. PVL 2-arms with a CG has primary ring sizes of 1082 nm under
right-handed circular polarization (RCP) and 517 nm under left-handed circular polarization (LCP). Based
on these primary ring sizes, a 1 pm polystyrene (PS) bead can be rotated under RCP with a minimum
required power of 7.45 mW and trapped under LCP with a minimum required power of 11.84 mW. For
PVL 4-arms with a CG under RCP illumination, we optimize the uniform potential distribution by
carefully selecting the radius of the groove. Using a groove radius of 1050 nm, we obtain the potential
difference between the smallest and largest depth along the x- and y-directions of only 70 kgT/W with
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1. Introduction

The ability to trap and rotate particles has attracted much
attention recently.” It opens a new venue for studying the
conformational change of DNA or proteins and a range of
applications in microsystems such as micro-rotors, micro-
blenders, and optical spanners.>* The first invention of
optical tweezers by A. Ashkin leads to a significant impact on
particle manipulation.>® However, conventional optical twee-
zers suffer from a propensity to photobleach and photodamage
the particle due to the high laser power required to increase the
gradient force.”® A polarization-shaped optical vortex trap has
been used to minimize this radiation damage.”

An optical vortex (OV) is associated with orbital angular
momentum (OAM), which carries a helical phase ™ (I is the
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to manipulate microparticles for micro-rotors, cell dynamic analysis, etc.

topological charge and ¢ is the transverse azimuthal angle) with
a dark spot and phase singularity at its center.'*** For decades,
OAM has been applied to many science branches, such as
optical communication, quantum entanglement, non-linear
optics, optical machining, and optical tweezers.** The transfer
of OAM between the OV and particle can induce a rotational
motion by exerting an optical orbital torque to the micro-
object.”*® OV tweezers have been proposed to trap and rotate
the particle, such as a 1D gold dimer array,” perfect optical
vortices (POVs) with two axicons,”® metallic particle trimer
trapping,”* and single vortex-pair beams.>* This OV based on
OAM also has been utilized to rotate various kinds of tiny
objects, such as red blood cells, calcite, silica, and vaterite
particles.*

Surface plasmon polaritons (SPPs) efficiently generate a high
field intensity localization and break the subwavelength
diffraction limit.>** In addition, a particle trapped by plas-
monic optical tweezers (POT) and rotated by a plasmonic vortex
(PV) result in a more precise position and radius of path.***
Based on the OV experiment, the particle positioning in the
focal doughnut is required to minimalize the scattering force
that can repel the particle,®* which limits the flexibility in
application. Meanwhile, the dominant gradient force by a PV
can overwhelm this drawback."®

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Taking advantage of polarization-sensitivity of the plasmonic
spiral structure, selective trapping or rotation of an isotropic
dielectric particle under circular polarization has been success-
fully demonstrated. A three-turn Plasmonic Archimedes spiral
(PAS) with a total diameter of about 11.9 pum is required to
enhance the SPP field strength.** A pair of nanocavities arranged
geometrically as a right-hand Archimedes spiral also succeeded
in trapping and rotating particle under linear polarization own-
ing to its structure chirality.*> However, the generated electric
fields from both structures are not uniform due to the damping
effect of SPPs.** To overcome this obstacle, we apply a plasmonic
vortex lens (PVL) multiple arm spiral slit with a circular groove
(CG) to levitate the microparticle in the far field and rotate it with
uniform potential distribution. A PVL with a multiple arm spiral
has been widely used to generate a PV due to its compactness and
substantial field enhancement in an evanescent field region.>**°
The inscribed CG as a diffractor inside the PVL could bring PV
away from the surface and cause the primary ring to rotate the
microparticle in the far-field region. To the best of our knowl-
edge, research about a CG inscribed in the PV tweezers for rota-
tion in the far-field region has never been conducted. This paper
analyzes the electric-field intensity distribution and trapping
performance of the structures. We use PVL 2-arms with a CG to
produce two different ring sizes under opposite polarization
directions. After integrating the force on the surface of a 1 um
polystyrene (PS) bead along the x- and y-directions, we achieve
the dynamic manipulation of the PS bead by adjusting the
polarization. To observe uniform potential distribution, we
carefully select the radius of the groove of PVL 4-arms with a CG
and calculate the difference of potential between the smallest
and largest depth along the x- and y-directions. The overall effects
of polarization and geometrical parameters on the structure are
comprehensively studied. Our proposed design provides
dynamic microparticle manipulation with compact and highly
integrated on-chip optoelectronic devices.

2. Method and design

The schematics of PVL multiple arms are illustrated in Fig. 1.
Each arm of the PVL is made of an Archimedes spiral slit. The
spiral slit with multiple arms can be described as:*

r=ry+ %mod(mqﬁ, 2m) (1)
where m is the number of the segments, mod is the remainder
of the division of mg by 2w, and ¢ is the azimuthal angle
ranging from 0 to 27. The initial radius of the first arm r, is
5Aspp- Aspp 18 the effective SPP wavelength equal to 788 nm for
the illuminating wavelength of 1064 nm with a gold/water
interface. The distance between the end segment of the spiral
slit and the start of the next spiral slit is kept as Aq,p. The
complex dielectric constant of gold is described by using the
Lorentz-Drude Model.** The thickness of the gold T is 150 nm
and the width of the slit wq is 200 nm. The gold film is deposited
on a glass substrate.

When the incident light (A = 1064 nm) with topological
charge [ excites the PVL structure from the back of the glass

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Schematics of PVL multiple arms.

substrate, it generates a PV. This topological charge can be
described as the sum of the geometrical vortex charge of the
proposed plasmonic lens m and the additional angular
momentum +1 which depends on the polarization of incident
light. The numerical finite element method (FEM, Comsol
Multiphysics 5.3) is used to investigate the electromagnetic near
field of a PVL. Fig. 2 and 3 show the simulation results of the
near-field intensities of a PVL with the number m of arm
segments 1, 2, 3, and 4, respectively. Under right-handed
circularly polarized (RCP) illumination (I = m + 1) as shown in
Fig. 2, the topological charges for structures with m = 1, 2, 3,
and 4 are 2, 3, 4, and 5. As shown in Fig. 3, a PVL single arm
shows a bright intensity spot at the center of the structure under
left-handed circularly polarized (LCP) illumination, while the
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Fig. 2 FEM simulation results of intensity distributions of various arm
spiral slits under RCP illumination in the near-field region.
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Fig. 3 FEM simulation results of intensity distributions of various arm
spiral slits under LCP illumination in the near-field region.

other lenses have a ring-shaped intensity distribution. The
topological charges under this polarization for structures with
m=1,2,3,and 4 are 0, 1, 2, and 3. These results agree with the
theoretical expectation of where the sign is associated with the
polarization direction of incident light. It proves that the OAM
per photon of an SPP vortex has increased by geometric vortex
topological charge m.

The diameter of the ring-shaped intensity gets larger with the
increased amount of topological charge, as shown in Fig. 4.
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Fig. 4 Comparison of intensity profiles and sizes of the primary ring
along the x-direction under (a) RCP illumination and (b) LCP
illumination.
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However, the electric-field intensity decreases with the increase
in topological charge because a PVL with a larger diameter
causes more propagation loss of the SPP wave. The size of the
primary ring along the x-direction under RCP is larger than that
under LCP. These results have good agreement with ref. 31. The
smallest ring size results from PVL 2-arms under LCP illumi-
nation (dying = 450 nm), while the largest ring size results from
PVL 4-arms under RCP illumination (dying = 1624 nm), which is
larger than the values reported in previous studies with dyjng <
1.5 pm (ref. 34) and dy;n, = 956 nm.** However, PVL single arm
and 3-arms have non-symmetric maximum intensity distribu-
tions under RCP illumination, where the intensity on the right
side of the ring is lower than that on the left side. This result
shows that the geometric structure influences the symmetrical
intensity distribution of the plasmonic vortex beam. Based on
this, we choose PVL 2-arms and 4-arms to observe dynamic
manipulation and obtain uniform potential distribution
performance.

3. Results
3.1 PVL with a CG for the far-field region

Fig. 5(a) shows the schematic of PVL 2-arms with a CG. The
depth of the groove D, is 100 nm and the groove width w; is
200 nm. After simulating several groove radii r,, we select PVL 2-
arms with a CG with an r, of 800 nm, which generates the
primary ring at z = 1000 nm under RCP and LCP illuminations,
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Fig. 5 (a) Structural parameters of PVL 2-arms with a CG. Simulated
electric field intensities of PVL 2-arms with a CG in the x—z plane under
(b) RCP illumination and (c) LCP illumination, and in the x—y plane
under (d) RCP illumination and (e) LCP illumination. (f) Intensity profile
comparison between RCP and LCP illuminations along the x-direction
at z = 1000 nm. The sizes of the primary ring are 1082 nm (RCP) and
517 nm (LCP).
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as shown in Fig. 5(b) and (c). Fig. 5(d) and (e) show the corre-
sponding intensity distributions in the x—y plane at z = 1000 nm
that show the generated primary rings under both polariza-
tions. The resulting ring sizes are 1082 nm under RCP and
517 nm under LCP as shown in Fig. 5(f).

For PVL 4-arms with a CG shown in Fig. 6(a), we use the same
values of D, and w, as those for PVL 2-arms with a CG. We select
two groove radii that give different results under RCP illumi-
nation. When 7, is determined to be 700 nm, the far-field
focusing fails to be generated, as shown in Fig. 6(b). Mean-
while, PVL 4-arms with a CG with an r, of 1150 nm successfully
produces the primary ring at z = 1000 nm, as shown in Fig. 6(c).
These results show that the occurrence of a primary ring in the
far field depends on an appropriately selected groove radius.
Fig. 6(d) and (e) show the x-y plane intensity distributions
under LCP and RCP polarizations at z = 1000 nm. The inset of
Fig. 6(d) shows the intensity distribution in the x-z plane,
proving that the far-field focusing can also be obtained in the
opposite polarization direction. The primary ring sizes are
1784 nm and 1126 nm under RCP and LCP illuminations, as
shown in Fig. 6(f).

3.2 PVL 2-arms with a CG for trapping and rotating particles

To demonstrate dynamic particle manipulation of PVL 2-arms
with a CG, we use a 1 um PS bead (n = 1.59) and mount the
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Fig. 6 (a) Structural parameters of PVL 4-arms with a CG. Simulated
electric field intensities of PVL 4-arms with a CG under RCP illumi-
nation for an rg of (b) 700 nm and (c) 1150 nm. Simulated intensity
distributions for an ryq of 1150 nm under (d) LCP illumination and (e)
RCP illumination in the x—y plane. (f) Intensity profile comparison
between RCP and LCP illuminations along the x-direction at z =
1000 nm. The sizes of the primary ring are 1784 nm (RCP) and 1126 nm
(LCP).
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device in a water environment (2 = 1.33). The gradient force can
be obtained by integrating the Maxwell stress tensor (MST, Ty)
on the external surface of the PS bead, as defined by using the
following equation:

<TM>:<FExm§x %(5f+ﬁ.§)1> @)

where E, D, H, and B are the electric field, electric displacement,
magnetic field, and magnetic flux, respectively. The total time-
averaged electromagnetic force F on the surface enclosing the
particle can be calculated by using the following equation:

F= %((Tw A)ds 3)

where 7 is the unit vector perpendicular to the integration
surface. The optical potential U is obtained by integrating the
force on the PS bead surface along different directions:

U= —J.F-ds @)

Fig. 7(a) and (b) show that the PS bead is dragged by the
optical forces (Fy, F,) into the primary ring region and rotated in
an anti-counter-clockwise direction under RCP illumination.
The diameter of the particle rotation path is 700 nm with the
deepest potentials of U, = 1513 kgT/W and U, = 1342 kgT/W as
indicated by the blue dashed line, meaning the required
minimum power for stable rotation is 7.45 mW, where kg is the
Boltzman constant and T is the temperature. However, this
optical rotation does not occur under LCP illumination. In
Fig. 8(a) and (b), the deepest potentials occur around x = 0 and y
= —200 and 300 nm with U, = 3580 kgT/W and U, = 844 and 912
kgT/W. This indicates that under LCP illumination the particle
will be trapped rather than rotated because the primary ring size
is smaller than the diameter of the PS bead, and the minimum
required trapping power is 11.84 mW. Switching the
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Fig.7 Calculated optical performances of PVL 2-arms with a CG using
a 1 pm PS bead. Rotating force (F,, F,) and rotating potential U along
the (a) x-axis and (b) y-axis under RCP illumination.
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Fig. 8 Calculated optical performances of PVL 2-arms with a CG
using a 1 um PS bead. Rotating force (F,, F,) and rotating potential U
along the (a) x-axis and (b) y-axis under LCP illumination.

polarization direction can realize different optical manipulation
behaviors for PVL 2-arms with a CG. The particle with a diam-
eter of 1 um will be rotated under RCP illumination and trapped
under LCP illumination.

3.3 PVL 4-arms with a CG for rotating the particle with
a uniform potential distribution under RCP illumination

To observe the uniform potential distribution of the primary
ring for particle rotation under RCP illumination, we simulate
PVL 4-arms with a CG with different parameters. PVL Ahas an ry
0f 1050 nm and PVL B has an r, of 1150 nm with the same 7, wy,
and w, of 3940, 200, and 200 nm. Parameters of PVL C are ob-
tained from the SEM image of the fabricated structure. After
milling by using a focus ion beam (FIB), the actual ry, Wy, and r,
of PVL C are 3940, 120, and 1110 nm with different slit widths
for each arm, as shown in Fig. 9(a). The structure is compact
and 10.24 pm in diameter.

Fig. 9(b)—(d) show the intensity distributions in the x-z plane
under RCP illumination and Fig. 9(e) and (f) show the optical
potentials along the x-axis and y-axis for PVL A, B, and C. PVL A
has a more uniform potential distribution compared to the
others. The difference between the smallest and largest depths
is only 70 kgT/W. Meanwhile, PVL B and PVL C have larger
differences of 285 and 204 kgT/W, respectively. In addition, we
can reduce the minimum required power from 19.45 mW (PVL
B) to 14.86 mW (PVL A). For conventional optical tweezers, this
power would increase the temperature of the system and may
lead to the photodamage of particles.®* However, OV has been
proven to have a less damaging effect because the laser energy is
spatially more dispersed. For example, under a laser beam
power of 75 mW, the mitochondria (stained with Mitotracker
green dye) trapped by conventional optical tweezers show the
photobleaching phenomenon more rapidly than that trapped
by the vortex trap. Moreover, the mitochondria trapped by OV
has a stable fluorescent signal.” These suggest that our
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Fig. 9 (a) SEM image of the fabricated PVL 4-arms with a CG (PVL C).

Intensity distributions in the x—z plane for (b) PVL A (rg = 1050 nm), (c)
PVL B (rqg = 1150 nm), and (d) PVL C (rq = 1110 nm). Optical potentials of
PVL A, B, and C along the (e) x-axis and (f) y-axis.

minimum required power would not significantly cause pho-
todamage. Compared to the PAS structure,® our proposed
design has lower required minimum power for rotating the
particle and a more compact size. This PAS structure also has
a non-uniform potential distribution along the particle rotation
path. However, PAS successfully stably traps and rotates a 1 pm
PS bead experimentally with optical powers ranging from 40 to
80 mW despite the non-uniform potential distribution from
simulation. Based on this, we also conducted the rotation
experiment using PVL C.

We put the sample in a homemade chamber containing
PDMS, glasses, and cover glass. The mixed solution of 0.002% 1
um PS bead and 1% surfactant is added into the chamber.
Fig. 10(a) shows an optical manipulation laser system. A
1064 nm near-infrared laser beam with x-polarization passes
through the collimator and is converted to RCP illumination by
using a quarter-wave plate. Then the beam is reflected by using
a mirror and focused by using a 20x objective lens before
hitting the backside of the sample.

A CCD camera connected to a computer and a Halogen lamp
through a 20x objective lens are used to record the motion of
the PS bead. As shown in Fig. 10(b), a PS bead is successfully
rotated in the anti-clockwise direction via observation from the
four quadrants indicated by the cross sign. The particle
sequentially moves from the fourth, first, second, and third
quadrants. The images are extracted from the video (ESI
Sectiont). Compared to the symmetric plasmonic lens, such as
holographic plasmonic tweezers and a 3D nanotip,*** the
alignment between the singularity of the beam and the precise
center of the Archimedes spiral structure is not required.” Our

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (a) llustration of an optical manipulation laser system. (b)

Images of particle rotation using a PVL C under RCP illumination
extracted from ESI Sections.f The particle indicated by the white arrow
rotates in the anti-clockwise direction.

design offers an easy way to rotate micro-particles and a more
compact structure for experimental realization.

4. Conclusion

We present PVL multiple arms with a CG to generate a PV in the
far-field region. The radius of the CG is designed to bring the PV
from the surface to the far field with uniform potential distri-
bution. Switching the polarization direction can generate
different sizes of the primary ring, which can be used for
dynamic optical manipulation. For PVL 2-arms with a CG, the
primary ring size can be adjusted to 1082 nm under RCP illu-
mination and 517 nm under LCP illumination. We evaluate the
optical manipulation performance using a 1 um PS bead.
Optical rotation occurs under RCP illumination with the
minimum required power of 7.45 mW. Meanwhile, optical
trapping under LCP illumination is obtained with the
minimum required power of 11.84 mW. We carefully select the
groove radius of PVL 4-arms with a CG to achieve a uniform
potential distribution. PVL 4-arms with a CG with a groove
radius r, of 1050 nm has the lowest potential difference between
the smallest and largest depth along the x- and y-directions,
which is 70 kgT/W with the minimum required rotating power of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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14.86 mW. Our approach offers an easy way to study DNA and
protein characteristics and is easy to apply to the lab-on-chip
field.
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