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1. Introduction

Since Ashkin first proposed optical tweezers (OTs) in 1986,
this device has been widely used in many fields, including bio-
logical particle trapping®™), molecular manipulation'®”),
Raman spectroscopy® %), and so on!"'"'*), Compared to other
conventional mechanical tweezers, OTs can capture and
manipulate the entire particle in a non-direct contact and dam-
age-free manner, which is suitable for trapping vulnerable par-
ticles, especially in biological experiments!”%,

However, due to the limited optical gradient force and large
volume, the traditional OTs are incapable of trapping particles
stably on integrated chips!”'?). With the development of near-
field optics, the application of evanescent waves in OT's provides
a more effective particle capture method benefitting from the
enhanced light field?>?!!. A surface plasmon polariton (SPP)
is one of the surface waves propagating along the metal-dielec-
tric interface, shorter in terms of wavelength than that of the
incident light wave, which results in a stronger local electric field
intensity and higher spatial precision'*>**, So, SPPs have
potential applications in on-chip nanoparticle trapping.

In this Letter, we propose a counter-SPPs lens (CSPPL), com-
posed of two SPPs lenses on the SiO, substrate, to trap and
manipulate nanoparticles. Counter-propagating SPPs are
focused by the CSPPL to produce interference patterns, which
can provide a strong optical field to trap nanoparticles. The
influences of incident angle and initial phase difference on the
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A counter-surface plasmon polariton lens (CSPPL) is proposed to perform stable nanoparticle trapping by providing up to
120k, T optical potential depth. The optical potential depth is related to the incident angle and phase difference of the light
incident on two gratings of CSPPL. The depth of optical potential can be manipulated with negligible displacement by the
incident angle less than 20°. Both the depth and the center position of the optical potential well can be manipulated
by the incident phase difference. The study of stable and manipulatable optical potential on the CSPPL promotes the inte-
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interference fringes are also studied, which shows that the pat-
tern of interference fringes can be monitored freely on
the CSPPL.

2. Principle of Theory

Figure 1(a) illustrates the three-dimensional diagram of the
designed CSPPL, where there are two opposite positioned semi-
circular columns of silicon nitride with semi-major radius a and
semi-minor radius b on the Au-SiO, substrate. The center dis-
tance of two semicircular columns is w. Two gratings with a
period of A are fully etched on the Au film under the waveguides,
which are connected to the semicircular columns, respectively.
The coordinate origin point is set at the center of the CSPPL.

As depicted in Fig. 1(b), two Gaussian beams are incident on
the gratings with incident angles of 6; and initial phases of ¢;
(i=1,2) from the SiO, substrate to excite SPPs (22] The polari-
zation direction of the incident beams is perpendicular to the
gratings to obtain a high excitation efficiency of SPPs.

The excited SPPs propagating along the waveguide will be
manipulated by the semicircular column of the CSPPL as a
focusing lens to change the propagation path of SPPs. Two
focusing SPPs traveling from opposite directions interfere with
each other to form the stronger and weaker interference fringes
at the center of the CSPPL. The standing waves generated by the
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Fig. 1. Schematic illustration of the proposed CSPPL: (a) 3D view; (b) cross
section of y = 0.

interference provide strong and concentrated field intensity for
nanoparticles trapping.

When the radius of the nanoparticle is much smaller than the
wavelength of light, it can be taken as a Rayleigh particle in the
interaction with the light field. The gradient force of the light
field acting on the nanoparticle can be expressed as?!

F(r) = ag|[E(r)*/4, (1)

where a = Ve, (¢ — €,,) /¢ — 2¢,, is the polarizability of the par-
ticles with a volume of V. g, ¢, and ¢,, are the dielectric con-
stants of vacuum, particle, and background medium,
respectively. E is the electric field. r = (x,y,z) is the location
of the particle. Since the axial radiation scattering forces from
two counter directions of propagation are cancelled, it is reason-
able to neglect the scattering force!”"*). So, the optical trapping
potential at any point can be calculated by integrating the gra-
dient force along an appropriate path, which can be given as

Ulry) = - / " E(r) - dr. @)

o

In other words, the optical trapping potential is the energy
needed to remove the trapped nanoparticle from the trapping
point 7y to the infinity. On the basis of Ashkin’s stability cri-
terion, the depth of optical potential well U is required to be
more than 10k, T for stable trapping. In the following analysis,
we use this standard to verify whether the designed structure can
satisty the stable particles trapping.
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3. Results

The field distribution of SPPs on the CSPPL is given by the
method of finite-difference time-domain (FDTD). The param-
eters used in the simulation are as follows: the gratings period A
is 360 nm; the semicircular column waveguides are fabricated in
the 200 nm depth Au film with a =b=2.5pm and w =9 pm.
The relative permittivity of Au is —23.0211 + 1.43641i, corre-
sponding to an incident wavelength of 785 nm!*”). The refractive
indices of Si;N, and SiO, are 1.99 and 1.45, respectively[zs’”].
The whole structure is immersed in water with refractive index
n,, = 1.33 % The electric field distributions in three planes are
displayed in Fig. 2 with 1 W incident light on each grating, which
is the same in the following. Figure 2(a) is the intensity distribu-
tion on the x-y plane 100 nm above the surface of the Au film,
which shows a standing wave with multiple nodes. The intensity
distributions of the electric field in the cross sections of x = 0 and
y = 0are shown in Figs. 2(b) and 2(c), respectively. The intensity
of the evanescent wave decays exponentially when it is far away
from the surface of the Au film.

The interference field formed on the CSPPL provides an opti-
cal potential well for trapping particles. The optical forces for the
Au nanoparticle with a radius of 35 nm are calculated as shown
in Fig. 3. The optical forces along the x direction, y direction, and
z direction are given, respectively, in Figs. 3(a), 3(b), and 3(c),
where different colors of curves correspond to different semi-
major radii a with the same b = 2.5 um. As shown in Figs. 3(a)
and 3(b), the optical trapping forces F, and F, are zero at the
center point (x =0, y =0). When the Au nanoparticle is away
from the center point, the optical forces F, and F, increase
and are directed to the center point, which make the nanopar-
ticle move to the center point. In the z direction, the optical force
F, is directed to the Au surface and increases as the Au nano-
particle is far away from the Au surface, as shown in Fig. 3(c),
which makes the nanoparticle close to the surface. Considering
the size of the nanoparticle and the roughness of the substrate,
the optical force along the z direction is calculated from 50 nm
above the surface. The effective depth of the optical potential
well with 1 W incident light on each grating is given in Table 1.
The trap of the nanoparticle is mainly considered on the
x-y plane, so the trapping potential in the z direction is
not given. The optical potentials are all above 10k, T, which
meet the Ashkin’s stability criterion for nanoparticle trapping.
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Fig. 2. Intensity distributions of electric field in (a) z= 0.1 pm plane, (b) x = 0 plane, and (c) y = 0 plane.
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Fig. 3. Optical force along the (a) xdirection, (b) y direction, and (c) zdirection
for different semi-major radii a, respectively.

The optical force is different for the CSPPL with different

radii, since the focused SPP is due to the refraction on the arc
surface of the semicircular column. For the proposed CSPPL,

Table 1. Depth of Optical Potential Wells with Different Semi-Major Radii.

Radius a (pm) 23 25 21 29 31
Uy (ks T) 63.06 99.14 84.09 123.17 89.88
U, (kpT) 64.96 104.06 88.1 129.92 94.49

Vol. 20, No. 2 | February 2022

the focus points of two SPPs are closest to the center of the
CSPPL with a = 2.9 pm, and the strongest optical trapping force
is formed on the center for all three directions. So, the CSPPL
with a =29 pm and b =2.5pm is considered in the following
analysis.

The electric field distribution on the CSPPL is formed by the
interference of the SPPs from two gratings, so it is related to the
incident phase on the gratings. Figures 4(a)-4(e) show the elec-
tric field distributions along the x direction with the incident
phase difference A¢ = 0, 90°, 180°, 270°, and 360°, respectively.
It is found that the electric field in the center changes from bright
to dark gradually as A¢ increases from 0° to 180° and changes
back to bright as A¢ increases from 180° to 360°. At the same
time, the position of the interference fringes moves to right along
the x direction as the incident phase difference increases with a
period of 360°.

The electric field distribution is also related to the incident
angle, as shown in Figs. 4(f)-4(j). With fixed 8, = 0°, the inter-
ference fringes of the electric field move to right at first and then
move to left as 8, increases. When two beams are incident per-
pendicularly to the grating with 8, = 6, = 0°, the brightest anti-
node is on the center. When 6, increases from 0° to 34°, the
brightest antinode moves to right, leaving a dark node on the
center of the CSPPL. The brightest antinode moves back to
the center as the 0, increases to 43°, as shown in Fig. 4(j).

The incident phase can be changed freely, so the optical
potential formed by the electric field is manipulatable. The dis-
placement of the center antinodes in the x direction is shown in
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Fig. & Intensity distributions of the electric field in the x-y plane with (a)-
(e) different incident phase differences A¢ and (f)-(j) different incident
angles 6.
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Fig. 5. Effect of the incident phase difference A¢ and the incident angle 6, on the potential well. (a) Displacement of the center antinode along the xdirection as
afunction of the incident phase difference. (b) Optical potential as a function of the incident phase difference. (c) Displacement of the center antinode along the x
direction as a function of the incident angle. (d) Optical potential as a function of the incident angle.

Fig. 5(a), where the displacement increases as the incident phase
difference A¢ increases. It is obvious that the optical potential
depth decreases as the phase difference increases in both direc-
tions in Fig. 5(b). So, both the position and the depth of the opti-
cal potential can be manipulated by the incident phase difference
with a period of 360°.

Figure 5(c) gives the displacement of the brightest antinode in
the x direction as a function of the incident angle 8,. When the
incident angle changes from 0° to 20°, the displacement of the
brightest antinode in the x direction is negligible. When the inci-
dent angle further increases to 34°, the center antinode has a
maximum displacement of 0.08 pm. Figure 5(d) gives the rela-
tion of the optical potential of the brightest antinode and the
incident angle. The optical potential depth increases first to
obtain the deepest at #, = 8° and then decreases. This is because
the best phase matching is obtained to excite the SPPs with
0, = 8°. The optical potential of the brightest antinode has a
depth of about 190k, T with negligible displacement when 6, =
8° and 6, = 0°, which is beneficial to the nanoparticle trapping.
So, the optical potential depth can be manipulated with the inci-
dent angle with negligible displacement of the trapping center.

4. Conclusion

In conclusion, the structure of the CSPPL is proposed to provide
manipulatable optical potential for trapping nanoparticles in

integrated optics. The designed CSPPL performs a stable capture
of the Au nanoparticle with a radius of 35 nm. The incident
phase difference can manipulate both the optical potential depth
and the optical trapping position at the same time with a period
of 360°, while the incident angle can manipulate the optical
potential depth without the displacement of trapping center.
A manipulatable optical potential will promote the development
of optical trapping in integrated optics.
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