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Strong plasmonic focal spots, excited by radially polarized light on a smooth thin metallic film, have been widely
applied to trap various micro- and nano-sized objects. However, the direct transmission part of the incident light
leads to the scattering force exerted on trapped particles, which seriously affects the stability of the plasmonic trap.
Here we employ a novel perfect radially polarized beam to solve this problem. Both theoretical and experimental
results verify that such a beam could strongly suppress the directly transmitted light to reduce the piconewton
scattering force, and an enhanced plasmonic trapping stiffness that is 2.6 times higher is achieved in experiments.
The present work opens up new opportunities for a variety of research requiring the stable manipulations of
particles. © 2018 Chinese Laser Press

OCIS codes: (260.5430) Polarization; (350.4855) Optical tweezers or optical manipulation; (250.5403) Plasmonics.
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1. INTRODUCTION

Optical traps, originating from forces induced by electromag-
netic fields, have been extensively used as a powerful scientific
tool to study the physical, chemical, and biological character-
istics of micro-/nano-objects [1,2]. Metal particles, based on
their special chemical and physical properties, possess extensive
applications in various areas including spectroscopy, catalysis,
and bio-/medical science and techniques [3]. However, it is
well known that metallic particles are hard to trap by traditional
optical tweezers due to their high absorption and reflection
features. Recently, many approaches have been proposed to
enhance the gradient force or suppress the scattering force to
increase the trapping efficiency, such as trapping of Rayleigh
particles [4,5] or employing plasmonic nanostructures [6–8].
However, high precision and strong robustness and dynamics
are hard to achieve at the same time. Focused plasmonic tweez-
ers, which are based on surface plasmon polarizations (SPPs)
excited on a thin metal film, have exhibited an enhanced
attractive force for trapping various micro- and nano-sized met-
allic particles and nanowires [9–11]. Such a trapping technique
has shown great potential in many applications, such as the
fabrication of nanostructures [12,13], detection of orbital
angular momentum (OAM) [14,15], and dynamic surface-
enhanced Raman spectroscopy (SERS) for single molecule
detection [11,16,17].

To achieve high performance of the plasmonic tweezers in
such applications, the trapping stiffness is a key issue. Stable

trapping and manipulation of particles are in high demand
in nanofabrication, sensing, and quantum technologies, which
actively promotes the development of techniques for trapping
stiffness improvement. However, plasmonic trapping stiffness is
inevitably affected in various terms from the Brownian move-
ment to thermal convection [18]. The most direct way to
enhance the stiffness is by reducing the negative heating effect;
thus, cooling has become a popular method and has been
widely used in trapping systems [19,20]. Nevertheless, the cool-
ing module is always cumbersome, and in the all-optically ex-
cited SPP trapping systems, the thermal effect is not strong [9],
resulting in a limited improvement in trapping stiffness. Besides
cooling, another candidate for stiffness enhancement is by
enhancing the trapping gradient force and suppressing the
repulsive scattering force, which requires refined designs of
the excited plasmonic fields as well as the incident light beams.

In this work, we investigate how to reduce the scattering
force and enhance the plasmonic trapping stiffness through
a novel perfect radially polarized beam (PRPB) [21]. Although
the radially polarized beam (RPB) is an effective way to excite
the focused SPP field for trapping [9], its directly transmitted
light through the thin metallic film causes a strong scattering
force acting on the particle to strengthen the Brownian move-
ment. Here, based on theoretical and experimental studies, we
demonstrate an effective method for improving plasmonic trap-
ping stiffness by employing two axicons to compress the inci-
dent RPB into a PRPB. The whole energy of the generated
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PRPB is confined into a very sharp ring with tunable diameter
to fit the SPP exciting angle. Consequently, most direct trans-
mission through the metallic film is suppressed, while the
exciting efficiency of SPP is increased to provide a stronger trap-
ping force. The experimental results verify the enhancement of
the trapping stiffness and present the reduced Brownian move-
ment. We believe that this method could become a very prac-
tical way for enhancing the performance of plasmonic trapping
and manipulation in chemical and physical lab-on-a-chip
research.

2. EXPERIMENTAL SETUP AND METHODS

In the all-optically excited SPP tweezers [4], RPB is usually em-
ployed due to its high SPP coupling efficiency compared with
other polarizations [22]. However, when the RPB is tightly fo-
cused onto the metal film by a high-numerical-aperture (NA)
objective, the SPP is only excited at the strict angle that satisfies
the wavevector matching condition. The light of the RPB at
other angles is reflected, absorbed, or transmitted by the metal
film, where the transmitted part would increase the scattering
force and the absorbed part would generate heat, both decreas-
ing the trapping stiffness. To reduce the influences of the trans-
mitted and absorbed lights, there is a simple choice to block the
inner transmitted part of the RPB [23]; however, most of the
energy is wasted and the SPP exciting efficiency is not im-
proved. To further enhance the SPP exciting efficiency, the best
choice is to concentrate the whole energy of the light into a very
sharp ring to fit the SPP exciting angle.

The recently developed perfect optical vortices (POVs) pro-
vide a good candidate that can confine all incident energy into a
sharp bright ring with a tunable radius independent on the
topological charge [24–26]. Here, the idea of PRPB follows
the concept of a POV beam whose topological charge is set

to be zero and whose polarization state is chosen as radial
polarization. The PRPB can be efficiently generated by two co-
axial axicons in an experiment with a tunable radius [27,28].

Herein, a PRPB-based plasmonic tweezers configuration is
proposed that employs two axicons to compress the incident
RPB into a thin PRPB for establishing a stiffness enhanced trap,
as shown in Fig. 1(a). The incident beam is first expanded by
using a telescope system (L1 and L2). Then it becomes linearly
polarized by a polarizer (P1), and the polarization is modulated
by a half-wave plate (HWP). A vortex retarder (VR, Thorlabs
Inc.) is employed to generate the RPB, and another telescope
system (L3 and L4) is used to expand the beam to fit the back
aperture of the highly focused objective (NA � 1.49). A PRPB
could be generated from a RPB by replacing the telescope
system (L3, L4) with two coaxial axicons (A1, A2). Then
the energy could be confined into a thin ring, and the parallel
annular beam diameter can be modulated by changing the
distance between A1 and A2 [26].

The generated RPB or PRPB is then tightly focused by an
objective (NA � 1.49) onto the bottom of a gold film. The
gold film with a thickness of 50 nm was coated onto a cleaned
glass coverslip using thermal evaporation deposition to excite
the plasmonic trapping field. The gap between the objective
lens and the glass substrate is filled with index-matching oil.
Gold particles (0.5–1.0 μm, Alfa Aesar Inc.) were diffused into
water and dripped onto the gold film as trapping samples. From
CCD2, the trapping process under a self-built dark field illu-
mination (light-emitting diode, LED) could be captured
in time.

Figure 1(b) depicts the SPP excitation process by a focused
RPB. When the RPB is focused onto the bottom of the gold
film, a small part of the RPB (whose deflection angle fits the
SPP exciting angle θspp) can excite the SPP on a ring-shaped
region of gold film [SPP excitation ring in Fig. 1(b)]. Then the

Fig. 1. Dynamic plasmonic tweezer system construction and two types of excitation optical beam generation. (a) Technical schematic of the
generating RPB and PRPB for the optical tweezer system. The RPB generated by vortex retarder (VR) is also the PRPB generated by changing
telescope system (L3, L4) with two axicons (A1, A2). (b) Technical schematic of the SPP excitation process for a focusing RPB. The black arrows
indicate the radial polarization directions. (c) The profile of the reflected light obtained at the back focal plane for RPB. (e) The profile of the reflected
light obtained at the back focal plane for PRPB.
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excited SPP acts as a circular source propagating towards the
center [green arrows in Fig. 1(b)] and finally forms a sharp plas-
monic focal spot at the center by SPP constructive superposi-
tion, which can serve as a highly concentrated source to trap
metal particles [4]. Simultaneously, a part of the RPB directly
transmits through the gold film and forms a focus above the
film, and the other part of the RPB is reflected or absorbed
by the gold film.

The profiles of reflected light at the back focal plane can be
obtained by CCD1 in Fig. 1(a), and the results are shown in
Figs. 1(c) and 1(d) for the RPB and PRPB, respectively. The
sharp dark rings in Figs. 1(c) and 1(d) represent the almost zero
reflection at the SPP exciting angle [29], verifying that the SPP
has been efficiently excited at the ring-shaped position in both
cases. Here the diameter of the PRPB is modulated to perfectly
match the SPP exciting angle, thus improving the SPP exciting
efficiency and eliminating the influence of directly transmit-
ted light.

3. RESULTS AND DISCUSSION

To demonstrate that the PRPB is more efficient than the RPB
in a plasmonic trap, the finite difference time-domain (FDTD)
method is used to calculate the electric field distributions of the
SPP at the gold–water interface. As shown in Figs. 2(a)–2(c),
the schematics depict three cases: two cases with SPP excitation
(RPB and PRPB with high-NA focusing) and the other one
without SPP excitation (RPB with lower-NA focusing). The
black arrows in the cross sections of all beams indicate the radial
polarization directions. The very narrow yellow ring in the

beam cross section represents part of the beam fitting the
SPP exciting angle [corresponding to the dark ring shown in
Figs. 1(c) and 1(d)]; thus, here the diameter of the PRPB is
optimized to just cover the yellow ring, as shown in Fig. 2(b).
To clearly show the effect of the directly transmitted light, in
Fig. 2(c) we consider another case of an RPB focused with a
lower NA, whose maximum deflection angle for the incident
beam is smaller than the SPP exciting angle; thus, there is no
excited SPP field and only the contribution of the direct trans-
mission part of the RPB remains.

Figures 2(d)–2(i) present the distributions of electric field
intensity at the gold–water interface and in the x-z plane for
the three cases. In Figs. 2(d) and 2(g), the electric field distri-
bution of the RPB case is actually a superposition of the excited
SPP field and the direct transmission part of the RPB, where
the latter is stronger and forms a bright focus at z � 3 μm in
Fig. 2(g). For the case of PRPB, Figs. 2(e) and 2(h) depict the
electric field distributions, where the excited SPP field domi-
nates and the directly transmitted light is efficiently eliminated.
Because the SPP exciting angle is constant, the PRPB-excited
SPP field distribution [Fig. 2(e)] is similar to that of the RPB
[Fig. 2(d)], but the excitation efficiency of the SPP is highly
improved. The central peak intensity of the SPP field excited
by the PRPB [Fig. 2(e)] is much stronger than in the RPB case
[Fig. 2(d)], proving that the SPP exciting efficiency is improved
by the PRPB. In Figs. 2(f ) and 2(i), the SPP field is not excited
and only the direct transmission light forms a strong focus
[Fig. 2(i)], which could greatly influence the trapping stiffness.
From the comparison of the three cases in Fig. 2, we can find
that the directly transmitted light could be the main factor of

Fig. 2. Calculated electric field intensities at the gold–water interface for focused RPB and PRPB. (a), (b), (c) Cross-section distribution and
focused state for RPB, PRPB and RPB with no SPP excitation mode. (d), (g) Electric field intensities at the gold–water interface (horizontal x-y
plane) and in the x-z plane for RPB. (e), (h) Electric field intensities at the gold–water interface (x-y plane) and in the x-z plane for the PRPB.
(f ), (i) Electric field intensities at the gold–water interface (x-y plane) and in the x-z plane for the RPB with no SPP excitation mode. The white lines
in the bottom of (g), (h), and (i) indicate the gold–water interface.
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instability for trapping particles, and the PRPB is a better
choice than RPB in a plasmonic trapping system.

Additionally, the optical forces acting on the particle located
in both fields are calculated through the Maxwell stress tensor
method [30]. All structures and parameters chosen in the cal-
culation are exactly according to the experimental conditions,
i.e., the gold film thickness is set to be 50 nm, the diameter
of the particle is 1 μm, and the gap between the particle
and the gold film is 10 nm. Figure 3 shows the calculated op-
tical forces, a negative force (F r < 0) along the radial direction
shows an attracting effect on particles towards the central op-
tical axis, and conversely the positive force (Fr > 0) pushes
them away. As compared in Figs. 3(a) and 3(b), the trapping
force in the radial direction (F r) is always smaller than that in
axial direction (Fz) in both the RPB and PRPB cases, demon-
strating that the excited SPP field mainly generates a stronger
force in the −z direction to drag particles down to the metal
surface. In Fig. 3(a), when the particle deviates from the center,
F r is always smaller than 0 and thus forms a potential well
to trap particles, and the quasi-periodic variation of F r origi-
nates from the interference fringes of the SPP field [Fig. 2(e)].
In Fig. 3(b), the force Fz reduces as the particle moves away
from surface due to the evanescent property of the SPP field
in the z direction. The SPP field intensity shows exponential
decay along the z direction, and the transverse force decreases
but remains similar to that on the surface when the particle
moves away. In both results of Fr and Fz , the PRPB case
always provides larger trapping forces than the RPB, corre-
sponding to the stronger SPP field excited by the PRPB shown
in Fig. 2.

Trapping stiffness is an appropriate quantity to illustrate the
efficiency of optical tweezers [2]. To verify the numerical stud-
ies above, trapping experiments were implemented, and the dy-
namic processes were recorded for trapping stiffness analysis.
Traditionally, a quadrant photodiode (QPD) was usually used
to measure the position of trapped particles and analyze the
trapping stiffness [2,31], as it can offer precise and high-
bandwidth measurements with typical frequencies of several
kilohertz (kHz). However, a QPD is not suitable for the plas-
monic tweezers here. Due to the high absorption and reflection
of incident light by the gold film, only a small part of light
can transmit through the film, especially for the PRPB.

Therefore, there is not enough scattering light captured by
QPD, which could affect the sensitivity of particle localization.
Consequently, in the experiment we chose another approach
based on a high-speed video camera to measure the particle
position and force, which is also widely used [31–34]. Herein,
a high-speed CMOS camera (Pointgrey GS3-U3-23S6M-C)
was used to capture the dynamic process of the trapped particles
with a frame rate of 150 Hz. Image sequences were captured for
trapped particles with different diameters and at different
power levels, where a region of interest (ROI) was chosen with
different resolutions depending on the displacement range of
the trapped particles. The plasmonic tweezers control and the
video capturing was performed by a custom-made LabVIEW
program.

To retrieve the motion data from the image sequences, an
image registration technique, phase correlation (PC) [35] of the
Fourier transform method, is adopted to achieve sub-pixel
motion resolution [33]. Figures 4(a) and 4(d) give the retrieved
position distributions of a trapped gold particle in a focused
SPP field excited by the RPB and PRPB, respectively. The cor-
responding sub-pixel displacement versus time is displayed in
Figs. 4(b) and 4(e) for both the x and y axes, similar to the
performance of a QPD. From the experimental data distribu-
tions, we can see the displacement distribution satisfies normal
distribution. The full width at half-maximum (FWHM) for
RPB displacement is 631� 50 nm and for PRPB displace-
ment is 311� 10 nm, clearly showing that the stability for
PRPB increases to about twice of that of the RPB.

It is well known that a trapping force exerted on particles can
be considered following Hooke’s law, where trap force is pro-
portional to the displacement with a stiffness constant k. The
trap stiffness is determined via k � 2πγf c , where f c is the cut-
off frequency obtained from the displacement power spectrum
density (PSD) of the trapped particles, and γ is the resistance
coefficient determined via γ � 6πrη, with r and η being the
radius of the trapped particle and the viscosity coefficient of
water (η � 5.465 × 10−5) [18], respectively. Based on the mo-
tion data, we calculate the displacement PSD of the trapped
particles, as shown in Figs. 4(c) and 4(f ). The least-squares
fitting of a Lorentzian was performed to obtain the cutoff fre-
quency f c [36]. The whole image processing and power spec-
trum analysis were performed by a custom-made MATLAB
program. We can find that the PSD distribution for the
PRPB is less smooth than that of the RPB at nearly the same
excited laser power. The fitted cutoff frequencies are 2.75�
0.17 Hz and 7.20� 0.19 Hz for the RPB and PRPB, respec-
tively. Thus, the calculated plasmonic trapping stiffnesses are
0.89� 0.005 pN∕μm and 2.33� 0.006 pN∕μm for RPB
and PRPB, respectively. The experiment results demonstrate
that the PRPB has about 2.6 times enhancement over RPB
in plasmonic trapping stiffness; thus, the PRPB is a better
choice than RPB in a plasmonic trapping system, agreeing well
with the numerical studies above.

Finally, to further demonstrate the trapping ability of the
PRPB, we measured the transverse trapping stiffness of the
RPB and PRPB under different incident laser powers and par-
ticle diameters, as shown in Figs. 5(a) and 5(b), respectively.
In Fig. 5(a), the stiffness grows with the increase of incident

Fig. 3. Calculated force distributions at the gold–water interface
for the focused RPB and PRPB. (a) Distributing curve of force for
gold particles in the radial direction with the RPB and PRPB.
(b) Distributing curve of force for gold particles in axial direction with
the RPB and PRPB.
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laser power, and the stiffness of the PRPB is also about twice
larger compared with that of the RPB at different laser powers.
However, it is worth noting that when the laser power is high
enough, the trap would become unstable and the trapping stiff-
ness could decrease, because the photothermal effect aggravates
the Brownian motion. Additionally, as the laser power in-
creases, the particles are easy to aggregate in the center of
the potential well [9,11], which could destroy the optical field
and make the particle more unstable. In Fig. 5(b), we can find
the trapping stiffness increases as the particle diameter increases
for both RPB and PRPB cases, and the stiffness enhancement
due to PRPB is also about twice the size with different
diameters.

Both theoretical and experimental results demonstrate that
a PRPB with a tunable sharp ring can reduce the scattering
force on the trapped particle and enhance the plasmonic field

as well as trapping stiffness. Consequently, a PRPB is more
efficient than an RPB in exciting SPP tweezers.

4. CONCLUSIONS

In conclusion, through adding an axicon pair in a conventional
dynamic SPP optical tweezer system with RPB, we successfully
constructed a more efficienct plasmonic tweezers system with
PRPB. The ring-shaped PRPB can be tuned such that the
power of the beam is mainly concentrated at the SPP exciting
angle under a tight focusing configuration, while the direct
transmission light through the metallic film was suppressed.
We have theoretically and experimentally demonstrated that
the PRPB has a higher efficiency in trapping metal particles
than RPB, and significantly improves the excitation efficiency
of SPP. PRPB has shown high efficiency both on particle trap-
ping and field enhancement, which provides great potential in
many applications, such as dynamic SERS measurement and
imaging, nanostructure fabrication, and lab-on-a-chip research.
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