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Abstract— The hybrid metal subwavelength structure which takes advantage of two different
noble metals in their structures have become increasingly important as they can combine plas-
monic dipole peaks associated with palladium (Pd) as well as silver (Ag), and thereby create
additional plasmonic peaks. The additional peaks can provide a higher degree of control over
the tunability of nanorods resonance and can potentially be beneficial in strong optical trapping
application. With that in mind, in this paper, we introduce a near infrared plasmonic resonance
(NIR) optical trapping based on hybrid nanorod pair array structure consisting of Pd and Ag
metallic nanorods. The near infrared surface plasmons can be excited by using the hybrid met-
als subwavelength structure under the NIR wavelength. When the surface Plasmon (SP) wave
impinges on the surfaces of hybrid metal injection molding (MIM), the two surface plasmon po-
laritons (SPPs) can be excited and propagate along the Pd and Ag surfaces. The constructive
interference of these surface plasmons launched by the subwavelength hybrid structure can form
an intense light field. The relationship between the incident wavelength, the distance of the Pd
and Ag nanorod, and the forming intense light field are discussed in detail in order to design
the optimal performance optical trapping structure for practical application. Based on Maxwell
stress tensor method and numerical simulations, the maximum of optical force was calculated to
be about 6.6nN with input power 50 mW. The proposed nanostructure has great potential to
trap nanoparticles and may be easily integrated into a small chip because of its simple structure
for lab-on-a-chip applications.

1. INTRODUCTION

Since optical tweezers were first introduced by Ashkin etal. in 1986 [1], they have become an
indispensable tool for noninvasively, disconnectedly and accurately capturing and manipulating
a variety of particles and biological specimens [2,3]. Unfortunately, traditional optical traps face
trapping size limitations based on the diffraction limits; in particular, considering an object of radius
equaling to R, the trapping efficiency drops rapidly (following an R? law). Therefore, nanoscale
objects escape easily due to their physical sizes is smaller than the potential well of trap. One can
overcome this reduction in force by increasing the optical power to strengthen the trap. However,
samples typically undergo quick photo damage at high optical powers.

To overcome diffraction-limit, near field optical manipulation techniques have been developed;
these techniques exploit the strong forces that can be generated in the near-field of SP structures.
By using either propagating SPPs or localized surface plasmon resonance at a metal-dielectric
interface [4], these SP tweezers can achieve trapping of submicrometer particles at a low optical
power density. Several studies [5] recently have demonstrated that the plasmonic optical trapping
can require the illumination power to remain below 10 mW. However, the force range available to
plasmonic tweezers limits their applicabilities, with trapping forces usually spanning from subpi-
conewtons to approximately 1 pN. This range is compatible with the forces that individual molecular
machines generate [6], but the mechanical characterization of macromolecules, their assemblies or
more complex cellular processes can require much larger forces. For example, protein unfolding,
amyloid fibril disruption, cell adhesion and contraction forces may be at the level of a nanonewton
or more, which is beyond the capabilities of a SP tweezers [7]. Therefore, the problem is how to
create the efficient SP tweezers that provide a strong optical force with low illumination power.

In this work, we present a more direct approach to create a nanonewton optical force trap by low
power illuminating a hybrid palladium-silver nanorod pair array (Pd-AgNPA) deposited on double-
deck substrate of calcium fluoride and silicon and study the trapping behavior of the nanospheres
under such optical trap. Indeed, the optical properties of metal subwavelength structures, especial-
ly those of the noble metals Au, Ag, and Cu, exhibit unique Surface Plasmon Resonance (SPR)
signatures. The hybrid metal subwavelength structure has become increasingly important as they
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can combine plasmonic dipole peaks associated with Pd as well as Ag, and thereby create additional
plasmonic peaks. The additional peaks can provide a higher degree of control over the tunability
of nanorods resonance and can potentially be beneficial in strong optical trapping application. The
near infrared surface plasmons (NISP) can be excited by using the hybrid metals subwavelength
structure under the near infrared plasmonic resonance (NIR) wavelength. When the NISP wave
impinges on the surfaces of hybrid metal subwavelength structure, the two SPPs can be excited and
propagate along the Pd and Ag surfaces. The constructive interference of these surface plasmons
launched by the hybrid metal subwavelength structure can form an intense light field. The commer-
cial software “Comsol Multiphysics” was adopted here for the computational calculation [8]. The
full wave simulations illustrate that when NIR occurs, the maximum of optical force is calculated
to be about 6.6 nN by using Maxwell stress tensor with input power 50 mW. In contrast to other
plasmonic tweezers, our Pd-AgNPA permits particle trapping, manipulating or complex cellular
processes. The proposed nanostructure has great potential to trap nanoparticles and may be easily
integrated into a small chip because of its simple structure for lab-on-a-chip applications.

2. METHODOLOGY

Figure 1(a) shows the structure of the proposed Pd-AgNPA. The structural parameters are diameter
D, height H, and the center distance between the twonano-cylinders s, respectively. The Pd-
AgNPAs are deposited on the double-deck substrates of calcium fluoride (n = 1.43) and silicon
(n = 3.48) with the thin SiOg layer (n = 1.5, thickness is 120nm). The environment is oil (n =
1.55) containing free nanoparticles (n = 1.59, the radius of the particle r is 80 nm). The relative
permittivity of Pd and Ag is based on reported Lorentz-Drude model [9]. The light source is a plane
wave illuminating from the top along the normal direction with electric field (amplitude 1V /m)
polarized along the y-axis. Fig. 1(b) shows typical resonance peak spectra at the center of the two
nano-cylinders as appropriate structural parameters are chosen, namely, H = 205 nm, D = 145nm,
s = 74.5nm in order to produce a narrow dominating NIR resonance peak at A\ = 810 nm resulting
from the excitation of SPPs and plasmonic interference within the hybrid nano-cylinders array.
The reason is that the hybrid metal subwavelength structure can combine plasmonic dipole peaks
associated with palladium (Pd) as well as silver (Ag), and thereby create additional NIR plasmonic
peaks. When the NIR SP wave impinges on the surfaces of hybrid Pd-AgNPA | the two SPPs can be
excited and propagate along the Pd and Ag surfaces. The constructive interference of these surface
plasmons launched by the subwavelength hybrid metal structure can form an intense light field.
Such highlight field is crucial in optical trapping applications to relax the power budget constraints.
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Figure 1: (a) Schematic of the Pb-AgNPAs deposited on the double-deck substrate, showing the geometrical
parameters defining the structure, as well as the y-z cross section is depicted at the top right corner. (b)
The Transmission spectra of component Ez of the nanorod pair array along with the incident wavelength.

To determine the total induced optical force on a particle, we use the Maxwell stress tensor
formalism [10]. The Maxwell’s surface stress tensor (MST, (T')) formalism [11] is used to determine
the total optical force on a particle. The time averaged (T') is defined by:

1 1
(T) = jRe |eEE" + pHH" — o (e E* 4+ u |H\2) I] (1)
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where I denotes the identity matrix; FE* and HH* are the electric and magnetic field, respectively;
¢ and u are the permittivity and the permeability of the surrounding medium, respectively. The
components of the total time-averaged electromagnetic force F' acting on the particle interacting
with an optical field can be calculated using a surface integral [12]:

F_}{<T>-d5 2)

Thus, the total optical force on the particle can be obtained by calculating the electromagnetic
fields over the bounding surface around the particle. The trapping potential resulting from the
optical forces determines the stability of the optical trap. This potential can be directly obtained
from:

3)

In principle, a 1kT (k is Boltzmann’s constant, and 7" is the temperature) trapping potential well
is sufficient to overcome the Brownian motion caused by the thermal energy of the particle and
localize it in the optical trap. However, it has been proposed that stable optical trapping should
require a potential well depth of approximately 10kT [13]. In this work, we consider 10kT as the
threshold for stable optical trapping.

3. SIMULATION AND DISCUSSION

Figure 2 shows the electric field distribution with optical trapping in the yz plane. To evaluate the
performance of the Pb-AgNPAs, we consider three figures of merit (FOM). The first two are optical
trapping force and trapping potential. The last one is attenuation of the maximum electric field
value, which can reflect the change of the Ph-AgNPAs capture capability with distance. Firstly, the
distance between the particle and the Pb-AgNPAs was fixed to nm, while the position of the particle
was swept over the zy plane to calculate the optical force field on the particle. The fields of the two
transverse optical force components (F, and Fy) exerted on the particle are shown in Fig. 3(a). The
figures indicate that the two transverse force components work to localize the particle at the center
of the Pb-AgNPAs. Actually the optical force can be readily tuned by varying the center distance s.
Increasing or reducing the s will change the optical force. The choice of 74.5 nm is optimal distance
of obtaining maximum optical force. When the particle is exactly at the center of the Pb-AgNPAs,
the total transverse force acting on the particle is close to zero. As the particle tries to move away
from the high-intensity region, due to Brownian motion or any other external force, the transverse
forces restore it back to the equilibrium position in the center of the Pd-AgNPA. Note that the
peak value of the force at the y-direction center (FymLX = 0.11nN/50mW) does not equal zero.
The reason is that the intensity of Pd nano-cylinder is bigger than that of Ag nano-cylinder at the
resonant condition, which leads to the total optical force not equaling to zero.

The transverse forces result in a trapping potential well, as illustrated in Fig. 4. Figs. 4(a) and
(b) show cross sections of the trapping potential well along y = 0 and z = 0 nm respectively.
The depths of the well are 7.2 x 10*kT per 5mW and 6.3*10* kT per 50mW of transmitted power
at room temperature along = direction and y direction, respectively. Since a 10kT deep well is
sufficient to stably trap a particle, trapping this 8 nm dielectric particle located the surface of
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Figure 2: Electric field distribution with optical trapping in the yz plane.
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Figure 3: Cross sections of the transverse optical force components (a) F, and (b) F,.
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Figure 4: Cross sections of the transverse optical trapping potential (a) U, and (b) Uy,.
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Figure 5: Cross sections of (a) the optical force F, and (b) the optical trapping potential U, along x direction.

the Pb-AgNPAs in the xy plane requires 50 mW of transmitted optical power. Along with the
transverse localization forces, the particle also experiences a normal force component (F,) which
pulls the particle toward the Pb-AgNPAs. Comparing the x and y direction potential well with
the pulling force profile reveals that the pulling force reaches its peak (6.6 nN/50mW) right at the
particle transverse equilibrium position, as shown in Fig. 5(a). The trapping potential profile of U,
is shown in Fig. 5(b) along with the transverse trapping direction (z direction). The changes of F,
and U, along y direction are consistent with the F, and U, along x direction. This resultant force
drags the particle toward the Pd-AgNPAs, where the x and y direction trapping forces are even
stronger resulting in a stiffer trapping potential. We also explore the distance between the particle
and the trapping structure on the optical forces.

Figures 6(a) and (b) illustrate the depth of the F, and U, along the z-axis as a function of
the distance (z) measured the particle far away to the cylinders center. The figure indicates an
exponential increase in optical forces as the targeted particle approaches the Pb-AgNPAs. However,
with this design, the range of optical trapping along z-axis will be very small. The reason is that
the widespread of the SPP with this design is small. Fig. 6(b) illustrates the change of the U,
decay with distance along z-axis. The reason is that an exponential attenuation in electric field
as the SPP wave is far away from the Pd-AgNPAs. The intensity between the two cylinders is
strongest, and the intensity at the cylindrical edge is the second. This result arises from the weaker
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Figure 6: Cross sections of (a) the optical force F, and (b) the optical trapping potential U, along z direction.

confinement of the field in the z direction, as corresponded with the aforementioned figures. One
of the easy methods to increase trapping range is to increase the required trapping power budget.

4. CONCLUSION

In conclusion, we have numerically demonstrated a hybrid palladium-silver nanorod pair array de-
vice operating at A = 810nm for 3D NIR optical trapping of nanoparticles. The device exhibits
stable trapping performance and has a very large trapping force of approximately 6.6 nN, thus pro-
viding effective manipulation of nano-objects at very low incidence power into the high-field region
and offering application potential in the field of microfluidics and lab-on-a-chip for biodetection.
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