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Abstract 

We propose a waveguide-coupled hybrid plasmonic 

nanotaper for application of nanoparticle trapping. The 

features in ultra-small device footprint and ultra-low 

threshold power for stable nanoparticle trapping are 

benefit from the finely designed plasmonic mode. 

 

1. Introduction 

Recent years, sub-micron-sized particles can be precise-

ly manipulated with low power consumption by the 

near-field optical tweezers [1]. It opens opportunities for 

particle manipulation in lab-on-a-chip system. In wave-

guide-coupled configuration, specific tweezer can be effi-

ciently excited and conduct precise nanoparticle trapping [2]. 

If the tweezer is designed as a plasmonic structure, ul-

tra-small device footprint and ultra-low power consumption 

can be achieved [3]. A potential design composed of a hy-

brid plasmonic nanotaper mounted on a silicon waveguide 

has been studied, but not been applied for optical trapping 

[4]. Thus, we propose a refined design and thoroughly in-

vestigated the factors which influence the trapping force. In 

addition, the size of the trapped particle can be selected by 

tuning the waveguide input power. 

 

2. Structure Design, Operating Mechanism and Device 

Characteristics 

The proposed design is shown in Fig. 1. To minimize the 

photo-damage to bioparticle, the operating wavelength is 

designed at 1064 nm [1]. The operating mechanism is by the 

following steps: 1. input the fundamental TM-like 

(z-polarized) silicon nitride (Si3N4) waveguide mode, 2. 

energy transfers from waveguide to nanotaper via mode 

beating of two excited hybrid modes, 3. highly concentrated 

light field at the front tip of the nanotaper via plasmonic 

nanofocusing [4], 4. the enhanced field intensity induces 

strong optical force to trap nanoparticle, as shown in Fig. 1. 

We employe the 3D finite element method (Comsol 

Multiphysics) to explore the optical properties. The refrac-

tive indices of glass substrate, SiO2, Si3N4, water and poly-

styrene sphere (PS) are 1.45, 1.45, 2, 1.33 and 1.59. The 

dielectric constant of the gold is fitted using Lorentz-Drude 

model. We fix TWG = 250 nm, WWG = 600 nm, WAu = 400 

nm, tip radius = 20 nm and 1 W waveguide input power in 

all following discussion. First, we study the relationship 

between L and trapping force Fz on a 100 nm in diameter PS. 

The nanotaper is with tAu = 20 nm, tSiO2 = 30 nm and the PS 

is at fixed position (0, 0, 65 nm). Force can be obtained by  

Fig. 1 Schematic illustration of the waveguide-coupled hybrid 

plasmonic nanotaper and its operating mechanism. 

 

integrating a Maxwell stress tensor on the external surface 

of the particle [5]. The results are shown in Fig. 2(a). The 

short periodic variation of Fz is caused by weak Fabry–Pérot 

resonance, and the long one is due to mode beating (brown 

dash in Fig. 2(a)). A decay as L increasing is caused by the 

increased propagation loss. We also confirmed the operating 

mechanism of the optimal nanotaper with L = 625 nm from 

the electric field intensity distribution, as shown in Fig. 2(b). 

Next, we set different combinations of tAu and tSiO2 to 

search the maximum |Fz|, as shown in Fig. 3(a). The corre-

sponding L is also shown in Fig. 3(b). The optimal design is 

tAu = 20 nm, tSiO2 = 30 nm and L = 625 nm with a maximum 

|Fz| = 612.7 pN/W. To analyze the results, we examine the 

factors influencing |Fz| as: transferred power to nanotaper PT, 

fraction of the plasmonic mode in water f, effective mode 

volume in water V'eff, and power enhancement G. The PT can 

be calculated as 1－outflow power. The outflow power 

contains transmission, reflection and radiation loss, as 

shown in Fig. 4(a). When tAu = 10 nm, the nanotaper is with 

small radiation, small reflection, but very large transmission. 

The result can be explained as a short interaction length be-

tween the waveguide mode and the nanotaper. As tAu in-

creases, the nanotaper is with decreased transmission but 

with increased reflection and radiation loss. The reason is 

that the effective index of one hybrid mode drops below the 

index of substrate. It not only induces larger mode mismatch 

 

Fig. 2 (a) Optical force Fz acting on a 100 nm PS under L variation. 

(b) Electric field intensity distribution when L = 625 nm. 
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Fig. 3 (a) The optimal |Fz| variation under different combinations of 

tAu and tSiO2. (b) The corresponding optimal L. 

 

but also mode leakage. For f, it only increases nearly pro-

portional to tSiO2 from 30% to 70%. As a larger f is, the more 

interaction between the PS and the mode field is. For V'eff, 

we simply integrate the volume in water because the PS can 

only interact with the field in water (Fig. 4(b)). A small V'eff 

may induce a larger gradient in light intensity, resulting in 

larger trapping force [1]. As tAu increases, the plasmonic 

mode is less confined, which results in larger V'eff. Further-

more, the V'eff usually increases with tSiO2 because L in-

creases with tSiO2. A local minimum V'eff around tSiO2 = 10-30 

nm is due to the high confinement of hybrid mode [6]. For 

the G of a Fabry–Pérot cavity, it can be obtained by 
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where α is the propagation loss of the plasmonic mode on 

the nanotaper. k' is the imaginary part of propagation con-

stant of the mode, which is a function of taper width W, tAu 

and tSiO2. After one round trip, the power would become   . 

As shown in Fig. 4(c), G is increased with tAu due to a 

smaller k', and usually decreases with tSiO2 because L in-

creases with tSiO2 that results in larger propagation loss. A 

local maximum G around tSiO2 = 10-30 nm is caused by the 

small k' of hybrid mode [6]. To combine all the factors 

above, we introduce a force factor F defined as PT × f × G 

/ V'eff, as shown in Fig. 4(d). The trend of F similar to Fig. 

3(a) proves that the |Fz| is indeed influenced by these factors. 

However, the estimation of α is not very accurate, causing 

some mismatch between Fig. 4(d) and Fig. 3(a). 

 

Fig. 4 The analysis of the nanotaper: (a) transmission, reflection, 

and radiation power, (b) V'eff, (c) G factor, and (d) F factor. 

Fig. 5 (a) Trapping force Fx and potential Ux on a 100 nm PS as a 

function of x position at z = 65 nm. (b) The maximum |Fx| and 

threshold power of different PS sizes from 10 nm to 200 nm. 

 

3. Force Analysis and Trapping Particle of Specific Size 

Assuming that a 100 nm PS is trapped at the top surface 

of the optimal nanotaper with a 15 nm separation (z = 65 

nm), we map the horizontal force Fx along x-direction. Then, 

the potential Ux experienced by the PS can be calculated by 

integrating Fx along the path, as shown in Fig. 5(a). There is 

always a force pulling the PS towards two stable positions at 

x = -15 nm with Ux = -2813 kBT/W and x = -200 nm with Ux 

= -1922 kBT/W. A widely used criterion for stable trapping 

is 10kBT for suppressing Brownian motion [7]. Thus, an 

ultra-low threshold power of 3.6 mW is sufficient for stable 

trapping of a 100 nm PS. We also calculate the maximum 

|Fx| and the threshold power for different PS sizes from 10 

nm to 200 nm, as shown in Fig. 5(b). Because the |Fx| de-

creases rapidly as the PS size decreases, a larger threshold 

power for trapping tiny PS is needed. Thus, the size of the 

trapped particle can be selected by tuning input power. 

 

4. Conclusions 

   In summary, we proposed a waveguide-coupled hybrid 

plasmonic nanotaper operating at wavelength of 1064 nm 

with less photo-damage to bioparticle. All factors that in-

fluence the trapping force strength provided by the 

nanotaper have been thoroughly investigated, and can be 

combined into a force factor F. An optimal nanotaper is with 

tAu = 20 nm, tSiO2 = 30 nm and L = 625 nm. The device is 

more compact compared to a pure dielectric one [2]. We 

showed that stable trapping a 100 nm PS can be achieved 

with threshold power of merely 3.6 mW. Furthermore, the 

size of trapped particle can be selected by tuning input pow-

er. We believe that this design can improve the development 

of nano-bio-target manipulation in lab-on-a-chip system. 
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