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Abstract: We design an on-chip slotted photonic-crystal nanobeam-cavity with ultra-high

Q/V to enhance cavity optical trapping characteristic. For stable trapping a 10nm-radius

polystyrene-nanoparticle, ultra-low threshold power of 0.165µW and ultra-high trapping force

of 1.09×104pN/mW can be achieved.

OCIS codes: (130.3120) Integrated optics devices; (350.4238) Nanophotonics and photonic crystals; (350.4855)

Optical tweezers or optical manipulation; (020.7010) Trapping; (230.5298) Photonic crystals; (230.5750) Resonators.

To date, the ability to micro-manipulate nano-scopic particle precisely is critical for the development of active

nano-systems [1–3]. In order to stably trap nanoparticles with lower input power, a number of new, near-field optical

manipulation techniques, such as whispering gallery mode carousel, plasmonic tweezer, and photonic crystal (PC)

cavity resonators have been developed to exploit the strong spatial field gradient forces and to increase the field am-

plitude inside the devices. Among these, PC cavity resonators, a type of structure associating total internal reflection

with the photonic band-gap (PBG) effect to achieve enhanced photon confinement, have been investigated as an ad-

vantageous platform for the cavity-enhanced optical trapping. Particularly, one-dimensional PC (1D-PC) nanobeam

cavities [6–10] have emerged as an advantageous platform for future integrated on-chip analytical platforms due to its

attractive properties such as ultra-high Q/V, ultra-compact footprint, and preserving a great potential for integration

in complex photonic architectures and optical circuits [4, 5]. Recently its ability to transport and sort objects simulta-

neously makes it attract great attention. Examples of such systems include that Serey et al theoretically investigated

several PC resonator designs and characterized the achievable trapping stiffness [11]. Mandal et al presented a class

of silicon 1D-PC resonant optical trapping for nanomanipulation and observed that the maximum trapping force of

0.70pN/mW for a 100nm diameter polystyrene (PS) nanoparticle is achieved [12]. Lin et al presented a 1D-PC cavity

with waist design for efficient trapping and nanoparticles detection, and the optical trapping force of 2.308pN/mW

for a 100nm diameter PS nanoparticle is observed [13]. Han et al provided systematic analysis of the optical trapping

force for nanoparticle trapped in the 1D-PC system and theoretically showed that the optical trapping force as high

as 300pN/mW for a 200nm diameter PS nanoparticle is achieved [14]. However, among these 1D-PC cavities based

optical trapping mentioned above, the fact is that nanoparticles only interact with minor portion of total transported

light energy which extends into surrounding in evanescent form because most of it is confined within the solid core

of the high-index dielectric waveguide. The limitation prevents these systems from precisely manipulating smaller

nanoparticles, due to the low efficient near-field interactions between nanoparticles and the field confined inside the

high-index dielectric waveguide structure. In addition, usually to achieve a large optical trapping force to manipulate

nanoparticle precisely, a high input optical power is needed. Thus, to overcome these limitations, ideally one would like

an architecture that combines the strong optical trapping force, low input optical power with the ability to manipulate

nanoscopic matter precisely for on-chip-integration and parallel manipulation.

In this paper, by incorporating a slotted waveguide into a 1D-PC nanobeam cavity (1D-PCNC), an on-chip slotted-

1D-PCNC device with ultra-high Q/V is presented to efficiently improve optical trapping capabilities. Here, the device

achievable trapping performances are investigated theoretically and simulated numerically. The schematic of the pro-

posed slotted-1D-PCNC is shown in Fig. 1(a). To characterize the maximum optical trapping force exerted on a PS

nanoparticle in this system, a virtual spherical surface enclosing the nanoparticle surface is constructed, and the elec-

tromagnetic field on this surface is calculated. Then, by evaluating the time-independent Maxwell stress tensor and

integrating it over the closed surface that encloses the PS nanoparticle, the optical trapping force can be obtained. Fig-

ure 2(a) and (b) display the plots of the normalized optical trapping forces profile for a 10nm radius PS nanoparticle

that is displaced along x- and z-dimensions, respectively. As seen, the theoretical calculation results are consistent with

the 3D-FEM numerical simulation results. The trapping force Fx and Fz is negative for x >0 and z >0, respectively,
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Fig. 1. (a) Schematic of a slotted-1D-PCNC for optical trapping. The trapped nanoparticle is shown

within the slot. (b) TE-like mode band diagram of the slotted-1D-PCNC with different hole radius

rcenter=0.42a and rend=0.36a. In both cases, parameters of a=560nm, wnb=650nm, h=220nm and

wslot=60nm are initially chosen and kept constant. (c) 3D-FDTD calculated Ey distribution profile

(top view) of the target resonant mode in the nanoslotted-1D-PCNC, and (d) Ey profile along the

waveguide direction where Nt=20, and Nm=10. The unit of the x/y axes is micrometers (µm).

which means that when some perturbation floats the nanoparticle slightly away from the stable trapping position, the

strength of the trapping force Fx and Fz increases progressively to pull the nanoparticle back. The calculated trapping

stiffness in the x-direction, and z-direction are found to be kx=167.17pN·nm−1mW−1, and kz=36.67pN·nm−1mW−1,

respectively. As seen from Fig. 2(a), the trapping force (Fx) reaches a maximum of 1.09×104pN/mW at the point

(x=50nm) where the field gradient is strongest at the entrance between the slot waveguide and the hole grating. The

maximum trapping force observed in this work is more than two orders of magnitude higher than that of recent conven-

tional 1D-PCNC devices [11–14] and several orders of magnitude higher than that of slotted waveguide device [1]. In

addition, the trapping stability Strap is the ratio of the work energy required to remove the nanoparticle from the trap, to

the random thermal energy in the system. The trapping stability as high as 6.05×104mW−1 are achieved. Moreover, in

order to achieve stable trapping (potential depth ∆U=10kBT), generally considered sufficient to achieve stable trapping

despite the presence of Brownian motion caused by random thermal perturbation, the lowest power (threshold power)

required for stable trapping is only 0.165µW, reduced more than three orders of magnitude compared to the power

requirement in the recent 1D-PC with waist design (0.32mW) [13]. Thus, the proposed slotted-1D-PCNC design is a

promising platform for achieving efficient trapping. Figure 2(c) shows the magnitude of the maximum trapping force

Fx in the x-direction as a function of PS nanoparticle with different size. Here, the nanoparticle position is maintained

at -50 nm separated from the cavity center in x-axes with x=-50nm, y=0 and z=0, as displayed in the inset in Fig. 2(c).

As expected, PS nanoparticles of increasing radius experience stronger trapping forces in the slotted-1D-PCNC.

Fig. 2. Numerical analysis of optical trapping forces profiles of (a) Fx, and (b) Fz for a 10nm-radius

PS nanoparticle as it is moved along the x-axes, and z-axes of the device, respectively. (c) The

magnitude of the maximum trapping force Fx as a function of PS nanoparticle with different size.
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Figure 3(a) displays the relation between the device resonant wavelength and the trapped single PS nanoparticle with

different size. As seen, with nanoparticle radius increased, the resonant wavelength shift toward to longer wavelength.

Trapping of single 25nm radius PS nanoparticle causes a 0.6nm red-shift in peak wavelength, which is consistent

with the results presented in previous designs [11, 13]. Thus, the proposed slotted-1D-PCNC device can be utilized

to realize the detection of single nanoparticle trapping by observing the resonant wavelength shift in the transmission

spectrum. Moreover, it also makes it possible to recognize the size of the trapped nanoparticle by the amount of peak

shift. Other than single nanoparticle detection, the proposed device is also an ideal platform for on-chip sensing the

surrounding medium by analyzing the resonant wavelength shift. Figure 3(b) shows the the composed transmission

spectra when the background refractive index (RI) changed. Figure 3(c) shows the shift of the fundamental mode used

for sensing when the background RI changes from ∆RI=0.0 to ∆RI=0.20 RIU (RIU=refractive index unit). As seen, as

the background RI increased, the resonant wavelength shifts towards to the longer wavelength (red-shift). In addition,

the linear fit of the resonant wavelength shift with increased refractive index is observed. The slope of the fitting

curve represents the RI-sensitivity in unit of nm/RIU, which is defined as S=∆λ /∆RI characterizes the shift of resonant

wavelength (∆λ ) in response to the surrounding background refractive index change (∆RI). The calculated value of the

RI-sensitivity as high as 825.6nm/RIU is obtained, which is ultra-high compared with those obtained from most 1D-

PC nanobeam cavity structures for sensing application (∼190nm/RIU) [13]. Therefore, the performance advantages

of ultra-high RI-sensitivity, ultra-high Q-factor, and ultra-small mode volume make the proposed slotted-1D-PCNC

design possessing excellent detection and sensing capabilities, which make it possible to become an ideal platform for

developing an ultra-compact on-chip device with versatile functionalities.

Fig. 3. (a)Resonant wavelength shift as a function of PS nanoparticle with different radius trapped

at the cavity center. (b) Composed transmission spectra of the slotted-1D-PCNC sensor when the

background RI changes. (c) Resonant wavelength shift as a function of RI changes.
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