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Abstract: We present a detailed analysis of nanoparticle trapping using
plasmonic nanostructures, which predicts an improvement of two orders of
magnitude in trapping force obtained by optimizing the plasmon resonance
of the nanostructures. As the result, a total of four orders of magnitude
enhancement in trapping force can be achieved comparing to the case
without the nanostructures. In addition, it is illustrated that tuning the
resonance wavelength is achievable by varying the diameter and/or the
height of the nanorods.
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1. Introduction
Accurate three-dimensional (3D) manipulation of nanoparticles is a highly desirable
technique for a range of applications such as single molecule spectroscopy, colloidal
dynamics, particle assembly, and lab-on-a-chip technology [1–3]. However, trapping
nanoparticles is challenging because the magnitude of optical trapping force decreases with
the cube of the diameter of the nanoparticles, and the Brownian motion becomes increasingly
affecting the trapping performance. For nanoparticle of size significantly smaller than the
optical wavelength, the optical trapping force can be approximated as the linearly proportion
to the gradient of electromagnetic (EM) field [1–3]. Therefore in order to improve the field
gradient, one can either increase the strength or the confinement of the EM field. Inducing
surface plasmon resonance in metallic nanostructures is a well-known technique that produces
strongly enhanced and spatially confined EM field [4–9] and therefore attracts wide attention
in producing plasmon-based nano-optical tweezers for nanoparticle trapping [1, 10]. For
example, plasmonic antennas [1, 11, 12] and nanoholes in metallic thin film [13–15] have
been demonstrated for trapping metallic and dielectric nanospheres. Periodic arrays of gold
nanopillars on a metal film [7, 16, 17] have been presented for sensing applications. It is
worth to be mentioned that under the laser excitation at wavelength close to the plasmon
resonance wavelength, plasmonic nanostructures efficiently couple to the incident optical
field and generate considerable amount of heat [1, 18, 19]. The thermally induced forces can
strongly affect motions of nanoparticles and should be taken into consideration when
designing efficient nano-tweezers [20, 21].
Plasmonic nanorods or nanowires are interesting for the design of optical resonators [22,
23]. It has been demonstrated previously that strong EM field enhancement and confinement
in the plasmonic nano-waveguides structure provides up to two orders of magnitude stronger
optical forces for trapping nanoparticles comparing with the optical trapping without the
nanostructure [10]. In this work, the effects of structure parameters on plasmon resonance are
studied in detail in order to further improve the trapping force of nanoparticles.
2. Trapping scheme and plasmonic nanostructure layout
The nanoparticle trapping approach is based on a plasmonic nanostructure comprising of two
vertically aligned silver nanorods suspended in water (refractive index nm = 1.33), as shown
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in Fig. 1. The geometrical parameters of the nanostructure are the diameter d and height h of
the nanorods, and the separation s between them. Plasmonic absorption and field distributions
of the plasmonic nanostructures are calculated using a commercial Finite Difference Time
Domain (FDTD) solver (Lumerical Inc, with material data for silver reported in Ref [24],
mesh size 1 nm x 1 nm x 1 nm) [25]. The electric field E, magnetic field H and wavevector k
of the excitation light, oriented along the x, y and z directions, are illustrated in Fig. 1. The
excitation light is x-polarized plane wave and propagates from the substrate. For electric field
calculations throughout the paper, the amplitude of the incident illumination is set as |E| = 1 V
m−1.

Fig. 1. Schematic diagram of the nanostructure of two silver nanorods with height h, diameter
d and separation s. Incident field is x-polarized and propagates in the z direction from the
substrate (refractive index 1.78) into water (refractive index nm = 1.33). The origin of the
coordinate system is at the center of the gap on the interface.

While dielectric nanoparticles are of size significantly smaller than optical wavelength, the
electromagnetic trapping force is proportional to the gradient of the localized field,
n
F = − m α∇E 2 , here α is the polarizability of the nanoparticle [10, 14, 26]. Due to the fact
2
that the nanoparticle is small and of a refractive index of 1.5, which close to that of the
surrounding medium (water, nw = 1.33), the disturbance in the EM field caused by the
presence of the nanoparticle is negligible. It has been shown that the gradient force agrees
well with rigorous force calculations using Maxwell stress tensor method for nanoparticles
more than 20 nm away from plasmonic nanostructures [14]. The scattering force on a 20 nm
nanoparticle is about three orders magnitude smaller than the gradient force. While the
nanoparticle is in the immediate vicinity of the nanostructure (e.g. <10 nm), the trapping force
calculated with the perturbative method using gradient of the field is slightly smaller than that
obtained with the rigorous method using the Maxwell stress tensor [14].
For low concentration of nanoparticles, the net thermal force f [27–30] acting on the
particle by the solvent due to the present of the temperature gradient can be approximated as
proportional to the temperature gradient ∇T [29], f = − ST ∇T β , where ST is the Soret
coefficient, β = 1 k B T , k B is the Boltzmann constant, T is the temperature [10]. The
temperature increase around the plasmonic nanostructure can be obtained by

Ks − Km q
1  q
dV  , where q is the heat generation density which
∆T ( r ) =
 ∫V dV −
∫
4π K m  r1
K s + K m V r2

is determined by energy absorption of the nanostructure [10], r1, r2 are the distance from the
heat source element dV in the nanostructure (with volume V) and its image heat source in the
substrate, to a position r. Km, Ks are the thermal conductivity of the surrounding medium and
the substrate respectively (Km = 0.6 W K−1 m−1 and Ks = 1.1 W K−1 m−1 is assumed for our
simulation) [10, 31].
We start by considering the optical response of the nanostructure with two silver nanorods
having diameter d of 70 nm, height h of 820 nm, and separation s of 100 nm. Fig. 2(a) shows
the absorption spectrum of the nanostructure. Two strong absorption peaks at wavelengths of
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430 nm and 455 nm can be observed, which arise from localized surface plasmon resonance.
This is because that the light polarization direction is normal to the long axis of the nanorods,
only transverse plasmon modes in the plasmonic nanorods can be excited efficiently. As a
result of the finite length of the nanorods, standing plasmon wave can be formed along the
long axis of the nanorods [23].

Fig. 2. (a) Absorption spectrum of the nanostructure with separation s of 100 nm, diameter d of
70 nm and height h of 820 nm. (b) An oscillator model for the optical response of the
nanostructure.

The absorption spectrum can be explained by using a simple oscillator model [32] as
shown in Fig. 2(b). Each nanorod is modeled by two harmonic oscillators (m1, m2) and (m3,
m4), that are all attached to walls by springs of spring constants k1, k2, k3 and k4. The four
oscillators are also interconnected with springs of spring constants K1, K2, K3 and K4.
Harmonic forces F = F exp(−iωS t ) are applied to oscillators m1 and m3. For simplicity, we
choose m1 = m2 = m3 = m4 = 1, k1 = k2 = k3 = k4 = k, K1 = K2 = K, and Ω 2 = K m . Also
using Ωc2 = K 3 m , Ω 2c 2 = K 4 m for the coupling between the two nanorods, we can derive
the motion equations of oscillators m1, m2, m3, and m4 as a function of displacements x1, x2, x3
and x4, from their respective equilibrium positions as,

F
x1′′ + γ 1 x1′ + ω12 x1 − Ω 2 x2 − Ωc2 x3 = exp(−iωS t ),
m
2
2
2
′′
′
x2 + γ 2 x2 + ω2 x2 − Ω x1 − Ωc 2 x4 = 0,

x3′′ + γ 3 x3′ + ω32 x3 − Ω 2 x4 − Ωc2 x1 =

F
exp(−iωS t ),
m

(1)

x4′′ + γ 4 x4′ + ω42 x4 − Ω 2 x3 − Ω 2c 2 x2 = 0.
here γ 1 , γ 2 , γ 3 and γ 4 are the friction constants associated with the energy dissipation,
and ω1 , ω2 , ω3 and ω4 are oscillation frequencies corresponding to m1, m2, m3, and m4,
respectively. The absorption spectrum can be derived from the solutions of the motion
equations (Eq. (1)), and we can fit the absorption spectrum obtained from FDTD simulation
(Fig. 2(a)) by using the following set of parameters, i.e., ω1 = ω2 = ω3 = ω4 = 2.86 eV, γ 1 =

γ 3 = 2 x10−2, γ 2 = γ 4 = 2.3 x10−1, Ω = 0.78, Ω c = 0.6, Ω c 2 = 0.61.
The time-averaged intensity distributions in the central cross section (zx plane) for
different wavelengths are illustrated in Fig. 3, which shows that the enhancement of the EM
field is more significant at the peak absorption wavelength, e.g. 430 nm, comparing to a nonresonance wavelength, i.e. 532 nm. The resonance intensity at the center of the gap is plotted
along the z direction (Fig. 4). It is noted that the electric field intensity at wavelength 430 nm
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is approximately 2.3 times stronger than the intensity at the non-resonance absorption
wavelength of 532 nm.

Fig. 3. Intensity distributions of the nanostructure with diameter d of 70 nm, height h of 820
nm, separation s of 100 nm at excitation wavelengths λ of (a) λ: 430 nm, (b) λ: 455 nm and (c)
λ: 532 nm, in the zx cross section. The white line indicates the interface. Colorbar is in unit of
V2 m−2.

Fig. 4. Comparison of intensity distributions of the nanostructure with diameter d of 70 nm,
height h of 820 nm, separation s of 100 nm at different wavelengths at the center of the gap
along the z direction.

Fig. 5. Comparison of the EM force in the nanostructure with diameter d of 70 nm, height h of
820 nm, separation s of 100 nm at different wavelengths, at the center of the gap. (a) The
maximal Fy, (b) Fz. The intensity of the incident light is taken as 0.1 mW·µm−2.

To investigate how excitation wavelength affects the trapping of the nanoparticles, the
electromagnetic trapping force (EM force) on a 20 nm nanosphere of refractive index of 1.5 is
calculated at two peak absorption wavelengths, 430 nm and 455 nm, and one non-peak
absorption wavelength 532 nm. The intensity of the excitation is taken as 0.1 mW·µm−2,
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which is about the field intensity illuminating on the nanostructure by a light beam of input
power of 10 mW focused by an objective lens of a numerical aperture of 0.5 as used in the
previous work [10]. Fy is the y component of trapping forces along the y direction measured
in a central cross section of the gap, and Fz is the z component of trapping forces along the z
direction measured at the center of the gap. Comparisons of Fy and Fz of the EM force at
peak and non-peak absorption wavelengths are illustrated in Figs. 5(a) and 5(b), respectively.
It is shown that the optical trapping efficiencies at the peak absorption wavelength in the y
and z directions are a factor of 2.7 and 3.7 stronger comparing with those at non-resonance
wavelength, respectively.

Fig. 6. Comparison of the thermal force in the nanostructure with diameter d of 70 nm, height h
of 820 nm, separation s of 100 nm at different wavelengths, at the center of the gap. (a) Fy, (b)
Fz. The intensity of the incident light is taken as 0.1 mW·µm−2. The Soret coefficient ST used
for calculation is 2 x 10−4 (K −1).

One of the major concerns of plasmonic trapping is the considerable heat generated from
plasmonic absorption, in which case the thermal force acting on the nanoparticles can be
significant [10]. The thermal force acting on the 20 nm nanosphere in a plane 690 nm above
the interface is shown in Fig. 6. The Soret coefficient is assumed as ST = 2 × 10−4 K −1
according to reported experimental data [27–29]. It should be pointed out that vapor bubbles
may form around the plasmonic nanostructure under high laser power excitation [18]. For the
plasmonic nanoparticle trapping, bubbles formation can be avoided by controlling the incident
power or wavelength. The maximum temperature increase at wavelength of 455 nm is 11 K
for incident intensity of 0.1 mW·µm−2. Under such moderate temperature increase in the
surrounding medium [10] and the constant ST, the thermal force at the peak absorption
wavelength (e.g. 455 nm) is approximately five times stronger than that at the non-peak
absorption wavelength (e.g. 532 nm) in either the transverse force Fy or the axial forces Fz
due to strong plasmonic absorption. Because the thermal force is far greater than the EM force
in the region outside of the nanostructure, the significant increase makes it strong enough to
vary transport of nanoparticles [10].
3. Optimization of the nanostructure
3.1 The separation
It is demonstrated in the last section that the plasmonic nano-waveguides structure exhibits
significantly stronger enhancement of the resonance field at absorption peaks (e.g. 430 nm or
455 nm). It is expected that the absorption peak is associated with the geometric parameters
such as the size (diameter and height) of the rods, and the separation between them. Firstly we
fix the size of each rod, i.e. diameter d: 70 nm, height h: 820 nm, and vary the separation s.
Figure 7 shows the absorption spectra of the two silver nanorods nanostructures with different
separations of 40 nm, 70 nm and 100 nm. It is noted that the absorption peaks are red-shifted
while decreasing the separation s.
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The overall electric field enhancement of the nanostructure is strong at the peak absorption
wavelength because of the large dimension of height of the nanorods. In Figs. 8(a-c) the field
intensity distributions of the nanostructures with different separations at wavelengths
corresponding to the absorption peaks are shown. It is apparent that the field intensity at the
gap can be enhanced by decreasing the separation between the two nanorods. The intensity
distribution at the center of the gap along the z direction is plotted in Fig. 9. It shows that by
reducing the separation size from 100 nm to 40 nm, the field intensity at the center the gap is
increased almost by one order of magnitude.

Fig. 7. Absorption spectra of the nanostructure with different separations s, for fixed diameter d
of 70 nm and height h of 820 nm.

Fig. 8. Intensity distributions in the central cross section (zx plane) of the nanostructure with
different separations s at the corresponding peak absorption wavelengths λ. (a) s = 40 nm at λ =
470 nm, (b) s = 70 nm at λ = 461 nm, and (c) s = 100 nm at λ = 455 nm. Colorbar is in unit of
V2 m−2.

The EM force on a 20 nm nanosphere in the central cross section at the gap is show in Fig.
10. While the gap between the two nanorods decreased from 100 nm to 40 nm, Fy is enhanced
by a factor of 19.5. Similar trend is also found in Fz, i.e. the maximal Fz increases by a factor
of 20, when the separation decreases from 100 nm to 40 nm (Fig. 10(b)). Combining the
improvement obtained by tuning towards the resonance wavelength, the EM force can be
improved by two orders of magnitude by optimizing the plasmonic nanostructures, comparing
with the unoptimised case reported in the previous work [10]. For example, strong EM
trapping force as high as 4.7 fN can be obtained with a low incident intensity of 0.1 mW·µm−2
(Fig. 10(b)). The strength of the EM force is strong enough to trap the nanoparticle
considering that trapping a 20 nm nanoparticle requires trapping force larger than
approximately 1 fN to overcome the influence of Brownian motion [14, 19, 26]. At the same
illumination intensity, the EM force on the 20 nm nanoparticle at the resonance planes can
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reach ~2 x 10−2 fN for the nanostructure in the previous work. Also the EM force produced by
an objective lens (NA = 0.5) at the same illumination strength is approximately 3 x 10−4 fN, a
total of four orders of magnitude enhancement in trapping force can be achieved with the
optimized nanostructure comparing to the case without the nanostructures [10]. In Fig. 11 the
thermal force acting on a 20 nm nanosphere is illustrated. With moderate temperature increase
in the surrounding medium, e.g. 11 K with incident intensity of 0.1 mW·µm−2, and constant
ST, the thermal force does not show significant variation if the separation changes from 40 nm
to 100 nm, despite significant changes in the EM force.

Fig. 9. Comparison of intensity distributions at the center of the gap along the z direction for
the nanostructures with different separations s at the corresponding peak absorption
wavelengths λ of 470 nm, 461 nm and 455 nm.

Fig. 10. Comparison of the EM force in the nanostructures with different separations s at the
corresponding peak absorption wavelengths λ of 470 nm, 461 nm and 455 nm, respectively. (a)
The maximal Fy, (b) Fz. The intensity of the incident light is taken as 0.1 mW·µm−2.
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Fig. 11. Comparison of the thermal force in the nanostructure with different separations s at the
corresponding peak absorption wavelengths λ of 470 nm, 461 nm and 455 nm, respectively: (a)
Fy, (b) Fz. The intensity of the incident light is taken as 0.1 mW·µm−2. The Soret coefficient ST
used for calculation is 2 x 10−4 (K −1).

3.2 Effect of the diameter of the nanorod
The absorption spectra of the nanostructure with different diameters of nanorods are shown in
Fig. 12. There is a significant shift of peak absorption wavelength (i.e. ∆λ: 53 nm) when the
diameter of the nanorods changes from 40 nm to 100 nm. It is shown in Fig. 13(a) that the
field intensity in the nanostructure with diameter of 40 nm nanorods becomes very weak even
at the peak absorption wavelength of 427 nm. For thin nanowires, it is difficult to excite
plasmon resonance by the incident light with polarization direction normal to the long axis of
the nanorods [23] due to the fact that the radius of the nanorods (20 nm) is close to the skin
depth (~14 nm). Under the circumstance, although the absorption is strong, the plasmon
resonance is weak.

Fig. 12. Absorption spectra of the nanostructure with different diameters d at fixed separation s
of 70 nm and height h of 820 nm.
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Fig. 13. Intensity distributions of the nanostructure with different diameters d at the
corresponding peak absorption wavelengths λ. (a) d = 40 nm at λ = 427 nm, (b) d = 70 nm at λ
= 461 nm, and (c) d = 100 nm at λ = 480 nm, in the zx plane. Colorbar is in unit of V2 m−2.

Fig. 14. Comparison of intensity distributions of the nanostructure at the center of the gap
along the z direction with different diameters d at the corresponding peak absorption
wavelengths λ of 427 nm, 461 nm and 480 nm.

The comparison of the intensity distributions at the center of the gap along the z direction
is illustrated in Fig. 14. For the nanorods with diameter larger than 70 nm, the field intensity
at the center of the gap does not change noticeably, however accompanied by a peak
absorption wavelength shift of 19 nm. Such feature indicates a possible fine tuning capability
for plasmon resonance by varying the diameter of the nanorods.
3.3 Effect of the height of the nanorod
The absorption spectra of the nanostructures with different heights of 700 nm, 760 nm and
820 nm are shown in Fig. 15. The diameter of the nanorods and their separation are kept the
same (70 nm). It is noticed that the absorption peak wavelength for the same order of plasmon
resonance shifts from 461 nm to 437 nm with the height of the nanorods decreased from 820
nm to 700 nm (Fig. 16). The association of plasmon resonance of with the cavity length can
be expressed as,

4π

λsp

h = 2mπ + ϕ .

(2)

where m is the order of plasmon resonance, λsp is the plasmon wavelength, φ is the phase shift
induced by reflections on the ends of the nanorods [22, 23].
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Fig. 15. Absorption spectra of the nanostructure with different heights h of 700 nm, 760 nm
and 820 nm, at fixed separation s of 70 nm and diameter d of 70 nm.

Fig. 16. Intensity distributions of the nanostructure in the zx plane with different heights h at
the corresponding peak absorption wavelengths λ. (a) h = 700 nm at λ = 437 nm, (b) h = 760
nm at λ = 450 nm, and (c) h = 820 nm at λ = 461 nm. Colorbar is in unit of V2 m−2.

The variation of the nanorod length h induces changes in both the plasmon wavelength λsp
and the phase shift φ. The distance between two intensity maxima of the plasmon modes is
λsp/2, which changes according to the height of the nanorods (Fig. 17(a)). It is also noted that
the field intensity around the end of the nanorods exhibits significant variations. This is
because that the phase change φ induced by reflections at the ends of nanorods with different
heights has a strong effect on the intensity distribution along the nanorods. From Eq. (2), the
phase change φ and plasmon wavelength λsp for nanorods with h = 700 nm, 760 nm, 820 nm,
can be obtained as, φ = 0.37π, 0.13π, 0.25π, and λsp = 270 nm, 300 nm, 320 nm, respectively.
When φ = π/4, the field intensity at the end the nanorods (h = 820 nm) is much stronger than
the other two cases. As a result, the EM trapping force strength around the end of the
nanorods with h = 820 nm, is approximately four times stronger than that of the nanorods
with h = 700 nm, as shown in Fig. 17(b). Additionally, the equilibrium trapping positions
change with the height of the nanorods under excitations at the peak absorption wavelengths.

#164468 - $15.00 USD

(C) 2012 OSA

Received 9 Mar 2012; revised 28 Apr 2012; accepted 5 Jun 2012; published 19 Jun 2012

2 July 2012 / Vol. 20, No. 14 / OPTICS EXPRESS 14889

Fig. 17. Comparisons of (a) the intensity distributions, and (b) the EM force, in the
nanostructure with different heights h at the center of the gap along the z direction. The
corresponding peak absorption wavelengths λ for nanorods of diameter 700 nm, 760 nm and
820 nm are 437 nm, 450 nm and 461 nm, respectively. The intensity of the incident light is
taken as 0.1 mW·µm−2 for force calculation.

4. Discussion
We predict that an improvement of two orders of magnitude in trapping force can be obtained
by optimizing the plasmon resonance of the nanostructures. Therefore a total of four orders of
magnitude improvement in trapping force can be obtained comparing to the case without the
nanostructures [10]. Optical trapping force can be greatly enhanced by tuning the excitation
wavelength towards the peak absorption wavelengths of the nanostructure. But such an
enhancement in EM force is also accompanied with greater enhancement in the thermally
induced forces. As indicated previously [10], the thermal effects are important for plasmonic
nanoparticle trapping due to the fact that it has a much wider working range compared to EM
force. Reducing the separation between the nanorods can greatly improve the EM trapping
force without strongly affecting the thermal force, and this provides us the mechanism to tune
the balance between the EM force and the thermal force in order to achieve best nanoparticle
trapping performance. The fact that the peak absorption wavelength of the nanostructure is
strongly dependent on the diameter of the nanorods offers us the fine tuning capability of the
plasmon resonance in practice.
The present results should be of significant importance to attempts to manipulate
nanoparticles using plasmonic nanostructures. The high aspect ratio of plasmonic
nanostructures is useful for applications such as increasing the packaging density of
plasmonic sensors, single molecule assays and nanospectroscopy [5, 9, 16]. Well-defined high
aspect ratio plasmonic nanostructures can be fabricated using top-down fabrication processes
[7, 33]. The optimization results of this work can be utilized to improve sensing sensitivity
and trapping capability using the nanorod plasmonic nanostructures.
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