Chapter 24
Enhanced Optical Forces in Plasmonic
Microstructures
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Abstract Micromanipulation of dielectric objects, from polystyrene spheres to
living cells, is achieved when radiation pressure forces create stable trapping by
highly focused laser beams through microscopes. However, the impressive history
of optical trapping is shadowed by the light diffraction limit, as research currently
has focused on materials below the micron scale, requiring stronger optical con-
finement and higher intensities than can be provided by the conventional optical
tweezers. Recently, plasmonic nanostructures have entered the field, either to assist
or enhance it. In this study, we present experimental results on using localized fields
of metallic structures for efficient trapping, with various patterns (dots, fringes and
squares). The patterns were produced by laser interferometry on almost continuous
Ag or Au films on glass and glass covered by an amorphous Al,O3 layer (10nm
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thick) respectively. We have calculated the optical forces by measuring the particle’s
escape velocity. The results show that the effective quality factor Q in the patterned
metal film is enhanced by a factor > 10, with respect to the unpatterned metal film
and a factor > 100, with respect to an uncoated glass. In addition, mathematical sim-
ulation of plasmonic fields is investigated to confirm and explain theoretically, the
experimentally observed plasmonic enhancement.

24.1 Introduction

The field of optical trapping has grown due to implementation in various arenas
including physical chemistry, biology and medicine. This success lies in the non-
invasive nature of optical forces. Recently, evanescent waves have been employed,
instead of conventional propagating waves to form the optical trap. This is expected to
allow development of optical traps with sub-wavelength volumes, which could enable
direct manipulation of nano-scale objects [1-3]. Moreover, plasmonics involve a
wealth of novel promising scientific applications such as the trapping of nanoma-
terials by an enhanced optical force. Optical trapping based on surface plasmons
can potentially overcome the main disadvantage of the conventional optical trap-
ping systems, i.e. due to the diffraction limit of the incident light the spatial resolu-
tion in trapping is ordinarily limited to more than several hundreds of nanometers.
Nanometric optical tweezers with sub-diffraction-limited trapping volume have been
realized by utilizing optical near field between gold nanodots fabricated by electron
beam lithography [4, 5]. These studies indicate that such metallic nanostructures
(nanogaps, nanoantennas etc.), can function as novel small light sources in the nano-
cosmos. Plasmonic traps may play a key role in the development of applications, such
as lab-on-a-chip, with increased functionalities. Compared to conventional optical
tweezers, plasmonic traps do not require elaborate optical setups. Lately, plasmonic
traps have become an important tool for immobilizing nanoparticles or cells on a
substrate.

In a previous work [6], we reported that the fabrication of an optical trap with
enhanced efficiency could be based on localized plasmonic fields around sharp metal-
lic features. The trap was created near the surface of a laser-structured silicon sub-
strate with quasi-ordered microspikes, coated with a thin silver film.

In this work, we present experimental results on using localized fields of metallic
structures for efficient trapping, with various patterns (dots, fringes and squares). The
patterns were produced by laser interferometry on almost continuous Ag or Au films
on glass or glass covered by an amorphous Al, O3 layer (10 nm thick) respectively. We
have calculated the average of the optical forces by measuring the particle’s escape
velocity. An enhancement of the effective quality factor Q is observed for certain
patterns with respect to unpatterned metal layers or uncoated glass. In addition,
mathematical simulation of plasmonic fields is performed to confirm theoretically
the experimentally observed enhancement.
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Fig. 24.1 SEM images of patterns produced in the Ag film: a dots, b fringes and ¢ squares. The
magnification of each image is noted. The insets show a magnification of the transformed areas
where the morphology of the produced nanoparticles can be better appreciated

24.2 Materials and Methods

The experimental set-up has been described previously [3] and is only outlined
here. The trap was created using a continuous wave Gaussian Nd:YAG laser beam
at 1064 nm, focused through an objective onto the sample. The beam radius at the
waist was wo ~ 500 nm, corresponding to the focusing lens with numerical aperture
N.A.=1.25, employed. The substrates were placed on a motorized x-y translation
stage (Standa 8MT 167-2S) and the image of the trapped beads was captured on a
CCD camera. As trapped objects we used polystyrene beads with mean diameter of
900 nm, suspended in deionized water of refractive index n=1.33.

The metallic structures were produced by laser interferometry using phase masks
at 193 nm on almost continuous Ag or Au films deposited on glass or glass covered by
an amorphous Al,Oj3 layer (10nm thick) respectively. Most results refer to patterns
produced with a single pulse of energy density of 58 mJ/cm?. Patterns as those shown
in Fig. 24.1 were produced by exposing the films to 5 laser pulses (a, b) and 1 laser
pulse (c), each with the phase mask rotated by 90° as described in details elsewhere
[7, 8]. On the patterns nanoparticles with mean diameters in the range 70—100 nm
were formed.

24.3 Results and Discussion

We determined the effective optical trap force, by performing escape velocity mea-
surements. By translating the structured substrates at a constant velocity, under the
focal point of the trapping laser beam, we were able to measure the escape velocity
for which the polystyrene beads escaped the optical trap. At the escape velocity, the
effective trapping force is considered to be equal to the viscous drag force, described
by the modified Stokes law,

F =K -6mnrveg 24.1)
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where 7 is the water viscosity, r the bead radius, v the escape velocity of the bead
and K (~1.33) a correction coefficient [9]. Figure24.2 shows the effective force
exerted on 900nm polystyrene beads, optically trapped above the structures as a
function of the power of the trapping laser beam. In this graph, we can observe that
the trapping force changes with the substrate morphology. The squared and fringed
patterns [Fig. 24.1b, ¢ for Ag], show a significant enhancement of the trapping force,
compared to that in the dotted pattern or the unpatterned films.

Knowing the trapping force, F, we can evaluate the effective quality factor of the
optical trap, Q. The effective quality factor is defined as,

0 = Fc/nP (24.2)

where c is the speed of light, n is the refractive index of the surrounding medium
and P is the power of the trapping laser beam. The quality factors for the samples
used in this study are given in the following Tables. We note that these are average
of the optical force values and should be regarded as approximations, since for some
samples the optical force is a nonlinear function of the trapping laser power, as shown
in Fig.24.2. In previous studies [9], it was observed that the increased trapping laser
power changes the axial trapping point; hence a single value for the quality factor
could not be derived for a given particle over all laser powers.

The calculated quality factors in Table 24.1, for the squared patterns in Au and Ag
films, are one or two orders of magnitude larger than the ones of the other patterned
substrates and uncoated glass respectively. The evaluated structures of the Table 24.1
have been developed with one laser pulse of energy density 58 mJ/cm?.

Table24.2 shows the dependence of the quality factor on the average energy
density used to produce fringed patterns in Ag films using 5 laser pulses. The patterns
produced with the highest energy density show more than twice enhancement of Q,
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Table 24.1 Effective trapping quality factor, Q, for structures with squared patterns [similar to that
shown in Fig. 24.1c] both in Ag and Au films together with the respective values for the unpatterned
films and the uncoated glass substrate

Metal Type of structure Quality factor Q

Au Squared pattern (9.20 & 0.60) x 1073
Ag Squared pattern (6.40 £ 0.80) x 1073
Au Unpatterned (9.00 £0.36) x 10~
Ag Unpatterned (3.24+0.20) x 10~*
- Uncoated glass (3.80 £0.50) x 1072

Table 24.2 Effective trapping quality factor, Q, for fringed patterns in Ag film [as that shown in
Fig.24.1b] for various laser energy densities and five laser pulses

Energy density Quality factor Q

58 ml/cm? (1.24 £ 0.10) x 1073
44 mJ/cm? (5.04 £0.54) x 10~*
29 mJ/cm? (4.85£0.42) x 1074

Fig.24.3 SEM images of the fringed patterns in Ag, with 5 pulses and energy densities a 58 mJ/cm?,
b 44mJ/cm? and ¢ 29 mJ/cm?

when compared to similar patterns produced with lower energy densities. Generally,
lower energies produce less nanoparticles as expected and shown in Fig.24.3.

A possible explanation for the enhanced efficiency of the described optical trap
is based on the action of localized plasmonic fields, created around the patterns
covered with metallic nanoparticles [10, 11]. However, the field enhancement is not
an inherent property of plasmonics, but rather that of cavity effects as seen in Fabry-
Perot interferometers and laser resonances [12]. For this reason more investigation is
needed. However, we can conclude that the combination of metallic structures with
metallic nanoparticles results in electromagnetic field enhancement, during optical
trapping and increases the quality factor of the trap.

As far as the theoretical analysis is concerned, the trapping force shows an
enhancement when the substrate is covered with a metal layer, and even more in
the presence of nanostructures. The electromagnetic force can be calculated through
the gradient of the square of the electric field norm, as described by the formula,
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Fig. 24.4 a The trapping force in arbitrary units, as a function of the horizontal position relative
to the beam focus, in wm. b Schematic representation of the electric field distribution over a metal
substrate with nanospheres

F=-—-""gVE? (24.3)

where a is the polarizability of the particles and n.,, is the refractive index of the
medium, water in our case (n.,, = 1.33) [13]. Specifically and in coherence with the
experimental parameters, a Gaussian laser beam with wavelength Ag = 1064 nm was
assumed to illuminate the samples, namely an uncoated glass, an unpatterned metal
film and a patterned metal film. The beam radius, at the waist was wo ~ 500nm
corresponding to a focusing lens with numerical aperture N.A. = 1.25, as the one used
in the experiments. The diameter of the nanospheres was chosen to be 100nm, and
the distance between them 250 nm, in order to fit best the experimental conditions.
The material of the nanospheres was assumed to be gold, although similar results
are produced for silver or other metals. The background environment was water, as
in the experiments. Then, the Maxwell equation in the form,

VxVxE—-kieE=0 (24.4)

was solved through finite element numerical analysis [14], using the COMSOL Mul-
tiphysics software package [15]. Here ko is the free space wavenumber and &, the
relative permittivity of the material, given by the formula,

& =n —ik? (24.5)

where n, k are the real and the imaginary part of the complex refractive index,
respectively. In this way, via (24.4) and (24.5), the electric field distribution in the
focal region of the beam was determined, and then (24.3) was applied in order to
calculate the trapping force.

The results are shown in Fig.24.4a. It is clear that the trapping force reaches a
maximum when patterned metal film is employed. Figure 24.4b shows the electric
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field distribution over a metal substrate with nanospheres. It is evident that the nanos-
tructures strongly interact with the electromagnetic field, enhancing its gradient, and
consequently the trapping force.

24.4 Concluding Remarks

In conclusion, we have demonstrated that the measured trapping force exerted on
polystyrene beads of 900 nm diameter changes with the substrate morphology. Peri-
odically patterned metal films create a plasmonic optical trap with a larger trapping
efficiency, than that of a conventional system, and an additional potential for applica-
tions in nanoengineering and nanobiology. The calculated Q factor was almost one
or two orders of magnitude larger than the one of a conventional optical trap, with the
same objective lens. The maximum trapping force was achieved in squared patterns
covered by metal nanoparticles, with gold leading to slightly higher enhancement
than silver. The theoretical simulations confirm an optimization in optical trapping
when metallic nanospheres are employed. However, as the field enhancement is not
an exclusive property of plasmonics, more investigation is under way to establish the
contribution of the localized plasmonic field to the total trapping field. In addition, as
1064 nm wavelength was not the optimum for the specific combination of substrate
and nanostructures employed, a more favorable combination of all three is studied.
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