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Application of Gaussian Optical Tweezers for Ultrafast Laser
Assisted Direct—write Nanostructuring
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The minimal size of optically generated structures is always affected by diffraction. This
fundamental limitation does not allow laser radiation to be focussed much smaller than half of its
wavelength and therefore it also limits minimal feature sizes of laser produced structures. In near-
field optics, however, the diffraction limit does not apply, which in principal allows for tighter
focussing. In this contribution, a flexible approach for direct-write nanostructuring is presented.
Dielectric micro-particles are positioned by Gaussian optical tweezers and irradiated by ultrafast
laser pulses. The particles focus the pulses and enable surface structuring.
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1. Introduction

The generation of surface structures on a micro- and
nanometre scale is of increasing interest for different
technical and biomedical applications [1-3]. For the
production of such small features, different techniques have
been developed and applied in the last decades, such as
photolithography, focused ion beam structuring, nano-
imprint lithography and laser ablation. Among those, laser
based methods are very promising for being contactless and
offering high precision. Focussing of a laser beam,
however, is affected by diffraction and the smallest
achievable focal spot sizes are on the order of half of the
laser wavelength [4,5]. This fundamental restriction
directly limits the minimal feature size for laser based
surface structuring. However, two general approaches have
been demonstrated, which allow for sub-diffraction-limited
optical material processing: one is to utilize threshold
processes and the other one uses near-field effects to
overcome the diffraction limit.

1.1 Optical near-field and threshold effects

The intensity across a focused laser spot usually
possesses a rotational symmetric Gaussian distribution. If
the laser power is low enough, the intensity on the substrate
exceeds the ablation or modification threshold of the
material only in the centre of the Gaussian focal spot. This
can be used to generate structures that are smaller than the
actual laser spot diameter (see fig. 1). In principle, this
works for all laser material combinations, but the effect
only becomes significant if there is a sufficiently steep
intensity gradient across the laser spot and a pronounced
threshold in the material response. The first prerequisite is
fulfilled optimally by ultrafast lasers. Due to their short
pulse duration and the corresponding high pulse power,
ultrashort laser pulses can lead to extremely high intensities

of more than 107 W/m? and thus to very steep intensity
gradients. The requirement of a pronounced threshold can
be fulfilled best with materials that normally do not absorb
the used laser wavelength but rather need a higher photon
energy for processing. High intensities, which mean high
photon densities can then leads to multiphoton absorption,
which only occur in the centre of the laser spot (see fig. 1).
One of the best known processes that utilize threshold
effects to generate feature well below the diffraction limit
is the two-photon polymerisation [6].
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Fig. 1: Simultaneous absorption of multiple photons with the
total energy exceeding the bandgap (a). Threshold effects can lead
to generated structures that are smaller than the focal spot of the
laser (b).

The second possibility to overcome the diffraction limit
is the use of near-field effects. Optical near-fields are local
electromagnetic  field enhancements which decay
exponentially, thus do not propagate farther then some tens
or hundreds of nanometres [7]. Near-fields arise from the
illumination of small particles or apertures, or when an
electromagnetic wave passes a step in optical density, e.g.
at the crossing of a glass-air-interface [7]. They are not
affected by diffraction and can be used to focus laser
radiation much smaller than the laser wavelength. This is
used in near-field microscopy to enhance the resolution of
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optical imaging systems [8,9], but has also been
demonstrated for material processing.

By illuminating the tip of an atomic force microscope
(AFM) or light passing through the fibre of a near-field
scanning optical microscope (NSOM), optical near-fields
are induced, which can be used to modify a substrate’s
surface with features well below the diffraction limit [10—
14]. This process is suitable to generate features with a
lateral resolution of 10 nm [12], but it requires a precise
positioning control and thus complex closed loop feedback
systems. Furthermore, AFM tips are highly prone to
mechanical damage and very expensive.

Another approach to utilize optical near-fields for
surface structuring uses spherical micro-particles as near-
field lenses. The microspheres are usually diluted in water
and the aqueous solution is coated onto a substrate. As the
solvent evaporates, the particles self-organise in hexagonal
patterns. Irradiation with laser pulses then leads to near-
field focussing by the particles, which creates sub-
wavelength nano-holes underneath each illuminated
particle [14-19]. This process is often referred to as
Contacting Particle Lens Array Patterning (CPLA). It is
very robust and allows larger areas to be structured, but
achievable structures are limited to restricted patterns such
as hexagonal patterns. The process depends mostly on the
particle material and size, the pulse duration and the
substrate material. It has been shown to work on dielectrics,
metals and semiconductors with both metallic and
dielectric particles [19].
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Fig. 2: Principle of CPLA nanostructuring: micro-particles
condense in a hexagonal grid and are illuminated with pulsed
laser radiation (a). Near-field focusing underneath the particles
then leads to periodical nano-holes (b).

1.2 Optical trap assisted nanostructuring

The disadvantages of these approaches can be
overcome by using a tightly focused cw laser beam as an
optical trap, in order to move and position single
microspheres which again act as micro-lenses. The optical
trapping approach offers complete freedom in the geometry
of generated features, whereas it is still robust and does not
require sophisticated positioning controls. Figure 3 displays
the basic principle of optical trap assisted nanostructuring.

An experimental proof of principle has recently been
realised by McLeod and Arnold [20]. They used small
polystyrene microspheres with a diameter of d =0.76 um
and a laser with a wavelength of A =355nm and pulse
durations of t= 15 ns for direct-writing of nanostructures
on polymer coated glass substrates. For the positioning of
the particles, they applied a Bessel beam optical trap. In
opposite to Gaussian optical tweezers, Bessel beam laser

traps do not feature gradient forces along the axis of beam
propagation [21] and therefore do not exhibit a stable three-
dimensional fixation of trapped particles. They rather keep
particles on the beam axis, where the light scattering leads
to a net force in the beam propagation direction.

Fig. 3: Principle of optical trap assisted nanostructuring

In case of the previously mentioned CPLA surface
structuring, the particles have direct contact to the substrate
surface. It is beneficial, however, to maintain a defined
distance between particle and substrate to achieve the
smallest feature sizes of generated structures [20]. This
distance mostly depends on the particle size. In our case
(d=2 um) it is on the order of hundreds of nanometres. In
case of Bessel beam optical traps, proper spacing is
maintained by counterbalancing the scattering force by
electrostatic ~ double-layer  repulsion  between  the
microsphere and the substrate surfaces. Since the scattering
force is directly depending on the photon flux, the right
distance between particle and substrate can be controlled
by the trapping laser power alone [20].

However, the stiffness of an optical trap also scales
linearly with the applied laser power. Positioning of
particles by a Bessel beam optical trap therefore limits the
maximal optical forces and the trapping stiffness. In case of
laser ablation of the substrate underneath the trapped
particle, the microsphere will be affected by the ablation
process. Material gets accelerated in the direction of the
particle with every laser pulse and thereby leads to
displacement of the bead, or at higher pulse energies may
even result in the loss of the trapped particle [22].

Depending on the scale of this displacement, it can take
a significant time until the particle is brought back to its
equilibrium by the optical forces. This obviously limits the
usable pulse repetition rate and therefore slows down the
entire structuring process.

To overcome this limitation, we propose the use of
Gaussian optical tweezers for the positioning of the
particles. By using Gaussian tweezers instead of a Bessel
beam trap, the particles are confined in all three dimensions
so that it is possible to apply higher laser powers to
increase the trapping stiffness. This leads to an increase in
the maximal pulse frequency and thus to a faster
structuring process. The distance between surface and
particle, however, has to be controlled by moving the
substrate relative to the trapping laser beam.

2. Experimental setup and procedure

Our experimental setup is designed like an inverse
optical microscope. It consists of optical and opto-
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mechanical off-the-shelf parts and combines three beam
paths: the trapping laser, the pulsed structuring laser and
the imaging system. The optical trap is realised by a cw
Nd:YAG laser (A=1064 nm) with high beam quality
(M2<1.1) and an output power up to 5W. Its beam is
magnified by two lenses before it is focused by an
Olympus water immersion objective with a numerical
aperture (NA) of 1.2 to create a stable three-dimensional
Gaussian optical trap. After the focal plane the trapping
beam is reimaged onto a quadrant photodiode, which can
be used to measure the forces on a trapped particle and the
trap stiffness. The sample is located in the focal plane of
the objective and positioned with a three-dimensional stage
with stepper motors and piezo actuators (Thorlabs
NanoMax 311).
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Fig. 4: The experimental setup combines three beam paths:
Trapping laser (red), pulsed structuring laser (blue) and imaging
system (yellow)

For structuring, we used a picosecond laser with
wavelength A =532 nm, pulse duration T=10ps and a
pulse repetition rate from single shot to 8.2 MHz (Time
Bandwidth Fuego). The structuring laser beam is
demagnified and a significant divergence of the beam is
created. This is necessary in order not to focus the pulsed
laser into the objective focal plane and onto the trapped
particle, but rather to illuminate the particle as
homogeneously as possible. To observe the structuring
process, the substrate plane is illuminated by a white light
LED and imaged onto a CCD camera. A schematic of the
experimental setup is displayed in Fig. 4.
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Fig. 5: Sample layout

The samples consist of soda lime glass coated with thin
films of polyimide with a thickness of ~150 nm. A thin
aquatic solution of microspheres is deposited onto a
substrate and sealed with double sided tape and a
microscopy cover slide. The volume which is formed by
the tape has a thickness of about 90 um. The particles, in

this case 2 pm SiO,—microspheres, are trapped in the focus
of the cw Nd:YAG laser. By moving the whole sample, the
sphere is positioned near the upper surface, which is the
polyimide coated glass. The picosecond laser illuminates
the particle with a fluence slightly below the ablation
threshold of the substrate. Focusing by the microsphere
leads to the generation of nanometre scale structures.
Figure 5 displays a schematic of the sample.

3. Nanostructuring results

With our experimental setup, it was possible to
demonstrate Gaussian optical trap assisted nanostructuring.
For the first experiments we used relatively large
(d=2pm) SiO, particles, in order to make the process
easily observable on a CCD camera. Although it is very
prone to small misalignments in the optical beam paths, the
nanostructuring process turned out to very robust and
reproducible.

To achieve high position accuracy while structuring, a
very stiff optical trap is needed. As mentioned before, the
stiffness can be increased by increasing the trapping laser
power. However, in case of substrate materials with low
damage threshold, the risk of damaging the surface by the
tightly focused trapping laser limits its maximal usable
power. We found that trapping with up to 500 mW
(A = 1064 nm) was possible without altering the substrate.

Fig. 6: Video sequence of the nanostructuring process:
positioning of the particle near the surface (a), structuring with a
high feed rate of v =20 pm/s (b,c), nanostructured surface (d). All
scale bars are 5 um.

With too high pulse energies of the structuring
picosecond laser it is still possible to displace the particle
from its equilibrium and thereby to disrupt the structuring
process. But with proper spacing of the particle to the
surface, the focussing effect of the trapped bead allows
ablation with fluences as low as 10 mJ/cm? The distance
between particle and surface in this case is approximately
500 nm. To set this separation, the trapped particle is
positioned directly on the surface and then moved to the
desired distance by the piezo stage. To assure that the
particle is on the surface, its diffraction pattern can be
compared to a particle that is stuck on the surface. When
the diffraction rings have the same diameter, two particles
are in the same plane. This can be analyzed by image
processing software, such as MATLAB.
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In order to achieve short process times, a high pulse
repetition rate is necessary to increase the feed rate.
However, an increase in pulse frequency can also lead to a
displacement of the trapped microsphere, which again
results in an unstable structuring process. In our
experiments, it was not possible to repeatably generate
surface structures with a pulse repetition rate above
10,000 Hz at a feed rate of 20 pm/s. Due to the resulting
pulse overlap, the particle is affected by the ablation of
several pulses and the effects of all shots accumulate. The
overlap could be decreased by a further increase in feed
rate, but a faster movement leads to a lateral displacement
of the particle with regard to the optical trap because of
Stokes’ friction in the aqueous solution.

However, laser nanostructuring with Gaussian optical
tweezers still offers the possibility of generating nanoscale
features at high feed rates. At a rate of 20 pm/s we were
able to produce defined line structures with a minimum line
width of 350 nm (edge-to-edge) with use of 2 pm particles.
Lower feed rates of 5 pm/s allow for deep (~150 nm), more
pronounced structures at the cost of a broader line width of
500 nm as displayed in Fig. 7.
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Fig. 7: SEM-microphotograph of nanostructures on polyimide
(EPO-Tek P1011). The particle used for focusing is a 2 pm SiO,
microsphere positioned with Gaussian optical tweezers
(A =1064 nm). To induce the structuring process the particle is
illuminated by a Nd:YVO, picosecond laser with A =532 nm,
1= 10 ps, pulse frequency f =500 Hz and fluence F =8 mJ/cm?.

4. Conclusion and outlook

Our experiments showed that direct-writing of sub-
micrometer-structures is possible by positioning of
microspheres with Gaussian optical tweezers and
illumination with pulsed laser radiation. The application of
Gaussian optical traps allow high feed rates up to 20 pm/s
when generating nanostructures with 2 um SiO, beads on
polyimide coated glass samples. The minimum line width
of repeatable generated structures is 350 nm.

A decrease in feature size is possible by decreasing the
particle size and furthermore by the use of femtosecond
instead of picosecond laser pulses. The stiffness of the
optical trap does not decrease for smaller particles and
therefore it should be possible to maintain the high feed
rates.
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