
Sub-Diffraction-Limited Milling by an Optically Driven Single
Gold Nanoparticle

Michael Fedoruk, Andrey A. Lutich*, and Jochen Feldmann*

Photonics and Optoelectronics Group, Physics Department and CeNS, Ludwig-Maximilians-
Universität München, Amalienstr. 54, 80799 Munich, Germany

Abstract
We propose and demonstrate a hybrid lithographic technique capable of nano-patterning surfaces
by optothermal decomposition of a polymeric film induced by a single metal nanoparticle. A
tightly-focused laser beam exerting a strong optical force onto the nanoparticle is used to move it
inside the polymer film. Due to efficient plasmonic absorption of the laser light the nanoparticle is
heated up to temperatures of several hundred degrees, causing melting or even thermal
decomposition of the polymer film. By this method grooves less than 100 nm wide and tens-of-
micrometers long can be directly milled in a polymer layer.
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There is an increasing demand for technologies capable of patterning surfaces at the
nanoscale with high precision, high throughput and in a cost-effective manner. For many
applications the desired patterning accuracy can be achieved using electron-beam1,2 and ion-
beam3,4 lithography or scanning-probe methods5 based on scanning tunneling microscopy6

and/or atomic force microscopy7 techniques. The simplest and most straightforward
scanning-probe methods are based on mechanical scratching, etching and removal of
material via direct physical contact of the probe with the processed surface. For example,
positioning the probe at specific surface locations and then applying a large force to the
probe may result in irreversible indenting of the surface, which can be used to record
structures.7,8 The probe pressed against the substrate can then be scanned to produce lines.
This technique is known as nanoshaving9, nanografting10 or plowing lithography.11 The
probe can be resistively heated to minimize the force needed to perform these types of
lithography on polymer surfaces.12,13 Alternatively the probe in close contact with the
substrate is exposed to fs-laser pulses resulting in a tip-enhanced ablation.14 Although the
scanning methods result in the desired patterning accuracy, they are not suitable for large-
scale production due to their serial essence, limiting the patterning throughput. The
production of nanostructures by optical methods could enable the required high-speed
patterning due to possible parallelization of light-based techniques. Due to the diffraction
limit however, the resolution of optical methods is limited to some hundreds of nanometers
for visible light. Ideally, one would like to combine the advantages of both approaches
utilizing the high accuracy of scanning-probe techniques and the ease of parallelization of
optical methods.
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In this letter we realize this idea by introducing a novel concept of an optically driven nano-
burner. The nano-burner is a metal nanoparticle, which is heated up due to strong plasmonic
absorption of a focused laser beam and manipulated laterally due to optical forces exerted on
it by the same laser beam. The heat released by the movable nanoparticle is used to perform
thermally assisted milling in a polymer layer.

To demonstrate this method, we use spherical citrate-stabilized gold nanoparticles with
diameters of 80 nm and 40 nm purchased from BBInternational. This type of metal
nanoparticles has been extensively used for various applications due to its plasmon
resonance which lies in the optical spectral range. The colloidal nanoparticle solution is
mixed with a polyvinyl alcohol (PVA) solution and spin-coated on a glass substrate resulting
in a polymer film with gold nanoparticles distributed homogeneously through the polymer
film with a particle surface density of 5*104-6*105 cm−2. The particle density is estimated
by counting a number of particles on a dark-field image within a 50×50 μm square. The
sample is mounted on the scanning stage of an optical microscope equipped with dark-field
illumination, enabling imaging and spectroscopy of single gold nanoparticles (Figure 1a).
The optical microscope is adapted to include a laser beam which is focused slightly above
the sample surface and thereby heats up and exerts optical forces on the nanoparticles within
the polymer layer (Figure 1b).

Since the pioneering work by Ashkin and co-workers,15 the optical forces exerted by a
tightly focused laser beam on micro- and nanoparticles have been widely used for
micromanipulation purposes in biology, physics, chemistry, and material sciences.16,17

Significant attention has been attracted by the problem of optical manipulation of metal
nanoparticles18-25 due to their unique plasmonic properties relevant to numerous important
applications. The manipulation can be realized in two different ways: the nanoparticles can
either be trapped at wavelengths redshifted from their plasmon resonance and then moved to
a point of interest22,25,26 or they can be pushed along the beam propagation direction to a
target position when using wavelengths resonant with the plasmon.24,27-29 We have recently
used the latter method to deposit single gold nanoparticles from a colloidal suspension onto
a substrate with an accuracy of 50 nm24 and to inject metal nanoparticless through
phospholipid membranes into giant unilamellar vesicles.29 In this study, we again do not use
optical trapping to manipulate nanoparticles. Instead, we make use of the strong radial
component of the optical pressure force present in a focused laser beam close to its focal
plane (Figure 1b). This radial force is used to move the gold nanoparticles laterally in the
sample plane. The use of a manipulating laser with the wavelength resonant (532 nm) with
the plasmon of spherical gold nanoparticles has a two-fold effect. First, due to the enhanced
interaction of metal nanoparticles with light at resonant wavelengths the manipulation of
nanoparticles is possible at lower laser powers. Second, the nanoparticles illuminated at their
plasmon resonance can be heated up to several hundred degrees using moderate laser power
densities,25,30 which is necessary to realize a nano-burner capable of performing thermal
patterning at the nanoscale.

Figure 2 illustrates the central result of this study – nano-channels milled in a PVA layer
using the optically driven nano-burner. These channels were created by guiding gold
nanoparticles laterally inside the PVA layer with the laser beam. Due to plasmonic heating,
the nanoparticle is heated up to several hundred degrees (estimate for an 80 nm Au
nanoparticle in PVA is > 700 °C). This favors rapid melting (228 °C)31 and thermal
decomposition (520 °C)32 of PVA molecules surrounding the nanoparticle and results in a
groove left behind the nanoparticle as it is moved laterally. To support the thermal
decomposition hypothesis we have analyzed atomic force microscopy images of these
grooves. We could not find any signature of the PVA being pressed out by the nanoparticle
(Figure 2c).

Fedoruk et al. Page 2

ACS Nano. Author manuscript; available in PMC 2013 November 19.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



The all-optical milling described here requires an appropriate combination of the axial and
radial components of the optical force and the amount of heat absorbed/released by the
nanoparticle. The ratio between the radial and axial components has to be maximized and
the amount of absorbed optical power has to be sufficient to decompose the polymer.
Experimentally, for our material system, we have found out that these conditions are
fulfilled by placing the nanoparticle ~ 400 nm below the focal plane of the microscope
objective (Figure 1b). We emphasize, the nanoparticle is not optically trapped, but pushed in
front of the defocused laser beam. Due to this defocusing the beam diameter is enlarged in
the particles plane resulting in an improved particle manipulation control.

The width of the channels itself can be adjusted by tuning the nanoparticle size used for the
patterning. The nano-channel produced using a 40 nm gold nanoparticle is more than 10 μm
long and only 49 nm wide, which is well below the diffraction limit for the wavelength of
532 nm used to manipulate the nanoparticle. Metal nanostructures are known to improve
optical resolution beyond the diffraction limit by using electromagnetic field enhancement in
nano-gaps and at sharp tips. Here, we have demonstrated that the highly localized heating by
metal nanoparticles is a promising opportunity to beat the diffraction limit. Although in our
proof-of-concept experiment we have achieved the desired sub-100 nm feature size
patterning of the PVA layer, the guiding of nanoparticles in the polymer layer has to be
improved in order to enable large arbitrarily shaped patterns with a high long-range
accuracy.

The key issue in setting up controllable optical manipulation is an understanding of the
optical forces acting on a metal nanoparticle during the writing process. Here we recall that
the optical forces pushing the nanoparticle are strongly dependent on the spectral position of
the surface plasmon resonance with respect to the wavelength of the manipulating laser. The
surface plasmon energy of metal nanoparticles is known to depend on the medium refractive
index, which changes during the writing process due to the thermal decomposition of the
surrounding PVA molecules. To assess this effect we drop-cast 80 nm gold nanoparticles
from an aqueous solution onto an 80 nm thick polystyrene layer. Several individual
nanoparticles were illuminated by a 532 nm laser at different laser powers. After
illumination, atomic force microscopy imaging of nanoparticles exposed to different powers
was performed (Figure 3a). In another experiment we illuminated a single nanoparticle and
the laser power was increased stepwise. After each illumination step Rayleigh dark-field
scattering spectroscopy was performed (Figure 3b).

As demonstrated in the experiment illustrated in Figure 3, the scattering cross-section of a
gold nanoparticle being used as a nano-burner for optothermal writing on a polymer layer
may change considerably during this process. Upon thermally induced sinking of the
nanoparticle into the polymer layer the medium refractive index around the nanoparticle
increases, causing, in turn, a red-shift of the scattering spectrum. This optothermally assisted
embedding of nanoparticles in a polymer film occurs at moderate laser power densities (<
100 kW/cm2 @ 532 nm, for 80 nm gold nanoparticles) and it has been recently proposed as
a promising technology for high-density data storage devices.33 Upon melting the polymer
film and embedding a nanoparticle a characteristic rim is formed around the nanoparticle
formed by the polymer pressed out. At higher laser power densities the plasmonic heating of
the nanoparticle results in high temperatures favoring thermal decomposition of the polymer
molecules around the nanoparticle. This decreases the medium refractive index seen by the
nanoparticle and therefore leads to a blue shift of the scattering spectrum. At even higher
laser power densities (> 200 kW/cm2 @ 532 nm, for 80 nm gold nanoparticles) the
scattering spectrum shifts to the wavelengths even smaller than its initial position. This we
attribute to the thermal decomposition of also surface ligands initially surrounding the
nanoparticle. The optical pressure force used here to manipulate nanoparticles is directly
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proportional to the sum of absorption and scattering cross-sections and therefore it also
changes upon embedding of the nanoparticle in the polymer layer. The effect of the
changing nanoparticle environment during the patterning process on the optical forces is
influenced by a number of factors, including the laser wavelength, position of the
nanoparticle with respect to the focal plane and the actual effective refractive index around
the nanoparticle. To account for all these parameters we have carried out simulations of the
optical forces in the paraxial beam approximation using scattering/gradient force formalism
derived elsewhere.34 Figure 4 illustrates the dependence of the optical forces on the medium
refractive index.

The magnitude of the axial component (along beam axis) of the total optical force decreases
more than two-fold upon reduction of the refractive index from 1.52, which corresponds to a
polymer surrounding, to 1.0, corresponding to air. This effect is noticeable, but not crucial
because the drop of the force due to refractive index change can easily be compensated by
increasing the laser power. In contrast to the axial force, the radial force, which is used to
push nanoparticles inside the polymer layer, not only changes its magnitude but also its
direction. In fact, the radial force becomes zero when the medium refractive index equals ~
1.1. At higher refractive indices the radial force is negative, i.e. points outward from the
beam axis enabling nanoparticles to be pushed in front of the laser beam. At refractive
indices lower than 1.1 the radial force points toward the beam axis excluding the possibility
to push nanoparticles as depicted in Figure 1b. Total optical force maps calculated for
different surroundings of 80 nm nanoparticle in the proximity of the beam waist are
presented in panels b) and c) of Figure 4. Comparing these panels we conclude that the
outwardly directed radial force present in polymer (n=1.52) is not achievable in air (n=1).
This conclusion is also supported by experimental observations. First, it is not possible to
move gold nanoparticles placed in air on a glass substrate or on a polymer film. To
overcome this difficulty, nanoparticles in our patterning experiments were included into a
polymer layer during the layer spin-coating step. Second, at high laser powers the fast
polymer decomposition around a nanoparticle prohibits moving the nanoparticles over long
distances.

In conclusion, we have introduced a novel concept of optical milling of polymer films with
sub-100 nm accuracy. This method uses a plasmonically heated single gold nanoparticle to
record patterns by localized thermal decomposition of a polymer layer. The nanoparticle is
plasmonically heated and moved laterally due to optical forces by a single focused laser
beam. Highly localized heating by metal nanoparticles has been used for the first time to
overcome the diffraction limit and record nano channels with cross-sections of 50 nm. The
method is all-optical and, therefore, it can be easily parallelized using e.g. an acousto-optical
deflector or a spatial light modulator.
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Figure 1.
Optically driven golden nano-burner. a) Diagram of the experimental setup. A microscope
equipped with dark-field illumination via an oil immersion condenser (Zeiss Axiotech 100)
is adapted to include the manipulation laser (Millenia Vs 532nm, Spectra-Physics). An air
objective (Epiplan, Zeiss, 100x, NA 0.9) is used to simultaneously collect scattered light and
focus the manipulation laser onto the sample. The sample position is controlled with piezo-
driven stepper motor translation stages (Linos). Images are acquired using a digital camera
(Canon EOS 550D). Scattering spectra are acquired using a spectrometer (Andor
SpectraPro-300i) equipped with a CCD camera (Roper Scientific 1340/400). (b) Schematic
representation of the optical forces acting on a nanoparticle inside a polymer layer during
the patterning process. The laser beam is focused slightly above the substrate to utilize the
radial optical force component of a divergent laser beam.
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Figure 2.
Sub-diffraction-limited milling by a nano-burner. Nano-channels milled in a PVA layer by a
single optically driven gold nanoparticle of (a) 40 nm and (b) 80 nm diameter. Both dark-
field microscopy (left) and atomic force microscopy (right) images are present. The white
arrows on the dark-field images indicate the direction of nanoparticle movement. In both
cases the nanoparticles were moved at an average speed of 5 μm/s. The nanoparticle is seen
as a bright green (40 nm) or yellowish (80 nm) spot at the end of the channels. (c) Channels
produced with nanoparticles of different sizes have different widths: A nanoparticle 40 nm
large leads to a channel 49 nm wide (FWHM); (b) An 80 nm nanoparticle produces channels
98 nm wide (FWHM). The channels are all longer than 10 μm. The PVA layer thickness is ~
35 nm and ~ 70 nm in the experiments with 40 nm and 80 nm diameter nanoparticles,
respectively.
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Figure 3.
Laser embedding of gold nanoparticles into a polymer layer. (a) AFM images clearly show
sinking of an 80 nm gold nanoparticle into the polystyrene layer upon plasmonic heating at
lower laser powers and crater formation around the nanoparticle due to the thermal
decomposition of the polystyrene at higher laser powers. (b) Rayleigh scattering spectra
show an increasing refractive index around the nanoparticle seen as a red-shifting and
strengthening of the gold nanoparticle scattering. This shows how the embedding process
occurs at moderate laser powers. The crater formation results in a blue-shift of the spectra,
which occurs due to a decrease of the refractive index around the nanoparticle. The laser
power densities and corresponding scattering maxima are shown in panel (b).
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Figure 4.
The lateral optical force depends strongly on the medium refractive index. (a) The axial
(along beam axis, Fz) and the radial (along beam radius, Fr) optical forces have been
calculated for different media refractive indices. An 80 nm gold nanoparticle has been
placed 400 nm below the focal plane in the laser beam (532 nm) propagation direction and
400 nm away from the beam axis. A positive radial force points toward the beam axis,
negative – outward. The map of the total optical force exerted in the proximity of the beam
waist on an 80 nm gold nanoparticle in (b) air (n=1) and (c) in a polymer-like medium
(n=1.52). The forces are calculated in units of pN per 1 mW of total beam power focused to
a spot by an objective lens with NA=0.9. For reference, the refractive indices of the glass,
PVA and polystyrene are 1.46, 1.52 and 1.55, respectively.
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