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Abstract

Here we introduce a new paradigm of far-field optical lithography, optical force stamping

lithography. The approach employs optical forces exerted by a spatially modulated light field on

colloidal nanoparticles to rapidly stamp large arbitrary patterns comprised of single nanoparticles

onto a substrate with a single-nanoparticle positioning accuracy well beyond the diffraction limit.

Because the process is all-optical, the stamping pattern can be changed almost instantly and there

is no constraint on the type of nanoparticle or substrates used.
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Optical lithography techniques are widely used to fabricate nanoscale devices for

optoelectronics, biological and medical applications1,2,3. The lateral feature size achievable

by conventional far-field optical lithography is diffraction-limited4. A number of far-field

approaches have been proposed to overcome the diffraction limit5,6,7,8, but these are not

suitable for arbitrary pattern formation. Scanning near-field optical microscopy techniques

can also go beyond the diffraction limit9,10,11,12, but due to their serial essence the scanning

methods suffer from low throughput and limited patterning areas.

An elegant way of manipulating small particles is to employ the optical forces exerted by

light on micro- and nanoobjects upon interaction with them. These forces can be used to

optically trap individual particles by a tightly focused laser beam13, move them to target

positions and, finally, fix them onto a substrate by various mechanisms14,15,16. Although

this approach offers wide flexibility in assembling arbitrary patterns composed of particles,

it is of limited use for mass production due to its extremely low throughput and inherent

complexity of manipulation of several simultaneously trapped particles. In Optical Force

Stamping Lithography (OFSL) the optical forces are not used to optically trap nanoparticles.

Instead by using the repulsive force exerted by a laser beam resonant to nanoparticles’

extinction maxima17,18, the nanoparticles are accelerated along the directions of the light

energy flux and fixed at desired positions on a substrate19,20.

OFSL is an all-optical, far-field and maskless technique offering high flexibility for surface

processing over large areas using tailored colloidal micro- and nanoparticles with desired

optical, electric and magnetic properties. The method merges advantages of optical far-field

lithography and colloidal chemistry by applying a two step fabrication of nanoscale devices.

First, individual components of the future device with required properties and functionalities

are prepared using well established colloidal synthesis protocols21,22. These components are

then arranged on a substrate by light which enables an easy parallelization of this process.
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The concept of OFSL can be defined as follows: a spatial light modulator (SLM) is used to

split a laser beam into several beams, creating an optical pattern, which is focused onto a

substrate through a colloidal solution of the nanoparticles which are to be deposited (Fig.

1a). The nanoparticles, tailored to be electrostatically repelled by the substrate, are captured

from the solution by the laser beam, guided towards the substrate and then attached to it at

the desired position. The laser helps the nanoparticles overcome the electrostatic repulsion,

upon which they bind via van der Waals attraction to the substrate19 forming a pattern

predefined by the optical stamp (Fig. 1b). An example of this process is shown in Fig 1c,d,

where OFSL was employed to stamp a square 5×5 pattern of equally spaced 80 nm gold

nanoparticles onto a bare glass substrate. This pattern was stamped rapidly, in just ten

seconds and the deposited nanoparticles show a spatial deviation from the desired positions

of smaller than 45 nm, less than λ/10 of the laser wavelength of 532 nm.

OFSL offers a high deposition throughput for two reasons. Firstly, there is no fundamental

constraint on the dimensions of or the number of spots encoded within the optical stamp.

Secondly, the stamping process for each nanoparticle is independent of the other

nanoparticles. Therefore, the time needed to stamp a pattern is almost independent on its

size. An 8×8 pattern composed of 64 nanoparticles took only 11 seconds to be completed

(Fig. 2a), almost the same time required to print the aforementioned 5×5 pattern. A clear

advantage in comparison with other lithographic techniques is the possibility in OFSL to

form irregular, arbitrary patterns composed of nanoparticles without a need to design a mask

(Fig. 2b). It is worth noting that the stamping speed is dependent on the concentration of

nanoparticles in the solution and thus can be easily tuned in a wide range.

As with a common stamp, the same pattern can be repeatedly stamped at different locations

on a substrate by slightly modifying the image displayed on the SLM thereby forming more

complex patterns (Fig. 2c). A feature unique to OFSL is the ability to swiftly change the

shape of the optical stamp and form different shaped patterns on the substrate (Fig. 2d).

Thus, macroscopically large area stamping can be achieved by controlling the position of the

optical pattern on the substrate with a piezo stage and repeating the stamping process

Another essential requirement of a technique used to fabricate devices is the ability to

deposit nanoparticles with different properties and functionalities. As mentioned before,

OFSL offers this possibility as well. To demonstrate this 80 nm silver nanoparticles were

used to stamp 4×4 arrays with different lattice symmetries (Fig. 2e, f). To stamp the silver

nanoparticles the laser power per stamping point was increased to compensate for the

smaller extinction cross-section at 532 nm of silver compared to gold nanoparticles. Thus it

is possible to sequentially stamp different types of nanoobjects onto one substrate by

exchanging the solution after each stamping cycle. However, it is even possible to print

different nanoparticles from the same solution. This can be done, because the magnitude of

the optical force exerted on a nanoparticle reaches a maximum when the laser wavelength is

tuned to the nanoparticle’s extinction spectra.18 Thus one may employ several lasers with

wavelengths tuned to the extinction spectrum maxima of each type of nanoparticle.

Despite OFSL being a far-field method it is capable of producing structures with an

accuracy well beyond the diffraction limit. Because the feature size can be fine-tuned with

nanometric precision through colloidal chemistry, the only inaccuracy results from the

positioning of the nanoparticles. As aforementioned, the achieved accuracy is better than

45nm. The reason for this remarkable accuracy is two-fold and lies in the nature of the

optical force stamping method. The optical force exerted by a focused laser beam on a

metallic particle can be split into two components: (i) axial – along the beam propagation

direction and (ii) radial – towards the beam axis. The axial component, which affixes the

nanoparticles to the substrate surface, has a Gaussian-shaped intensity profile. Thus, the size
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of the area in the proximity of beam axis inside which the optical force is strong enough to

stamp the nanoparticles is controlled by regulating the intensity of the laser beam. Even

more important, the radial force is attractive. It guides the nanoparticles toward the beam

axis and holds them near the center of the beam. Effectively the radial component of the

optical force confines the nanoparticles in a two-dimensional potential well (Fig. 3b). The

full width at half maximum (FWHM) of this well is diffraction limited, but its depth is

directly proportional to the total beam power. The nanoparticles are restricted by the radial

optical forces to move laterally due to the Brownian motion only at the very bottom of the

well, realizing the sub-diffraction limited confinement of the nanoparticles. The confinement

can be tuned by adjusting the beam power to enable virtually any required positioning

accuracy. Analogous to localization microscopy techniques measuring absolute positions of

dye molecules with precision well below the diffraction limit, the accuracy can theoretically

be reduced down to a few nanometers23. The deposition inaccuracy reported here is mostly

due to astigmatism of the SLM and aberrations of the imaging optics. Both of these issues

can be compensated in future to improve the accuracy down to a few nanometers24.

To test the capability of OFSL for microdevice fabrication and being inspired by the strong

attention given recently by the scientific community to arrays of metallic

nanoparticles3,25,26, we have stamped several diffraction gratings composed of single gold

nanoparticles on a glass substrate (Fig. 4). Under dark-field illumination and observed

through a low-magnification/low-NA objective lens these arrays have the same yellowish

color (Fig. 4a) as the individual gold nanoparticles seen in a high magnification/high-NA

objective lens (Fig. 4d). Under grazing incidence of the illumination beam (Fig. 4e) the

arrays appear in different colors depending on the angle of incidence (Fig 4b,c).

Consequently, despite a size of only 14×14 μm and a fabrication time of ten seconds each,

the arrays fully function as diffraction gratings.

In conclusion, we have introduced a new type of far-field optical lithography for producing

patterns with nanometric accuracy. The new approach is based on deposition of colloidal

nanoparticles from a solution by the optical forces exerted by a spatially modulated optical

field, called an optical stamp. The method is very versatile, enabling low-cost and high-

throughput stamping of large and arbitrary patterns composed of nanoparticles with different

functional properties on substrates. As a proof-of-concept several functional micro

diffraction gratings have been stamped with an accuracy of only a few tens of nanometers

and in less than a minute using optical force stamping lithography. Further developments

could extend this technique into the third dimension enabling more complex multi-level

architectures. Due to the high patterning accuracy and versatility of the OFSL, it has

potential to compete with e-beam lithographic and scanning-probe techniques for producing

nanostructures. Providing the nanometric accuracy, this technique is essentially a single step

method operating at ambient conditions and not requiring ultra-high vacuum or deep ultra-

violet radiation. Additionally, OFSL is operational in aqueous media providing ease of

integration into biological, medical and chemical applications.

Methods

Experimental setup

The optical force stamping lithography setup (Fig. 1a) is composed of a spatial light

modulator (HoloEye LC-R 2500), a water immersion objective (Zeiss W Achroplan 100x/

1.0 W/0), an inverted microscope (Zeiss Axiovert) equipped with a dark-field illumination

condenser and a 532 nm cw-laser (Coherent Verdi-V10). A dichroic beam splitter (Semrock

Di01-R532-25×36) is used to filter out scattering from the laser. Images are recorded with a

digital camera (Panasonic Lumix DMC-FZ50). The optical stamp is formed by the spatial

light modulator LC-R 2500 which is based on a reflective LCOS (Liquid-Crystal-On-
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Silicon) micro-display. It is capable of spatially modulating the amplitude and/or phase of

the reflected light by displaying computer-generated holograms. The SLM forms a pattern of

discrete laser beams on a substrate by means of 4f imaging of the SLM surface plane to the

back focal plane of a microscope objective lens (Fig. 1a). In this configuration an image of

the desired pattern is Fourier-transformed, displayed on the SLM and transferred to the back

focal plane of the imaging objective. The objective, in turn, performs a reverse Fourier

transform to its front focal plane and forms the optical stamp on the substrate surface. The

objective lens is immersed directly in a solution containing the nanoparticles which are to be

stamped and is focused onto the substrate. Laser power in the range of 2.5-3.5 mW per

stamp point behind the objective was used to stamp nanoparticles on a substrate. To shift the

stamp in the image plane a blazed holographic grating is added to the displayed Fourier

pattern

Samples

37 μl of a solution (3.1×105 nps/ml) of gold nanoparticles (82 nm in diameter, Nanopartz) or

silver nanoparticles (80 nm in diameter, BBInternational) were enclosed between the

microscope objective and a silica cover slip. Standard 0.17 mm cover slips were washed in

acetone, isopropanol and water, dried using a nitrogen gun and treated in a plasma etcher.

Characterization of diffraction gratings was performed using a low-NA, low

magnification objective (NA= 0.075, M=2.5x) in an upright dark field microscope and

illuminating the gratings from the side at low angles with respect to the cover slip plane. By

varying the angle of illumination the microscope objective collects different wavelengths of

the scattered light in the first order.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Deposition of gold nanoparticles by optical force stamping lithography
a, Sketch of the optical force stamping setup. 4f-imaging is used to transfer the Fourier

image of the optical stamp from a spatial light modulator to the back focal plane of a

microscope objective. An optical microscope with dark-field illumination and a water

immersion objective is used for imaging of the stamping process. b, Schematic of the optical

force stamping process: colloidal nanoparticles are caught from a suspension, pushed toward

deposition positions and ultimately bound to the substrate through Van-der Waals forces c,
A dark-field image of a 5×5 pattern of 80 nm gold nanoparticles stamped on a glass

substrate. Each bright spot on this image corresponds to a single gold nanoparticle. d, A
scanning electron microscopy image of a 5×5 pattern of 80 nm gold nanoparticles on a glass

substrate.
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Figure 2. Versatility of optical force stamping lithography
Dark-field images of patterns stamped on a glass substrate: a, A square 8×8 and b, an

arbitrary “smiley” pattern both composed of single 80 nm gold nanoparticles. c, Five square

5×5 patterns stamped sequentially in a chess board like manner by shifting the Fourier

image displayed at the SLM. d, Three sequentially stamped square 5×5 patterns with

different pitch size. Both the pitch size and the position of the pattern are controlled by the

SLM. e, A square and f, a hexagonal pattern comprised of 80 nm silver nanoparticles. A cw-

laser operating at 532 nm is used to stamp these patterns. A real-time video showing the

stamping process of an 8×8 pattern is available in the Supporting information.
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Figure 3. Optical force stamping lithography enables accuracy beyond the diffraction limit
a, Spatial distribution of the optical forces exerted by a tightly focused Gaussian beam on an

80 nm gold nanoparticle. The numerical aperture of the focusing lens is 1.0. The color

encodes the magnitude of the force and the arrows the direction. b, Schematic of a gold

nanoparticle trapped laterally by the radial optical forces enabling the superior accuracy of

optical force stamping lithography.
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Figure 4. Diffraction gratings stamped by optical force stamping lithography
a, Dark-field image of five stamped diffraction gratings composed of 80 nm gold

nanoparticles. b, c, Scattering images of the gratings taken with a low NA objective at

slightly different angles of incidence. A halogen lamp was used to illuminate the gratings. d,
Dark-field image of a diffraction grating taken at higher magnification. e, Schematic of light

diffraction by an array of stamped nanoparticles. Scale bar is 5μm.
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