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ABSTRACT Current colloidal synthesis is able to produce an extensive spectrum of nanoparticles with unique optoelectronic, magnetic,
and catalytic properties. In order to exploit them in nanoscale devices, flexible methods are needed for the controlled integration of
nanoparticles on surfaces with few-nanometer precision. Current technologies usually involve a combination of molecular self-assembly
with surface patterning by diverse lithographic methods like UV, dip-pen, or microcontact printing.1,2 Here we demonstrate the direct
laser printing of individual colloidal nanoparticles by using optical forces for positioning and the van der Waals attraction for binding
them to the substrate. As a proof-of-concept, we print single spherical gold nanoparticles with a positioning precision of 50 nm. By
analyzing the printing mechanism, we identify the key physical parameters controlling the method, which has the potential for the
production of nanoscale devices and circuits with distinct nanoparticles.
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A

nalogous to combinatorial chemistry methods used
in the pharmaceutical industry, high through-put
robotized methods have recently begun to be used
to explore new nanomaterials.3,4 This will enable the
production of colloidal nanoparticles (NPs) with properties
specifically tailored to specific applications in the near
future. The next challenge on the way toward the production of nanoscale devices capitalizing on these properties
is the uncomplicated integration of colloidal NPs onto
substrates, where they could be connected to, e.g., other
NPs, electrodes, or waveguides with a precision of a few
nanometers. A number of hybrid lithographical methods
have been developed for the arrangement of NPs on
surfaces. However, these methods typically involve multiple steps for the chemical patterning of the substrate
surface2,5,6 and only in special cases provide the capability
of immobilizing individual NPs.1,7,8 We present a simple
method for printing individual NPs directly from the
colloidal suspension onto precise positions of a substrate.
The method is of general applicability, since the NPs are
manipulated by optical forces and the immobilization
occurs due to the van der Waals interaction of the NPs
with the substrate surface.
To demonstrate this method, we use spherical gold NPs
with a diameter of 80 nm, stabilized in colloidal suspension by a coating of CTAB molecules. These constitute an
archetypal example of colloidal NPs, which have found
numerous applications due to their plasmon resonance
at optical frequencies.9-12 The NP solution is dropped
onto a substrate, which is placed on the scanning stage

of an optical microscope with dark-field illumination,
enabling the detection of individual gold NPs (Figure 1a).
In addition, the optical microscope is adapted to include
a laser beam which is focused on the sample plane and
thereby able to apply optical forces on the NPs so as to
capture them from the colloidal suspension and push
them against the substrate (Figure 1b). In order to avoid
spontaneous binding of NPs to the substrate, both should
have a net surface charge of equal polarity. The CTABcoated NPs have a positive surface charge; we thus
functionalize the substrates with a layer of the cationic
polyelectrolyte PDADMAC (see Supporting Information for
details). Therefore, the total interaction between the NPs
and the substrate is given by the sum of the electrostatic
repulsion (Felect(z)) and the Lifshitz-van der Waals
(FLνdW(z)) attraction and can be accounted for with the
classic Derjaguin-Landau-Verwey-Overbeek (DLVO) formalism8 by differentiating the interaction energies between a charged sphere and a charged surface21 to obtain
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where z is the distance from the surface, r is the particle
radius, ζ is the zeta potential, ε is the permittivity of the
medium, A is the Hamaker constant, and κ-1 is the
thickness of the electric double layer. The calculated
Felect(z), FLνdW(z) and total force are shown in Figure 1c for
typical experimental conditions used for printing: ζpart )
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FIGURE 1. Employing optical forces to overcome electrostatic repulsion. (a) Diagram of the experimental setup. A microscope with dark
field illumination via an oil immersion condenser (Zeiss Axiotech 100) was adapted to include the manipulation laser (Millenia Vs 532
nm, Spectra-Physics). A 100× (NA 0.9) water immersion objective was used to simultaneously collect scattered light and focus the
manipulation laser on the sample. The sample position was controlled with piezo-driven stepper motor translation stages (Linos). Images
were acquired using a digital camera (Canon EOS 550D). (b) Schematic representation of the optical forces acting on a NP during the
deposition process. (c) Calculated dependence on distance of the electrostatic, van der Waals, and total forces acting on a positively
charged Au NP in the vicinity of the positively charged silica surface (for details see Methods) Inset: in order to print the NPs, the optical
forces need to surpass the net repulsion.

+30 mV, ζsurf ) +30 mV, A ) 2.5 × 10-20, κ-1 ) 2.2 nm.
Effectively, the electrostatic repulsion forms a potential
barrier for the NPs, which they cannot spontaneously
overcome. Nonetheless, if the optical forces pushing the
NPs against the substrate are sufficiently strong, the NPs
may overcome the barrier, coming into close contact with
the substrate and remaining immobilized due to the van
der Waals interaction (Figure 1c inset).
Since the pioneering work by Ashkin and co-workers,9
the optical forces acting on dielectric colloidal particles
in a tightly focused laser beam have attracted enormous
attention due to their relevance for optical trapping or
“tweezing”. Optical forces on metallic NPs have been
investigated for trapping, both at wavelengths far from11,13
and, more recently, near the plasmon resonances where
one has the advantage of an enhanced interaction with
light.13-15 In our case, we do not use optical forces for
trapping but for applying controlled amounts of momentum to the NPs. In Figure 2a the calculated absolute values
of the radial (Fr) and axial (Fz) forces acting on an 80 nm
gold NP are shown as a function of the position in a
Gaussian beam with λ ) 532 nm and a spot size of
380 nm (FWHM) (see Supporting Information for further
details). For clarity, only the half-space before the focal
plane is shown in Figure 2a; after the focal plane the radial
forces change sign, effectively expelling the NPs from the
focus. Thus in the experiments we focused the printing
beam slightly below the substrate. By equating the maximum force in the axial direction to the force necessary
for printingsi.e., the force necessary to overcome the
electrostatic barrier according to the DLVO theory (Figure
2)sone obtains an estimated minimum printing laser
power of 10 mW. A NP entering the region illuminated
by the laser beam is drawn toward the beam center by
the radial force and pushed down toward the substrate
© 2010 American Chemical Society

by the axial force. Because both forces decrease rapidly
with increasing distance from their maxima, only those
NPs approaching the proximity of the focal volume will
experience forces strong enough to overcome the Brownian motion in order to be guided, surpass the electrostatic
barrier, and finally reach the substrate surface. Since the
optical forces are directly proportional to E2, the volume
from which NPs can be captured from the suspension and
printed on the substrate can be adjusted simply by
regulating the laser power.
In a first experiment, we increase the laser intensity
gradually and corroborate that above a certain level NPs
are rapidly captured from the suspension and printed onto
the substrate. Since the printing process is monitored in
real time, single NPs can be printed easily one at a time
to form arbitrary patterns. The laser is focused onto a spot
slightly below the substrate surface until a NP is printed;
the substrate is then displaced in the radial direction and
the process is repeated. Figure 2b shows two sample
patterns made of individual gold NPs. The binding of the
NPs to the substrate is highly stable. Printed NPs resist
multiple harsh cleaning and fluid exchanges during which
no other NPs attach to the substrate due to the electrostatic repulsion.
To assess the precision of the printing process and the
factors affecting it, NPs were printed along lines (Figure
3a), their positions determined via a 2D Gaussian fit of
the images (Figure 3b) and statistics computed on their
final positions. As a measure for the printing precision,
we compute the average deviation from the target line (s,
Figure 3b). The larger variations in the interparticle
distance are due to the limited accuracy of the transverse
positioning stage of our microscope and thus do not
contain information on the printing mechanism. Increasing the laser power decreases the precision dramatically;
4795
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FIGURE 2. Printing individual gold nanoparticles (Au NPs) using optical forces. (a) Calculated radial (left) and axial (right) optical forces
acting on an Au NP with a diameter of 80 nm as a function of the position in a Gaussian focused beam (532 nm, 10 mW). The arrows
indicate the force directions (see Methods for details). (b) A dark-field image of two patterns made by printing single Au NPs. Each
bright green spot within the “CeNS” or the “nim” patterns is a single NP. Bright spots around the pattern are individual NPs freely
floating in the colloidal suspension.

the average deviation doubles for a laser power increase
of 50%. The reason for this is 3-fold: (i) higher laser
powers lead to a larger substrate area around the beam
center where the axial optical forces are strong enough
to overcome the electrostatic barrier and print NPs; (ii)
the higher absorption and consequent heating of the NPs
leads to a faster diffusion; and (iii) the stronger axial forces
propel the NPs more rapidly to the substrate giving the
weaker radial forces less time to guide the NPs to the
potential minimum at the center of the beam. Although
using the minimum laser power needed to overcome the
© 2010 American Chemical Society

electrostatic barrier leads to a higher precision, it is
accompanied by a reduced NP capture volume and thus
an increased time between printing events. The minimum
laser power we use is 300 µW which leads to an average
printing time of 5 s per NP. This is significantly lower than
the 10 mW prediction based on the forces calculated using
the DLVO theory (Figures 1c and 2a). However, this theory
does not take into account all forces acting in the experiment. More importantly, reliable values for the Hamaker
constant for this material system are unknown. Remarkably, even at this relatively high printing rate, a position4796
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FIGURE 3. Printing precision. (a) A typical dark-field image of a line of printed Au NPs used to estimate printing accuracy. The white line
indicates the target line. (b) Detail of the area marked by the rectangle in (a) including the results of the 2D Gaussian fit of each individual
NP used to determine NP positions and the printing accuracy s. (c) Minimum laser power needed for efficient printing (5 s/NP; triangles)
and printing accuracy (squares) measured for substrates with increasing number of polymer layers. The lines are guides to the eye.

optical forces and video showing the printing process. This
material is available free of charge via the Internet at
http://pubs.acs.org.

ing precision of 50 nm, roughly half the diameter of the
NPs is achieved (Figures 3b,c). Finally, we test the influence of additional polyelectrolyte layers on the substrate.
As expected, they constitute an obstacle for the NPs and
higher laser powers are required for printing. In turn,
those higher laser powers lead to a reduced printing
precision (Figure 3c).
In conclusion, we have demonstrated the laser printing
of individual gold NPs directly from a colloidal suspension.
This new method enables the controlled incorporation of
single NPs to specific locations on a substrate with a
precision of a few tens of nanometers using laser powers
well below 1 mW. The deposition technique relies fully
on optical forces to (i) capture the NPs from the colloidal
suspension, (ii) guide them toward the printing position,
and (iii) overcome the electrostatic repulsion and fix them
on the substrate through van der Waals attraction. The
printed NPs remain immobilized after repeated steps of
drying and rinsing. The simplicity of the method and high
degree of control over the deposition parameters make it
extremely versatile; higher deposition precision by more
accurate sample positioning, control of temperature and
viscosity or the incorporation of microinjection are being
explored as well as the control of NP orientation using
polarized light. Since the concepts presented here for gold
NPs are valid and easily extended to other NPs, this laser
printing method holds promise for the production of
various nanoscale devices and circuits.
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