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Patterning surfaces with colloidal particles using optical tweezers

J. P. Hoogenboom,a) D. L. J. Vossen,? C. Faivre-Moskalenko, M. Dogterom,
and A. van Blaaderen®
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(Received 8 January 2002; accepted for publication 2 May 2002

A method for positioning colloidal particles on surfaces in any designed pattern is described. Optical
tweezers are used to bring particles from a reservoir to the substrate where opposite surface charges
are used to immobilize particles on the surface. Both chemical surface modification and
polyelectrolyte coating of either substrate or colloids make the method generally applicable. We
show that using this technique large, two-dimensional patterns can be created that can be dried
without distortions by critical point drying. As an example we show the positioning of 79 nm radius
metallodielectric particles and we show how two-dimensional patterns can be used to direct
three-dimensional epitaxial crystal growth. The method is inexpensive, relatively fast, and can be
fully automated. ©2002 American Institute of Physic§DOI: 10.1063/1.1488690

Colloidal particles are the building blocks for materials charged substrates with the wide variety of available tech-
that find applications in many diverse fields of research. Thaiques for chemical and physical surface modification allows
typical particle sizes ranging from several nanometer to a large variety of particle sizes and morphologies to be used.
few micrometers and the chemical tunability of particle mor-Apart from examples of the use of our technique for micron-
phology make colloids interesting for photodic  and submicron-sized particles, we will also show the appli-
electronic® magnetic, and sensoapplications. The two- cation of these patterns in three-dimensional colloidal epi-
dimensional arrangement of colloids on a substrate is of intaxy.
terest for most of these applications. Several recent examples |n our setup, optical tweezérfsare created by focusing a
include the use of colloidal monolayers as microlense afrayscontinuous-wave infrared laser bed8pectra Physics 10 W,
and arrays of closely spaced metal nanoparticles that canoe4 nm to a diffraction-limited spot using a high numerical
serve as subwavelength, plasmon-mode wavegditi@&o-  aperture objectivé100x, numerical aperture 1.4, oil im-
dimensional colloid-patterned substrates also find use as calinersion, on an inverted optical microscopé.eica DM
bration standards in techniques like near-field scanning optirB). The position of the tweezers in the sample is con-
cal microscopy, atomic force microscopfAFM), and  trolled using acousto-optical deflectaOD) (IntraAction)
scanning tunneling microscopy. Furthermore, they can bgr by moving a high-accurad.5 nm piezoelectrically con-
used for further processing, like for example agdeposi-  trolled microscope stagéhysik Instr. Apart from the pos-
tion) mask for lithography;® or as a template in subsequent sipjlity to position particles in a single-particle trap like in
three-dimensional self-assemBly. the examples shown later, the high scanning speed of the

Recently reported techniques for arranging colloids inAOps (max. 100 kHz also makes it possible to create a
two-dimensional patterns that rely on self-organization, likejjne_shared multiple trap, that can trap at least 100 particles
template-directed self-assemb?y“_)’”and patterning of self-  gimyitaneously. The sample cell consists of a bottom glass
assembled monolayet$ offer a high processing speed, but ;o6 slide and a top substrate with a surface charge opposite
Iack. local con'FroI ?Gver pattern structure. _ Direct single-5 that of the colloids, spaced approximately A apart.
particle patterning~° does offer a much higher level of Tpq \hole sample can be imaged using bright-field or differ-

control over particle positions and composition of the StrUC-antial interference contradbIC) microscopy using a charge

ture, but the techniques reported so far are limited in particleCoupled device camera or by confocal microscdpgica
number or particle morphology. In this letter we describe CS NT-2

method to create two-dimensional structures of any desired,

locall lI-defined patt ) tical t that Particles are being selected and trapped in a reservoir
ocally well-detined patiern using optical tweezers that carn, , yhq, brought to the surface for positioning. This reser-
be used on a large variety of particle morphologies and

. . . . Soir can be created in two different ways, depending on the
wide range of particle sizes. The use of optical tweezers has_ . . - : . R
) . Sedimentation coefficient of the particles. If this coefficient is
the advantage that there is no need for contact with a prob : . . .
. . . arge enough, sedimentation will naturally form a reservoir at
as is the case when a microroboor an AFM is used. Fur-

the bottom glass plate of the sample. Otherwise, a reservoir

thermore, the combination c_>f the fact_ that particles . arehas to be created that is displaced perpendicular to the opti-
bonded through electrostatic interaction to oppositely

cal axis with respect to the patterning area, e.g., by using
a gradient in particle concentration. In the first case,

dAlso at: Soft Condensed Matter, Debye Institute, Utrecht University, Prin-Where particles only have to be brought upwards after trap-
cetonplein 5, 3584 CC Utrecht, The Netherlands.

YAuthor to whom correspondence should be addressed; electronic maiping' the Optical tweezers C_an _also be focused jUSt at_the
a.vanblaaderen@phys.nu.nl upper plate. Now the potential field that creates the optical
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FIG. 1. Image of a pattern of 153 700nm radius silica particles arranged on
a hcg1100 lattice, taken with DIC microscopy in suspension. The arrows
indicate two smaller particles that have been incorporated as defects in the
pattern.

tweezers is used to drive a particle upwards to a position on
the upper plate instead of moving a trapped particle. By leav-
ing the beam focused at the top substrate and rapidly SWithhG_ 2. Metallodielectric particles consisting of a 7.5 nm radius gold core
ing positions once a particle is immobilized, this allows for coated with a silica shell with outer radius 79 nm, arranged in a line pattern.
faster positioning, but in this way one cannot discriminateThe interparticle spacing is Am. A sixth particle has been placed above the
between particles in, e.g., a mixture of particle types. Be__second particle fr_om the left. Ir_nage taken in DIC. The inset shows a TEM
. . . image of the particles used, with the gold core clearly visible.

cause in all these cases image processing of the trapped
sphere can take place at any stage of the patterning proce-
dure, the process can be automated. In the present letter Wesitioning(root-mean-square deviation of actual versus des-
used particles that can be trapped stable in three dimensioignated position was determined with image processing to
using a single-beam optical trap, but we want to remark thabe 73 nm. Note that in solution, particle excursions in the
the technique mentioned last only requires two-dimensiondirap are limited to within several nanometers only. When the
(2D) stable trapping, resembling “laser-driven particle position of the trap is moved towards the glass surface, par-
propagation,™® and that the conditions for three- ticle excursions increase due to reflections affecting the po-
dimensional stable trapping used in this letter improve thdential gradient in the trap. This can be improved consider-
accuracy for positioning particles that can only be trappedibly by using a counter-propagating beam, thus creating a
stable in 2D. more symmetric and stiffer trap over the interface, or by

The silica and metallo-dielectric particles shown in thereducing reflections at the surface. As an illustration of how
examples below were all made following procedures dedefects or a second type of particles can be incorporated into
scribed in the literatur€’2?° Particles were suspended in eth- a structure, two smaller particles have been placed in the
anol or water and particle concentrations were chosen sucstructure as indicated by the white arrows in Fig. 1.
that if all particles were sedimented, they would cover ap-  Apart from the micron-sized silica particles shown in
proximately 20% of the bottom glass plate. A typical concen-Fig. 1, we have also applied our method to 7.5 nm radius
tration was 10 ml~ L. Electrostatic interaction is used to im- gold particles coated with a silica shell with a outer radius of
mobilize particles on the top substrate. In case in suspensior® nm[see the transmission electron microsc¢pgM) im-
natural surface charges of either substrate or particles are t@me in the inset in Fig. ]2 Arrangement of functional par-
low or not of opposite sign, they can be changed by surfacécles in this size range in plasmon wire structures has been
modification. Our glass cover slides were coated withsuggested as a route to high efficiency subwavelength
3-aminopropyltriethoxysilanéAPS) (Fluka) following a pre-  waveguides. Because of their smaller size compared to the
viously reported proceduré€;?* which renders the glass sur- 700 nm silica particles, a sample cell containing a particle
face positively charged. We have also coated substrates amdncentration gradient was used, where particles were
particles with a few nanometers thick layer of adsorbed polytrapped in the high-concentration part of the sample and then
electrolytes(we used polyallylamine hydrochlorideand/or ~ moved towards the other end containing the patterned region.
poly(styrene sodium sulfongteusing a layer-by layer as- In Fig. 2 a line pattern of the metallodielectric core-shell
sembly techniqué®?This technique has proven to work for particles is shown. The pattern consists of five particles
a large variety of particles, including organic, inorganic, hy-spaced 1um apart, with a sixth particle arranged above the
brid, and uncharged colloiddor a recent review see Ref. second one from the left. This demonstrates the range of
23). Patterned substrates can be dried using critical poinparticle sizes for which this technique can be used as well as
drying with liquid CO, (see Ref. 24 for detailsthe images its applicability for patterning particles with a functional
shown below have all been taken in suspension. morphology.

Figure 1 shows a DIC-image of 153 silica particles of Finally, we want to show how this two-dimensional “do-
700 nm radius patterned on a 3-APS coated glass cover slidi-yourself” organization can be used to direct three-
Particles have been placed with the symmetry qflB00  dimensional self-organization by colloidal epitaxy. First, we

plane of a hexagonally close packed crystal. The accuracy gfatterned a structure consisting of a rectangular array of four
Downloaded 20 Jun 2002 to 192.16.189.195. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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* In conclusion, we have shown a method that enables the
creation of large patterns of a wide variety @@inctiona)

colloidal particles on surface-activated substrates with a
resolution significantly below particle size using optical
tweezers. Defects or impurities can be completely avoided
or, if desired for a specific application, built into the struc-
tures at any desired position, which makes this procedure
suitable for the creation of photonic, electronic, and mag-
netic materials. The structures can be dried without distor-
tions using critical point drying. We have shown the applica-
tion of such patterns in colloidal epitaxy, showing the
possibility to both locally manipulate self-assembly as well
as to study the evolution of defects in two- and three-
dimensional crystallization.

& 4 A

FIG. 3. (Color) Fluorescence confocal microscopy imagesaf a pattern
of 500 nm radius silica particles labeled with RIT@d), (b): after addition

of FITC labeled(green particles. The image ifb) has been taken with the .
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particles from both the firstred) and the secondgreen layer can be seen. assistance in setting up the tweezers, P. Vergeer and C. Graf

The arrows indicate defect-lines in the surrounding crystal originating fromfor synthesis and characterization of RITC particles and met-

the patterned structure. allodielectric particles, and A. Polman for a critical reading
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