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Size Selective Assembly of Colloidal Particles on a Template by
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We report a simple and effective approach to organize micron- and submicron-sized particles in a size selective
manner. This approach utilizes the template assisted directed self-assembly technique. A topographically patterned
photoresist surface is fabricated and used to create an ordered array of colloidal particles from their aqueous suspensions.
Assembly of particles on this template is then achieved by using a conventional spin coating technique. Feasibility
of this technique to form a large area of patterned particle assemblies has been investigated. To arrange the particles
on the template, the physical confinement offered by the surface topography must overcome a joint effect of centrifugal
force and the hydrophobic nature of the photoresist surface. This concept has been extended to the size selective sorting
of colloidal particles. The capability of this technique for sorting and organizing colloidal particles of a particular
diameter from a mixture of microspheres is demonstrated.

Introduction used as a template to form particle structures that are either

Ordered arrays of micron or submicron sized particles have commensurate or incommensurate with the template geometry.
attracted much scientific attention because of their potential However, templates of patterned topography offer more accurate
application as new advanced materials for emerging fields of POSitioning of particles compared with a chemically patterned
nanotechnology, photonic crystals, and miniaturized serisérs. ~ Surface. The availability of a template with feature size comparable
Physical properties of particles in this size range are strongly with Fhe particle size is a major reqU|rem_ent|nth|sf|eId.Templatgs
dependent on their relative dimensions, and hence, particle sorting®f micrometer or nanometer feature size can be achieved using
and positioning according to their size is a major requirement t€chniques of photolithography, electron beam lithography, soft
in many of the applications. Size selective positioning of small lithography, chemical etching, and ion beam etching. Depending
particles is always challenging, and special techniques are often®n the nature of the interaction between thf_e _part|cles themselves
needed to achieve this goal. Template assisted self-assembly oftnd the template surface, adequate driving fqrcis such as
colloidal particles has proven to be a versatile approach for grawgtllc;nal Sedlmentgtjglrl by solvent evaporatitr! fluid
organizing small particles in an effective way with reasonable fOW; 223 electric field;®*! or centrifugal force due to spin-
control5-11In template assisted self-assembly process, a topog-Ning"***are employed to facilitate the assembly process.

raphically patterned or chemically patterned surface is normally ~ Template assisted colloidal assembly has two major advantages
over the nontemplated assembly. First, colloidal crystals grown

* Corresponding author. Phone: (65) 65162957. Fax: (65) 67776126.

E-mail: physowch@nus.edu.sg. (10) Tan, B.J.Y.; Sow, C. H.; Lim, K. Y.; Cheong, F. C.; Chong, G. L.; Wee,
T Department of Physics, Faculty of Science, National University of A.T.S.; Ong, C. K.J. Phys. Chem. B004 108 18575-18579.
Singapore. (11) Maury, P.; Escalante, M.; Reinhoudt, D. N.; Huskensidk. Mater.
+ NUSNNI. 2005 17, 2718-2723.
§ ; ; ; ; ; (12) Hoogenboom, J. P.; Retif, C.; Bres, E. D.; Boer, M. V. D.; Langen-
sin Deperlrtment of Chemistry, Faculty of Science, National University of Suurling, A. K. V.; Romijn, J.+ Blaaderen, A. Wano Leti 2004 4 (2), 205-208.
ingapore. . . . (13) Raymond, E. S.; Robert, E. C.; Brian, M. L.; Brent, CLIIngmuir2004
'Nanyang Technological University. 20, 7293-7297.
?Division_of B[oengingering & Department of Mechanical Engineering, (14) Lee, I.; Zheng, H.; Rubner, M. F.; Hammond, P.AHy. Mater. 2002
National University of Singapore. 14, 572-577.
(1) Grier, D. G.MRS Bull.1998 23, 21—-21. (15) Yang, S. M.; Ozin, G. AChem. Commur200Q 25072508.
(2) Xia, Y.; Gates, B.; Yin, Y.; Lu, Y Adv. Mater.200Q 12, 693-713. (16) Yin, Y.; Yu, L.; Xia, Y. J. Am. Chem. So®001, 123 771-772.

(3) Dutta, J.; Hofmann, HEncyclopedia of Nanoscience and Nanotechnology; (17) Yin, Y.; Lu, Y.; Gates, B.; Xia, YJ. Am. Chem. So@001, 123 8718—
vol. X; Nalwa, H. S., Ed.; American Scientific Publishers: Stevenson Ranch, CA, 8729.

2003; pp +23. (18) Allard, M.; Sargent, E. H.; Lewis, P. C.; Kumacheva,Atlo. Mater.
(4) Ozin, G. A.; Yang, S. MAdv. Funct. Mater.2001, 11, 95-104. 2004 16, 1360-1364.
(5) Xia, Y.; Yin, Y.; Lu, Y.; McLellan, J.Adv. Funct. Mater 2003 13, 907— (19) Winkleman, A.; Gates, B. D.; McCarty, L. S.; Whitesides, G.Ad.

918. Mater. 2005 17, 1507-1511.
(6) Blaaderen, V. A.; Ruel, R.; Wiltzius, Nature1997, 385 321—-324. (20) Dziomkina, N. V.; Hempenius, M. A.; Vancso, G.Aldv. Mater.2005
(7) Hoogenboom, J. P.; Langen-Suurling, A. K. V.; Romijn, J.; Blaaderen, A. 17, 237-240.

V. Phy. Re. Lett 2003 90, 38301-1—4. (21) Golding, R. K.; Lewis, P. C.; Kumacheva, E.; Allard, M.; Sargent, E. H.
(8) Ye, Y. H.; Badilescu, S.; Truong, V.; Rochon, P.; Natansoh@gl. Phy. Langmuir2004 20, 1414-1419.

Lett. 2001, 79, 872—-874. (22) Xia, D.; Biswas, A.; Li, D.; Brueck, S. R. Adv. Mater.2004 16, 1427~
(9) Aizenberg, J.; Braun, P. V.; Wiltzius, Phy. Re. Lett.200Q 84, 2997~ 1432.

3000. (23) Xia, D.; brueck, S. R. dl. Vac. Sci. Technol..R004 22, 3415-3420.

10.1021/1a060732¢q CCC: $33.50 © 2006 American Chemical Society
Published on Web 08/09/2006



Size Selecte Assembly on a Template Langmuir, Vol. 22, No. 19, 219

on templates are less defective and possess a long range order
in their structure. Second, by using templates, new crystal
structures can be engineered, which will otherwise be hard to
achieve. More recently, Fan et al. have extended the application
of templated assembly technique to the size selective positioning
of particles?* This approach utilized a surface of patterned
wettability for the size selective sorting and deposition of lyophilic
colloidal particles.

In this work, we report an effective method for the size selective
positioning of colloidal particles on a topographically pre-
patterned photoresist surface. The template was fabricated using
adirectlaser writing technique. This approach utilizes centrifugal
force due to spinning as the driving force to form a large area
of patterned colloidal particle assemblies. Competition between
the physical confinement effect of the surface topography and
the centrifugal force, together with the hydrophobic nature of the
photoresist surface, favor the assembly of particles of certain
size range exclusively on the patterned channels. We demonstrate
the capability of this technique in size selective assembly of
colloidal spheres from an aqueous solution of a mixture of particles
of different sizes.

Experimental Section

Monodispersed colloidal solutions of polystyrene spheres used in
this study were purchased from Polysciences, Inc. and used without
any further dilution. A thin film of SU8 photoresist on the glass 0
substrate was formed by spin coating a pre-polymer solution at a
speed of 1500 rpm. The film was subjected to prebaking &G0
for 10 min and then exposed to UV light for cross-linking. Further

cross-linking was achieved by postbaking at a temperature of 250 _. .
°C for 30 mﬁ’n. yp g P Figure 1a shows an AFM image of the channel formed on SU8

Micron sized features on the SU8 thin film were created by a thinfilm using alaser power of 3.6 mW measured at the entrance
direct laser writing system. The direct laser writing system primarily t0 the sideport of the optical microscope. The Gaussian profile
consists of a tightly focused laser beam. Light from a diode laser of the laser beam intensity at the focus favored the formation of
(wavelength: 532 nm) was guided into a Leica DMLM optical V-shaped channels. Due to heat transfer, the channels were wider
microscope using mirrors. The dichroic mirror inside the microscope than the spot size at the focus. The average width and depth of
reflects this laser |Ight into a lGOObjECtiVE lens. The laser beam these channels measured using AFM were around 1.5 and 0.36
was then focused down to aspot sizéum. A computer controlled um, respectively. Figure 1b shows an AFM image of an array
movable stage replaced the original stage of the microscope, and theof cylindrical holes on SUS, drilled by exposing the film to the

sample was put on it. The high temperature at the focus due to Iightfocused laser beam for 5 s. The average diameter and depth of
absorption evaporates the SU8 photoresist readily. This results mthese cylindrical holes Weré 1.7 and 1#, respectively

the formation of cylindrical holes on the film. By moving the sample
with respect to the fixed laser beam, micron sized parallel channels  The substrate with patterned photoresist film was then put on
were created on the film. Particularly, the width and depth of the the chuck of the spin coater and a drop of the monodispersed
channels created can be controlled by varying the power of the lasercolloidal suspension of polystyrene beads in water was added
beam. A CCD camera along with a TV was used for the visualization onto it. The spinning parameters were set such that it takes about
of the whole process (see the Supporting Information). Besides the 1 min to reach the maximum speed, and the total spinning time
channels, a wide variety of patterns can be created by this method.yya5 3 min. After spin coating, the samples were dried at room
Details of this technique are described elsewRete. an earlier temperature and then characterized. Figure 2a,b shows the SEM

report, we demonstrated that this setup is useful in creating images of polvstyrene spheres filled SU8S channels. It is clear
microstructures on aligned carbon nanotubes (CNT) grown by plasma 9 polysty P :

enhanced chemical vapor deposition technigi@haracterizations ~ that there are no spheres on the SU8 surfaces other than those
of the patterned SUS surfaces as well as microsphere arrangement? the channel. The hydrophobic nature of the SU8 and centrifugal
on these patterns were carried out using a JEOL JSM-6400F field force prevented the particles from resting on the SU8 surfaces.
emission scanning electron microscope (FESEM) and a DI Onthe otherhand, physical confinement provided by the channel
NanoMan atomic force microscope (AFM). The substrate was coated effectively trapped the spheres and the lateral capillary force
with a very thin layer of platinum prior to the SEM analysis. between the colloidal particles drove the spheres to form closely
packed configurations in the channels during the drying process.
The assembly process depends on the spinning speed. A speed
Micron sized channels were first created on SU8 photoresist in the range of 706900 rpm was found to be suitable for the
film by moving the sample stage of the laser writing system with selective arrangement of 1450.04xm spheres on the channels
a constant speed of 5@n/s with respect to the fixed laser beam. (Figure 2a). A spinning speed less than 700 rpm could not
completely remove colloidal particles from the photoresist surface,
(24) Fan, F.: Stebe, K. Langmuir2005 21, 1149-1152. resulting in colloidal crystallization on the entire surface. On the
(25) Cheopg, F.C,; Yayghese, B, Sinhdu, S.; Valiyaveettil, S.; 'Bettiol, A.A; other hand, a spinning Speed greater than 900 rpm causes
ey i e S o B S e hong, 3. CeNtripetal force to overcome the physical confinement of the
T. L.; Chin, K. C.; Wee, A. T. SAdv. Mater. 2003 15, 300-303. template and that led to the escape of the microspheres from the

Figure 1. AFM images of (a) channels and (b) cylindrical holes
on SU8 photoresist created by the direct laser writing technique.

Results and Discussion
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Figure 3. (a) Optical micrograph of the template with channels
with periodic pockets. (b) Optical micrograph taken after spin coating
colloidal solution from aqueous suspension of polystyrene micro-
spheres (diameter 4:8n) on this template. The microspheres were
found to arrange into the pockets along the channels. (c) SEM image
showing the arrangement of smaller microspheres (diameter 0.45
um) on the same type of template.

: : 1 i - building block of three-dimensional colloidal crystal as well as

. g o ' ' ' other advanced materials. Likewise, by controlling the movements
E I%ﬂgg'oiESMU'gn ?grﬁs ;Tgw-:-r;]%Iiﬁ]:nigaﬁggiﬁggqgg %Ol¥ﬁg§?:cpf the stage of the direct laser writing system various periodic
szserwriting techniquepwith alaser power of 3.6 mW and tﬁle channel Structures can be created on the photoresist thin film. One of the
width was approximately &m. Diameters of the polystyrene spheres important attributes of this technique is the feasibility of making
used for the assembly are Jub (a) and 310 nm (b), respectively.  extended structures of a wide variety of patterns formed by the
Inset in each image shows magnified image of the channel. microspheres (Figure 3¢ in the Supporting Information).

o An assembly of microspheres can be used as a template for
channel. A spinning speed of 1060200 rpm allowed the  the further colloidal assembly of different sized particles to form
polystyrene spheres of diameter 0.3#®.014um (Figure 2b) binary colloidal structures. Previously reported methods used a
to arrange into a hexagonal close packed structure on channelgelf.assembled monolayer of colloidal arrangement as a template
of the same dimensions. The structure of the microsphere o the further assembly of different sized particlé&However,
assemblies depends on the channel widfft¢ sphere diameter  ne structures formed by the self-assembly method are limited.
(D) rat|0.1f5'17v27For example, av/D value inthe range 0:91.1 By ysing a patterned substrate, more complicated and useful
led the microspheres to assemble in the form of a linear chain g¢yyctures can be created. Colloidal particles of bigger size
of single spheres as shown in Figure 2a. Using direct laser writing (diameter 4.6:m for example) were first assembled in parallel
technique, channels of different widths can be created by simply |ines on laser created channels on SU8 photoresist thin film.
varying the laser power. With a wider channel, other interesting agter drying, a second colloidal solution containing particles of
assemblies of microspheres were obtained. Examples of suchymgajier diameter (say, 0.48m) was then spin coated on this
microspheres assemblies are available in the the Supportingmicrosphere template. By increasing the separation between the
Information (see Figure 2 in the Supporting Information). channels, a different binary colloidal arrangement can be obtained

Different types of patterns can be readily created using the (see Figure 4 in the Supporting Information).

laser writing technique. With a different pattern, formation of ~ The feature size ofthe template is related to the maximum size
colloidal assemblies with different configurations can be achieved. of the microsphere that can be arranged on it for a particular
For e?<ample, cylindr!qal holes (_)f different s_izes can be created spinning speed. For example, we created a template consisting
by using the laser writing technique by varying the laser power. o channels with periodic pockets using the direct laser writing
A colloidal solution of polystyrene spheres was then spin coated technique (Figure 3a) and used it to for the assembly of
inthe same way as described earlier, to form colloidal aggregatesmicrospheres with better control. The average width of the
of different sizes and configurations (see Figure-8an the channels is 3.6m, and the average size of the pockets isrs

Supporting.Inform.ation).Th_e form_ation_ ofaggregates of colloidal p monodispersed colloidal solution of polystyrene spheres of
particles with various configurations is potentially useful as a

(28) Wang, D.; Mohwald, HAdv. Mater. 2004 16, 244—247.
(27) Yin, Y.; Xia, Y. J. Am. Chem. So2003 125 2048-2052. (29) Kim, M. H.; Im, S. H.; Park, O. OAdv. Mater. 2005 17, 2501-2505.
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Figure 4. SEM images of polystyrene sphere patterned on identical SU8 template by spin coating a mixture of colloidal solution of diameters
(a) 1.5and 2um. (b) 1.5 and 3.m, and (c) 1.5 and 4.78m, respectively. Arrows show the positions of bigger spheres. The coating solution
was prepared by mixing 1:1 volume ratio of monodispersed colloidal solutions of different diameters. The coating speed was set at 800 rpm
in all three cases. (d) Sorting efficiency versus difference in size of the microspheres comprising the coating solution.

diameter 4.6¢m was then spin coated on this patterned surface on a laser patterned photoresist surface from colloidal solution
at a spinning speed of 600 rpm. The spheres were found to bewith spheres of diameters 1.5 anduth. The channels were
deposited primarily in the pockets as shown in Figure 3b. mostly occupied by the smaller microsphere ¢in%in diameter)
Exclusively, there are no spheresin the channels. This is attributedwith only a few bigger ones (Zm in diameter, indicated by
to the fact that the physical confinement of the small channel arrows in Figure 4a). Figure 4b shows the SEM image of
was not high enough to trap the spheres of diametenh @t microsphere arrangement after a coating solution containing
a spinning speed of 600 rpm, whereas the bigger pockets are wellspheres of diameters 1.5 and grh was used. This image was
suited to trap and confine the bigger spheres. On the other handtaken from the vicinity of a cluster region, to illustrate that the
by using spheres of smaller size (04®), this template could  coating solution was a mixture of two different sized spheres.
be used to create periodically varying colloidal structures as These results clearly demonstrate that the sorting capacity has
shown in Figure 3c. improved for a mixture of spheres with large differences in size.
The dependence of particle arrangement on channel geometryA much better improvement in the sorting ability was observed
as well as on the spinning speed offers a simple and yet efficientwhen spheres of an even bigger size difference were used in the
route for sorting and assembling microspheres of smaller diametercoating solution. Figure 4c shows the SEM image of the
from a mixture of colloidal particles. To demonstrate this microsphere arrangementusing the third solution which contains
feasibility, we used colloidal solutions comprised of microspheres microspheres of diameters 1.5 and 48 The sorting efficiency
with different diameters as the starting solution and select a was calculated by counting the number of bigger and smaller
template geometry as well as a spinning speed favorable for thespheres in a given area of the patterned surface. As the size
arrangement of one of the microspheres. In these studies,difference between the two spheres in the mixture is increased,
microspheres of diameter 1.fn were chosen as the spheresto the sorting efficiency improved as well (see Figure 4d).
be separated from a mixture of microspheres. The ratio of the The size selective arrangement of microspheres on the
microchannel width to the microsphere diameter to be separatedmicrochannels is due to the fact that the physical confinement
(w/D) was selected in the range of 6.9.1, and a spinning speed  offered by the channels to the bigger spheres was not sufficient
of 800 rpm was used. As shown earlier, these conditions permitto surmount the combined effect of centrifugal force due to
the microspheres to arrange in the form of a linear chain of single spinning and the hydrophobic nature of the photoresist surface.
particles. Onthe other hand, the smaller spheres become trapped on channels
Three distinct coating solutions were utilized in order to as a result of the leading confinement effect compared with the
investigate the sorting capability. The solutions were prepared other competing forces. Accordingly, by properly engineering
by mixing monodispersed colloidal suspensions of polystyrene the channel geometry as well as the spinning speed, itis possible
spheres of diameters (1) 1.5 angi@, (2) 1.5 and 3.km, and to separate and arrange colloidal spheres of required diameter
(3)1.5and4.7&m, ina 1:1 volume ratio followed by sonication.  with a narrow size distribution. Following a similar approach,
Figure 4a shows a SEM image of the microsphere arrangementit will be worthwhile to extend this technique down to the
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nanometer regime, provided the feature size of the template canin the fields of photonic crystals, micro addressable sensors,
be made comparable with the particle size. nano or microelectronics, and high-density data storage ap-
plications.
Conclusions

We have introduced a simple method to construct an array of
colloidal particles using the template-assisted self-assembly
technique. We demonstrated that centrifugal force is a viable
driving force for the formation of large areas of colloidal sphere
assemblies as well as particle sorting. The particle sorting method  Supporting Information Available: Schematics of the direct
described here is applicable to a wide range of particles, and thelaser writing setup, dependence of the structure of the microsphere
only requirement is the availability of a template with a feature arrangements on channel width, colloidal assemblies in various extended
size comparable with the size of the particles to be separated.pattems' an.d binary colloidal structures. This material is available free
Additionally, the processing time is extremely short, in the range of charge via the Internet at http:/fpubs.acs.org.
of a few minutes. We believe that this technique could be useful LA060732Q
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