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We use substrates chemically micropatterned with anionic and cationic regions to govern the deposi-
tion of charged colloidal particles. The direct observation of the colloidal assembly suggests that this
process includes two steps: an initial patterned attachment of colloids to the substrate and an additional
ordering of the structure upon drying. The driving forces of the process, i.e., screened e ectrostatic
and lateral capillary interactions, are discussed. This approach makes it possible to fabricate complex,
high-resolution two-dimensional arrays of colloidal particles.

PACS numbers: 82.70.Dd

Topographically complex surfaces with submicron
periodicities are of growing importance since they provide
routes to the fabrication of highly oriented colloidal
crystals, biologicaly active substrates, and optica and
electronic devices [1-3]. Direct control of the spatial dis-
tribution of micrometer scale objects across large areas is,
however, very difficult. Understanding of the fundamental
mechanisms that drive the assembly of particles at the
micrometer scale will bring about new strategies for the
fabrication of well-ordered arrays of micron-size objects.

Colloidal particles are interesting and versatile build-
ing blocks for the generation of two- (2D) and three-
dimensiona (3D) microstructures [4]. Because of their
nearly monodisperse nature, colloidal particles can self-
assemble into long-range lattices when appropriately
settled or dried out of their supporting solvent [5,6].
Self-assembly alone is, however, greatly restricted to the
formation of close packed 2D and 3D arrays of colloidal
particles and does not lead to more complex patterns.
A certain degree of control over colloidal self-assembly
has been achieved through external electric [7] or intense
optical fields [8] and by manipulating the interaction
potential [9]. A more promising approach is colloidal
epitaxy; that is, the deposition of colloidal particles onto
a patterned (e.g., lithographically modified [1]) substrate.
Recently, microcontact printing (wCP) was developed as
a simple and powerful method for micron-scale chemical
patterning of surfaces [10]. Using this technique, w-
patterned self-assembled monolayers (SAMs) of function-
alized akanethiols can be routinely generated over large
areas on metal substrates. Patterned SAMs were shown to
control various area-selective processes [2,10,11].

Here we describe a new approach to colloidal epitaxy
that exploits SAMs u-patterned with ionic regions as
templates for the deposition of charged colloidal particles.
The colloids used in this study consisted of polystyrene
spheres suspended in distilled water at volume fraction
of ~4%. We have chosen negatively charged carboxyl-
terminated spheres with a diameter of 1.11 um = 1.8%
and N = 3.52 X 10° charges/particle, and positively
charged amidine-terminated spheres with a diameter of
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1.03 um = 7.1% and N = 2.45 X 10° charges/particle.
To prepare substrates, glass coverslips were coated
with 2 nm of Ti and 20 nm of Au. Patterned SAMs
were formed using uCP as described elsewhere [10]:
elastomeric polydimethylsiloxane (PDMS) stamps with
various relief structures were “inked” with a 10 mM
solution of HS(CH,);5sCO,H in ethanol, brought into
conformal contact with gold for 10 s, and then rinsed
with ethanol; the noncontact areas were derivatized with
a 10 mM solution of either HS(CH,);iN(CH5);"CI~
or HS(CH,);5CH; in ethanol by immersion for 1 min
(Fig. 1). The u-patterned substrates bearing anionic and
cationic regions (—/+ templates) or anionic and neutral
regions (—/n templates) were supported upside down in
acolloidal suspension to avoid the nonspecific sedimenta-
tion induced by gravity. After 2 min, the substrates were
removed, and the excess suspension was carefully rinsed
from the surface. The wet substrates with the deposited
colloidal particles were placed under the light microscope

Ink the stamp with HS(CH,), X
[

Glass

HS(F%Y*

HS(CH,),X

Wash with HS(CH,),Y"

FIG. 1. Schematic presentation of the fabrication procedure
of a substrate chemically patterned with anionic and cationic
regions using uCP.
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and the dynamics of colloidal assembly was monitored in
real time as the samples were allowed to dry.

For the —/n templates, the charged colloidal particles
preferentially interacted with the oppositely charged re-
gions of the w-patterned SAM, but occasional adsorption
to the neutral regions aso occurred, presumably, due
to hydrophobic interactions between methyl-terminated
SAM and polystyrene spheres. A much greater selectivity
was observed for —/+ templates. Figure 2 shows an ex-
ample of a high-resolution 2D array of colloida particles.
The template consisted of a square array of well-resolved
negatively charged circles of diameter d = 5.6 um and
of periodicity p = 10 um in a positively charged back-
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FIG. 2. Light micrographs showing localized deposition of
charged colloidal particles controlled by a w-patterned ionic
SAM. The inset presents a scanning electron micrograph of the
geometry of the substrate. (a) Specific attachment of positively
charged spheres to the negatively charged regions of a template
(wet sample). (b) The same region asin (&) showing further fo-
cusing of the structure after drying. (c) Deposition of positively
charged colloids from a 0.005M LiCl solution. (d) Specific at-
tachment of negatively charged spheres onto positively charged
regions of the w-patterned surface.
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ground (Fig. 2 inset). The deposition of positively charged
particles from the suspension occurred entirely on the
negatively charged regions of the SAM with a highly uni-
form distribution, 6.1 = 0.6 spheres per circle [Fig. 2(a)].
When negatively charged particles were deposited onto
the same substrate, a grid pattern formed [Fig. 2(d)].
The average distance between the centers of adjacent
particles ({,) in wet samples determined using image
analysis of the micrographs was 1.8 = 0.3 um. At the
last stage of water evaporation, when the thickness of
the water layer became comparable to the particle size
(detected from the appearance of Newton fringes), the
attached colloids rearranged. The particles within each
negatively charged region moved towards the centers of
the circles and formed dense clusters [Fig. 2(b)]. Figure 3
shows the overlaid distribution of the adsorbed particles
within a total of 30 superimposed circles mapped for
aregion of 50 X 60 um? in a wet and dry sample. It
demonstrates that focusing occurred towards the centers of
the circles even for the wet samples: 95% of spheres were
excluded from the edges of the patterned regions by about
I ~ 0.65 um [Fig. 3(3)]. In the dried sample, the size of
the depletion region increased to ~1.1 uwm [Fig. 3(b)].
These observations strongly support a two-stage
mechanism of colloidal assembly. During the first stage,
patterned colloidal deposition driven by long-range
electrostatic forces occurs [4,12]. Neither short-range hy-
drogen bonding nor acid-base reactions between amidine-
terminated spheres and carboxyl-terminated regions of
SAMs can drive the spheres away from the interface
between the SAMs over submicron distances. The mecha
nism of the deposition of positively charged colloids on
a —/+ template is schematically illustrated in Fig. 4(a):
(i) particles in the vicinity of the positively charged
regions are repelled from the substrate ( f,); (ii) particles
in the vicinity of the negatively charged regions undergo
attraction (f,) and attach to the substrate; (iii) particles
a the interfaces between the two regions undergo both

FIG. 3. Graph showing the superposition of 30 negatively
charged regions of the substrate with positively charged colloids
adsorbed on them. The data correspond to the experiments
shown in Figs. 2(a) and 2(b). Solid circles represent the border
of the negative regions; the dashed circles correspond to the
area occupied by 95% of the particles; the dots represent the
centers of the spheres. (a) Wet sample with the depletion
zone shown. (b) Dry sample in which additional focusing has
occurred.
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FIG. 4. Schematic presentation of the two-stage mechanism
of colloidal assembly on a w-patterned ionic substrate (see text
for details). (a) Specific deposition driven by screened Coulomb
interactions. (b) Focusing of the structure due to lateral capillary
attraction (adopted from [5]). (c) Energy of capillary interaction
as a function of the receding of the liquid layer.

the repulsion from the cationic SAM and attraction to the
anionic SAM and are, therefore, driven away from the
interfaces (F = f, + f,) and attach towards the centers
of the negatively charged regions. The depletion region
(1) [Fig. 3(a)] will then originate from the screened length
in Coulomb interactions (L) [Fig. 4(@)]. We estimate the
corresponding energy [Eg. (1)] of electrostatic interaction
between the particles and surface using a linear superpo-
sition approximation [13]:

AV ~ W, Wy(ajay/L)e <Ea—®) D

where ¢ is the dielectric constant of the medium, V¥,
and ¥, are the surface potentials of the interacting
particles, a; and a, are the radii of the interacting
particles, L = a; + a» + h is the distance between
the spheres, and 1/« is the characteristic Debye-
Hickel length. For amidine-terminated particles, a; =
R =0515X10"°m and the charge density N, =
N/4mR?* = 7.35 X 10'7 charges/m?>. A simple dissoci-
ation model [14] predicts the maximum surface potential
W, for this surface charge in dilute electrolyte solutions to
be about 120 mV. For the SAM surface, a, = 1 m > q;
(the surface is practically flat) and the charge density
N, = 5 X 10'® charges/m?. The corresponding surface

potential WV, is approximately —130 mV [14]. For small
separations (A — 0),

AV ~ =7x 10773 or 1.7 X 10* KkT.

The importance of electrostatic forces in directing pat-
terned colloidal deposition was further supported by the ex-
periments in which colloidal suspension containing 5 mM
LiCl solution was allowed to assemble on a —/ + template.
The addition of salts suppresses Coulomb interactions, de-
creasing L, [4]. Consistently, the spheres populated the
whole area of the oppositely charged circles [Fig. 2(c)].

The second stage of colloidal assembly corresponds
to the rearrangement of particles that occurs during dry-
ing. We believe that this process originates from attractive
capillary forces appearing between particles partialy im-
mersed in a liquid layer [5] [Fig. 4(b)]. Similarly to the
flotation capillary forces [12], immersion capillary attrac-
tion arises from the deformation of the liquid surface and
the induced asymmetry of the contact line at the surface of
the particle. It has been suggested [5] that the free energy
of capillary interaction can be expressed by Eq. (2):

AW ~ 27or2(sSn*W.)R/(L — 2R), (2)

where o is the surface tension, r. = [h(2R — h)]'/? is
the radius of the contact line at the surface of the par-
ticle, ¥, = arcsin(r./R) — «a is the mean dope angle of
the meniscus at the contact line, L is the distance between
the particles, and « is the contact angle [Fig. 4(b)]. The
measured contact angle for amidine-terminated particlesin
water was o ~ 40°. The maximum energy of capillary in-
teraction corresponds to theminimum L = [, = 1.8 um:

AW ~ =5 X 1073 or 1 x 10" KkT.

These values are significantly higher than those obtained
for electrostatic energy. The energy of interaction between
the most remote particles (L = d — 2] = 4.3 um) as a
function of the receding of the liquid layer (k) is shown
in Fig. 4(c). The focusing of the attached particles starts
when the energy of capillary attraction exceeds the en-
ergy of electrostatic interaction. This corresponds to a mi-
nor receding of the liquid layer: 4 = 150 nm and 30 nm
for amidine-terminated (o« ~ 40°) and highly carboxy-
lated (& ~ 10°) colloidal particles, respectively [Fig. 4(c),
inset]. Moreover, no notable difference in the particle
reassembly occurred upon the addition of electrolytes, sup-
porting the conclusion that the effect of Coulomb interac-
tions at the second stage is insignificant.

The combination of electrostatic and capillary forces can
be further used to control the fabrication of ordered 2D
patterns of single colloidal spheres. Figure 5(a) shows a
sample array of positively charged 1 wm spheres formed
on a —/+ template composed of a square array of nega
tively charged circles of diameter d; = 2.9 um and of
periodicity p = 10 um. Thelocation of spheresissignifi-
cantly focused in the centers of each circle: after drying,
the distance from the center, Ax < 0.25 um for 95% of
particles [Fig. 5(b)]. The rationale for the experiment is
schematically presented in Fig. 5(c). As discussed above,
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FIG. 5. Fabrication of ordered 2D arrays of single colloidal particles. (a) Light micrograph of a sample array; the inset shows a
SEM of the template structure. (b) Mapped distribution of particles demonstrating a high degree of focusing within the outlined
circle. (c) Schematic presentation of the proposed mechanism of particle ordering.

the first stage includes the patterned deposition of colloids
driven by electrostatic forces. When the diameters of fea-
tures in a u-patterned SAM (d,) lie in the interval

13 um=21<d <2l + 1, =3.1 um,

where! = 0.65 uwmisthe size of the depletion region esti-
matedinFig. 3(@) and/, = 1.8 umistheaveragedistance
between adjacent deposited particles, screened Coulomb
interactionswill alow the attachment of only one sphereto
each circle at the distance from the center r, < d;/2 — 1.
The mechanism of the ordering at the second stageis some-
what different from the lateral capillary attraction that de-
velops between two adjacent particles partialy immersed
in liquid. Control experiments in the absence of colloids
showed that the last drops of water are pinned by the
printed regions in the SAM [Fig. 5(c), top], presumably
due to a higher density of defects in a printed SAM rela-
tive to a SAM adsorbed from solution [15]. The presence
of a particle off center in this region will cause the asym-
metric deformation of the contact line and, therefore, the
horizontal force that will drive the particles towards the
center of the drop [Fig. 5(c), center].

In conclusion, the use of long-range electrostatic forces
in the assembly of objects is advantageous as compared to
nonspecific interactions induced by gravity or short-range
interactions such as hydrogen or covalent bonds. Because
of the opportunities offered by wCP to define the chemical
functionality and thus surface charge over large areas,
the electrostatic forces can be easily manipulated on a
micron scale to induce the localized colloidal deposi-
tion. An additional in-plane ordering of the adsorbed
particles can be further initiated by lateral immersion cap-
illary forces that originate from wetting/dewetting proper-
ties of a w-patterned substrate and colloidal particles. The
deposition of colloids on w-patterned ionic SAMSs is,
therefore, a smple and convenient route to directing the
colloidal assembly into ordered, complex structures in
large arrays.

We acknowledge fruitful discussions with Dr. B.I.
Shraiman, Professor C. A. Mirkin, and V. Tohver.
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