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ABSTRACT: Order—disorder transitions in colloidal systems
are an attractive option for making switchable materials. Elec-
tric-field-driven order—disorder transitions are especially at-
tractive for this purpose because the tuning parameter is easily
and externally controllable. However, precise positional control
of 3D structure is immensely challenging. Using patterned
electrodes, we demonstrate that ac electric fields—dominantly
dielectrophoresis (DEP) coupled with an electrohydrodynamic
mechanism consisting of induced-charge electro-osmosis
(ICEO)—can be used to template colloidal order dynamically

in three dimensions. We find that the electric field geometry dictates the location, size, and shape of colloidal patterns and can

produce patterns with surprising complexity.

B INTRODUCTION

Colloidal order—disorder transitions offer unique opportu-
nities for reversibly assembling and disassembling 2D and 3D
structures on the micrometer and nanometer scales.'  The
length scale of these colloidal structures is chosen by the self-
assembling system itself and is not easily tunable. New kinds of
hybrid composite materials comprisin§ more open cellular
colloidal structures have been created.” ' These provide access
to structural length scales other than the intrinsic lattice periodi-
city, and such open structures can combine lightness with
structural strength. Another method of creating lower-dimen-
sional structures, such as nanowires," is the introduction of
anisotropy.'” Electric-field-tunable colloids exhibit a rich diver-
sity of stable equilibrium 3D structures®'>'* that can be switched
on by anisotropic dipolar forces,"* that are also important for
nanoparticle self-assembly’"'®'” as well as stable nonequilibrium
2D structures based on electrohydrodynamic forces (EHD).'®"

However, controlling both the structural length scale and the
precise location of colloidal structures requires some form of
surface templating.”>*' Combining electric fields with surface
templating provides the opportunity to control patterns dyna-
mically. Dipolar interactions induced by an external electric field
have competing angle-dependent attractive and repulsive con-
tributions that have frustrated past attempts at surface templat-
ing. Dielectrophoretic (DEP) forces, achieved using electrodes
patterned on micrometer to millimeter scales,”* have been
previously used both to separate** and to concentrate particle
species.”” In addition, the ability to control particle locations
using DEP,***” EHD,*® and a combination of DEP and EHD* in
one and two dimensions has been demonstrated. Finally, in-
duced-charge electro-osmosis (ICEO)***" and electrothermal
flows*>* have been shown to produce measurable flows with ac
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electric fields in microelectrode geometries at low and high
frequencies, respectively.

In this work, we demonstrate the dynamic templating of
colloidal patterns with 3D control and long-range order using
3D electric fields generated by electrodes patterned on the
micrometer scale. We show control over the location, size, and
shape of colloidal structure over large areas (several millimeters)
via control of the electrode geometry. In particular, the size of the
patterned feature is controllable on length scales smaller than the
electrode width. By varying the frequency, we find a qualitative
change in the nature of stable patterns, signaling a crossover from
a DEP-dominant regime to a regime where EHD is also impor-
tant. As far as we know, such control has not been demonstrated
previously.

B EXPERIMENTAL SECTION

The patterned plate electrodes were fabricated on 20 X 20 mm
microscope cover slides coated with indium tin oxide (ITO) (Structure
Probe Inc., 30—60 Q/sq). A layer of Shipley S 1813 photoresist was spin
coated onto the plates for 30 s at 4000 rpm, followed by a 1 min soft bake.
The substrate was then exposed to an ultraviolet exposure pattern using
amaskless patterning system (Intelligent Micro Patterning SF 100). The
pattern was developed by submerging the substrate in a 1% (w/v)
solution of NaOH for several seconds. The exposed ITO pattern was
then etched by submerging the substrate in HCI (11.65 M) for 30 s.

Wire leads were soldered onto sections of paper clips for structural
strength and glued to the substrate (using NOA 63 UV curing epoxy).
Electrical contact between the conducting layer and the wire lead was
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Figure 1. Bottom-stripe geometry. (a) Two-dimensional z—y cut of 2D electric equipotentials and field vectors within a bottom-stripe cell (top) and
profiles of the gradient of the field intensity (VE>) vs position near the middle and at the bottom plate. (b) Width of the particle-rich region decreases
with the applied field strength. Images constructed by summing all slices taken at different heights z from a 3D image stack, left to right: V},, = 0.77, 3.8,
7.6, 15.4, 34.4 V. Scale bar = 100 um. f = 100 kHz, sample thickness = 77 um, ¢ &~ 0.4%, and 0 = 0.8 um.

made using silver paste. The electrical leads were connected to an
amplifier (Krohn-Hite Corp., model 7602M), which receives its input
signal from a function generator (Tektronix AFG 3022). Electric field
visualizations in 2D and 3D were produced using commercial software
packages (Poisson SuperFish and Maxwell3D).

The sample cells were then constructed by gluing the bottom plate
electrode (conducting side up) to a glass microscope slide. Two S0 #m
spacers were placed on top of the electrode such that the area of interest
was between the spacers. The top electrode was then placed on top of
the spacers (conducting side down) and attached with UV curing glue in
a manner that left an opening on two sides of the sample. The sample
was filled by placing a drop of colloidal suspension on one of the open
ends, and UV glue was used again to seal two open ends (with the sample
area covered to prevent bleaching).

The aqueous colloidal suspension consists of a 0.8-um-diameter
(FITC-labeled, blue excitation and green emission) fluorescent core
and nonfluorescent-shell silica particles suspended in a refractive-index-
matching solution of dimethyl sulfoxide and water (85:15 v/v).>” The
sample was imaged with a Nikon Eclipse 80-i microscope equipped with
a Qimaging QICAM Fast 1394 monochrome digital camera. The
nonaqueous colloidal suspensions were 0.8- and 1.0-um-diameter fluo-
rescently labeled PMMA particles suspended in a tetrachloroethylene—
decalin (40:60 v/v) solvent mixture. The electrode/particles were imaged
using laser confocal reflection/fluorescence scanning microscopy.

B RESULTS AND DISCUSSION

We focus on experimental results using two electrode geome-
tries. In the “bottom-stripe” geometry, the top ITO-coated glass
surface is connected to ground and the bottom patterned ITO
substrate is connected to an ac signal. Electric potentials and field
lines obtained from simulations are shown in Figure la (when the
bottom electrode is at +V,,,). The dielectrophoretic force on a
colloidal sphere*” is Fppp = 7R’e,KVE”, where R is the
particle diameter, K is the real part of the Clausius—Mosotti factor
(K ~ —0.4 for silica in water—DMSO), &, ~ 50¢, is the medium
permittivity, and E = (2)"/?E,.., is the zero-peak electric field.
Figure 1a shows that the value of VE? near the bottom electrode
and thus the magnitude of Fppp are largest in the vicinity of the
electrode edge, and the sign of the force changes across it. Further
up, Fpp is always facing inward toward the center (for K < 0).
Finally, there is a region of zero force in between electrode edges
in positions labeled “C” (the central minimum in the gap
between the electrodes) and “E” (at the center of each electrode)
in Figure la. In suspensions where K < 0 (true for most aqueous
suspensions) we thus expect “negative DEP”. For K > 0 (reali-
zable in many nonaqueous suspensions), one expects positive DEP

with particles moving to the electrode edge (away from positions C
and E).

When the field is turned on, the particles move in the direction
of the local force (the real-time dynamics is shown in Supporting
Information 1, Movie 1). At each field strength, there is a
stationary state. Local 2D structure in a similar system and
geometry have been demonstrated previously.”® Here, 2D
images obtained by summing all slices of 3D images of such
stationary states are shown for selected applied voltages in
Figure 1b. The interface between the particle-rich and particle-
poor region is sharp. We define for convenience Ey = V,,/2d,
where d = 77 um is the sample thickness: the actual electric field
is nonuniform and is significantly higher than E, at the electrode
edge and lower in between the electrodes (regions C), but it is
close to this value at the electrode center (regions E). From the
3D images, the particle density profile was peaked at the
midpoints between electrode edges and well fit to a Gaussian
above E 2 0.07 V/um: the width of the particle-rich region was
found to be a decreasing function of the amplitude of the DEP
force (Figure 1b).

The second geometry used was a “crossed-field” geometry,
where the top plate is also a patterned ITO electrode and is
positioned at an angle with respect to the bottom stripe. (Here
the angle is close to 90°.) We find that this field geometry is
complex enough to yield a long-range (and centimeter-scale)
positioning of particles in regions in between the electrode edges.
(In Figure 2a, electrodes are red and particle-rich regions are
green.) The particulate regions are not only on the substrates but
have a 3D extent (Figure 2b). This can be seen in the x—z and
y—z cuts (bottom and right) as well as in the inset, which shows
an exponential decrease in intensity versus height with a char-
acteristic length of 3.8 £ 0.1 um.

We focus first on the dynamics of particle assembly in the
bottom-stripe geometry (Figure 1a). Time-resolved microscopy
of 0.8-um-diameter silica spheres in an aqueous suspension in the
bottom-stripe geometry (Figure 3) shows the emergence of
regions of high particle density in regions of zero force soon
after an electric field is turned on. However, the global minimum
in field strength between the electrodes (regions C) is a stable
point, and the region in the center of the electrode (regions E) is
unstable to perturbations. The reason for this (as shown in
Figure la) is that colloidal particles that are some distance z
above the bottom electrode experience a force toward the center
at all (x, y) positions. From the dynamics of field-induced segre-
gation, we obtain the relation between the velocity of particle
fronts and VE”. This is done as follows. The front position
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Figure 2. Crossed-field geometry. (a) Long-range order. (Left) Selected area from a centimeter-scale pattern of 250 #m periodicity and 62 ym sample
thickness (V,,, = 40.8 V, f = 10 kHz, scale bar 1 mm). (Right:) Colloids (green) are seen in two sets of regions: below the top and above the bottom
electrodes (in red) and in between electrodes. Scale bar = 0.5 mm. (b) Particle-rich regions occur in between electrode edges and have controllable shape
and size as well as a 3D extent (as shown in the bottom and side panels and an exponentially decaying intensity profile in the inset). ¢ & 0.4%, V,,, = 20.4V,

f =100 kHz, scale bar = S0 um.
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Figure 3. Dynamics in bottom-stripe geometry. (a) Schematic of the bottom electrode (red). (b—g) Time series of y—x fluorescence micrographs (4x
objective) of colloidal particles after an electric field is turned on (¢ = 0). Scale bar = 200 um. V,,, = 30 V, f = 100 kHz, sample thickness = 60 m, ¢ ~
0.4%. (h) Position timeline (y—t) for the particulate front: each column of unit pixel width is the intensity averaged over x for one frame in the time series.
(i) Dynamics of the particulate front. Each timeline (obtained from a different stripe) is represented by a differently colored symbol. The solid red line is
the average of all timelines. (Inset) The highlighted section of part h (inverted) is a sample of the source data for the timelines. (j) Velocity vs VE>. For

larger VE?, a linear fit is consistent with a DEP mechanism.

timeline (Figure 3h) is extracted from the image time series shown in
Figure 3b—g. (The entire movie is included in Supporting Informa-
tion 1, Movie 1). The front position versus time is extracted from
each of these timelines (Figure 3i, one such timeline is shown,
inverted, in the inset). Viscosity dominates at low Reynolds number;
therefore, the particle velocity v at any instant obtained from
Figure 3I is governed by an instantaneous balance of viscous and
applied forces. Assuming that only the dielectrophoretic force is
important, we plot v versus VE> in Figure 3j. The relationship for
large VEis roughly linear. The viscous force is given by F,;,. = &v,
where for an isolated spherical particle & = 6r7R. Force balance
yields a relationship for the velocity: v = ,uDEPVEZ where Upgp =
(TR%,,K) /. Shown in Figure 3j is a linear fit that yields a slope of
Upgp = 83 x 1072 m*/(s V*) and an intercept of v, = 1.0 & 0.2
um/s. The slope implies that § ~ 4 x 100N s/m, which is an order
of magnitude larger than the Stokes drag for an isolated sphere in free
solution; this is reasonable for particle-rich regions close to a surface.
The local slope yields tpgp that increases with time (ie., with

decreasing VE?). This is qualitatively consistent with simulations
that find a dielectrophoretic mobility that increases with time due to
either the coupling of particle and solvent motions or dimer
formation.** Another possible mechanism contributing to flow
is ac electro-osmosis (ICEO).*>*! Supporting the existence of ICEO
is the observation is that particulate agglomeration is more rapid in
the unstable region above the electrodes. Particulate flow in this
region is likely enhanced by ICEO, which would be directed away
from both the electrode edge and the gap. The importance of this
electro-osmotic flow is clearer in experiments in the crossed-field
geometry, as discussed next.

For the crossed-field geometry, we find that the steady-state
structures are a function of both field magnitude and frequency.
The frequency and field amplitude dependence of the structure
formation is shown in Figure 4, which shows (left and middle)
confocal micrographs with a 40X objective of top and bottom
plates, respectively; particles are in green, and electrodes are red.
On the right are fluorescence micrographs of the same region
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Figure 4. Field and frequency control of patterns in crossed-field
geometry. ¢ ~ 0.4% and 0 = 0.8 um. Sample thickness = 88.7 ym, so
a peak—peak voltage of SV}, corresponds to a field (far from the
electrode edges) of E; = 0.06 V/um. (a—0) Columns 1 and 2: confocal
micrograph (40X, NA = 0.600 objective) of top and bottom plates.
Green/red represents particles/electrodes. Scale bar = 50 ym. Column
3: fluorescence micrograph (4%, unless otherwise shown). The poten-
tial and field frequency applied across the cell are shown in the first
column. Scale bar = 200 um. (p) Nature of patterns as a function of field
and frequency. Red circles: particles only between electrodes. Blue
squares: particles only above or below electrodes. Black triangles:
particles in all of the above locations. For a discussion, see the text.

with lower-magnification objectives. At 100 kHz, we initially see a
similar process to that in the previous case (shown in Supporting
Information 2, Movie 2). The particles are all at the bottom to
begin with and recede away from the bottom-electrode edges.
However, in this case the top electrodes provide a (periodic)
pathway for the particles in the metastable minima (regions E,
located near the bottom-electrode center) to flow to the stable
minima (regions C). The final state has no agglomeration of
particles at the top plate (Figure 4a) and a striped agglomeration
pattern between the electrodes near the bottom plate (Figure 4b).

The salient difference in the final state is that the stripes have a
modulated intensity (Figure 4c).

The location of the particle agglomeration can be controlled
with frequency. At frequencies of 10 kHz and lower, one observes
two distinct types of patterns (Figure 4d,e,g,h,j,kn): “rectangles”
that occur in the electrode gap and “eyes” that occur above or
below the bottom or top electrode and between the electrode
edges. Compared with the 3D electric field simulation of the
crossed-field geometry (shown in Supporting Information 3,
Figure 1), we see that the rectangular particulate regions are
indeed above the minimum in between the electrodes and that
the eyes (either above the bottom or below the top electrode)
represent regions that have a low |VE2| but with a force (for K < 0)
that points away from the electrode, thus not a stable minimum.

There are three distinct locations of particle agglomeration:
eyes below the top electrode but between the bottom electrodes
(Figure 4a,d,gjl), eyes above the bottom electrode but in
between the top electrodes, and rectangles in the electrode gap
between the bottom electrodes (Figure 4b,ehk,n). If the pat-
terns were driven purely by DEP, then one would only see the
rectangular patterns in the stable minimum in the electrode gap
(with the bottom of the gap being favored by gravitational
forces). This is indeed the high-frequency structure. The pre-
sence of the eye-shaped patterns at lower frequencies could arise
from electrohydrodynamic flows. As discussed in the bottom-
stripe geometry, ac electrohydrodynamics arising from induced-
charge electro-osmosis (ICEQ)* 3133 gives rise to flows away
from the electrode edges and toward the center of the electrode.
These flows would account for the nonzero particle speeds at low
|VE?|, frequencies lower than 1 MHz in Figure 3j, and the
stabilization of the eyes in Figure 4. Other possibilities for
electric-field-driven fluid flow, such as electrothermal effects,>>>*
are more dominant at frequencies above 1 MHz.

A phase diagram summarizes the behavior (Figure 4p). At
high frequencies (100 kHz, here ICEO should be least im-
portant), particles are all in the (rectangular) minimum. At low
frequencies (where ICEO is most relevant), we observed parti-
cles only in the “eyes”. At intermediate frequencies, mixed
patterns with quantitatively different populations in the rectan-
gles and eyes are observed. See Supporting Information 5, Figure
2 for more details. The existence of mixed patterns allows us to
rule out switching from positive to negative DEP, which in any
case is not expected for silica colloids in aqueous solution.”” In
addition, we do detect the slow exchange of particles between the
rectangles and the eyes. The broad (10 Hz—100 kHz) frequency
range of this phenomenon confirms an electrohydrodynamic
mechanism for the stabilization of the DEP-metastable regions.>’
Whereas both ICEO and DEP velocities are frequency-depen-
dent, ICEO speeds de}l)end globally on Ey> (where E, is the
applied electric field)*' and DEP speeds depend on |VE’|
(where E is the local electric field): the relative importance is
observed to be tunable with field and frequency.

Finally, we show that upon inverting the dielectric constant
mismatch (PMMA colloids in a nonaqueous solvent) one can
obtain pure DEP. Positive DEP has been demonstrated in
different colloidal systems.***> We show that in sample geome-
tries identical to those used in the aqueous suspensions, particles
migrate toward the electrode edges (Figure Sa shows 0.8 um
colloids at ¢ & 1%), and there is no electro-osmotic flow away
from the electrode edges even at low frequencies. In addition, we
see that at much higher concentrations (Figure Sb—d shows
1.0 m colloids at ¢ = 15%) the osmotic pressure is high enough
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Figure S. Positive dielectrophoresis and dipolar structures in nonaqu-
eous colloidal suspensions at low and high particle concentrations. (a)
0.8-um-diameter particles, Ey = 2.8 V/um, ¢ ~ 1%, scale bar = 150 um.
Particles agglomerate at electrode edges. Inset (scale bar SO 4m) shows a
confocal image of x—y, x—z, and y—z cuts of a 3D image that shows that
the particle aggregation is within micrometers of the substrate. (b)
Structures at higher concentrations, 1.0-¢m-diameter particles. Ey = 1.4 V/
um, ¢ ~ 15%, scale bar = 150 um. Particles (green) collect both at
electrode edges (red) and in regions of high electric field. (c) Eg = 2.0 V/
um, ¢ X 15%, scale bar = 50 um. In a region in between two electrodes,
where the field is most uniform, dipolar structures are observed. (d) E, =
2.7 V/um, ¢ A 15%, scale bar = 150 um. At higher fields, the particles
in between electrodes are forced increasingly toward the region of

highest VE~

that particles do not all reside at electrode edges. In this instance,
particles are also found in regions of high electric field (where the
top and bottom electrodes overlap in x—y). Here, we also see the
expected dipolar order, described elsewhere,"* but the particles
increasingly migrate toward the edges with increasing field
strength (Figure Sb—d)). A 3D stack of the order near the
bottom plate (Figure Sc) (shown in Supporting Information 4,
Movie 3) shows that the particle structures extend about 6.5 yum
in the z direction. This happens at both electrodes.

Whereas the pattern-forming dynamics is slow for millise-
cond-scale display applications, the front speeds can be increased
by employing geometries where the field nonuniformities are
larger. For example, the dynamics at a bottom-patterned elec-
trode with square holes, shown in Supporting Information 6,
Figure 3 is more rapid. Moreover, intricate control of the 3D
location, shape, and size of particulate patterns and the possibility
of very low control voltages (as low as S V, Figure 4j—0) could be
very useful for slower switching applications, for example, in
microchannels or for electronic paper. In addition, these patterns
can be made permanent by previously established methods™ via
slow polymerization. They could also be used as dynamically
switchable cells for parallelizable reactions or processes con-
trolled by particle concentration (cf. Figure 4c,fil,0 or Support-
ing Information 6, Figure 3) with even the possibility to have cells
with simultaneous multiple length scales and to control particle
concentrations in three dimensions.

B CONCLUSIONS

In this study, we have demonstrated precise micrometer-scale
positional control of colloidal structure with patterned ac electric
fields over sample areas of several millimeters. An increase in the
complexity of the electric field geometry results in 3D structures
with controllable shape and size. We demonstrate pattern
selectivity as a function of field frequency. At high frequencies,
dielectrophoresis (DEP) dominates and ac electro-osmosis is
increasingly important as the frequency is lowered. The control
achieved here could be easily adapted to microfluidic applica-
tions, for example, in switching (on or off) reactions controlled
by particle concentrations and for display applications.

B ASSOCIATED CONTENT

© Supporting Information. A y—z cut of the VE* vector
field. Field dependence of particulate patterns at different
frequencies. Patterned ITO substrate consisting of square ITO-
free regions. Movies showing the transient dynamics after the ac
electric field (f = 100 kHz) is turned on in the bottom-stripe and
crossed-field geometries and a 3D scan of the colloidal structure
near the bottom electrode in a nonaqueous suspension that
exhibits positive DEP. This material is available free of charge via
the Internet at http://pubs.acs.org.
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