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Fabricating colloidal particles with photolithography and their interactions
at an air-water interface
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A technique for fabricating nonspherical colloidal particles using photolithography has been developed. The
particles are plate shaped and their profile within the plane of the plate is defined by a lithography mask and
so can be any form desired. The thickness of the particles can also be controlled by varying the amount of
material in the particle, and also by using the stresses induced during the evaporation of materials to distort the
particles out of the plane. The particle-particle interactions can be tailored and made anisotropic by coating
different faces of the particles with different chemicals or by making them of different materials. This tech-
nique is used to produce curved disks that are hydrophobic on their convex face and hydrophilic on their
concave face. These particles are studied at an air-water interface, where the majority lie with their hydropho-
bic face uppermost. The curvature of the particles distorts the water surface in a manner that can be described
by a series expansion. The symmetry of this function is used to explain the interactions of the particles and the
resulting ordered flocculated structures observed. Such anisotropic forces in two dimensions have not been
studied previously on a colloidal length scale to our knowledge and extend the field of control of particles at
interfaces.

PACS numbg(s): 68.10.Cr, 61.20-p, 82.70.Dd, 68.45.Gd

I. INTRODUCTION ropy in the shape of the particles.

Crystallization of colloidal particles has often been stud-

Ordered structures of colloidal particles can give rise taied in two dimensions, for example, at a fluid-fluid interface.
bulk phenomena that are very different from those displayed his is experimentally convenient as it allows the dispersion
by disordered structures. A classic example of this is thdo be observed using the third dimension. It also introduces
colored patterns observed in opal. Order is known also t&apillary interactions between the particles, which are not
greatly affect the electrical and rheological properties of colPresent in three dimensions in the absence of a fluid-fluid
loidal dispersions. In the absence of an external field, spherd@terface. These capillary interactions arise from the way that

have been observed to crystallize into a variety of crystallindn€ Particles distort the fluid-fluid interface. Distortions
structureg1,2]. More complex crystal structures have beenCaused by the weight of the colloidal particles give rise to

formed by mixing different sizes of spheres, where Sma”eg\t/tractive interactions as described by Chan, Henry, and

spheres pack into the interstices between the larger spher §h|te [8]. Using ”O”TSphe_”Ca' part|cles,_|t IS _possmle to cre-
3], ate more complex distortions. These distortions can then be

. djusted to create and control directional capillary forces be-
Despite the range of structures that could be observe ) prrary

ith herical ol ‘ T h een particles. Bowdeet al.[9] demonstrated the effect of
with nonspherical particles, very few repoid—7] have such directional forces with particles several millimeters

been made of ordered phases in such dispersions. This i3ross. In contrast, this paper describes methods that allow
primarily due to the difficulties associated with preparing control of the capillary force on a colloidal length, so allow-
dispersions of nonspherical particles that are uniform enoug[hg structures to be formed on the length scale of a few
to allow crystallization. In this paper we present a method ofmicrometers. The technique developed here would also be

preparing dispersions of nonspherical particles using photoapplicable to particles on the length scale of a few hundred
lithographic techniques. This method not only allows par-nanometers.

ticles to be prepared in a very monodisperse manner but also
allows platelike particles of any shape within the plane of the
plate to be prepared. We also investigate bending the par-
ticles as a method of controlling their shape in the third
dimension. Photolithography also has the potential to allow Photolithography can be used to define a two dimensional
the introduction of chemical anisotropy in addition to anisot-pattern in a layer of photoresist. A substrate is coated with a
thin layer of photoresisttypically 0.5-5um) by spin coat-
ing. The pattern is transferred from a mask onto the photo-
*FAX: +44 1223  337271.  Electronic  address: resist by exposing the layer of photoresist to UV radiation
abdbl@cus.cam.ac.uk through the mask. The photoresist is then developed. A posi-
TFAX: +44 1223 337271. Electronic address: cgs4@cam.ac.uk tive photoresist(Shipley S1818 was used in this work,
FAX: +44 207  8482810. Electronic  address: where the area exposed through the mask is then removed by
rennie@colloids.ch.kcl.ac.uk the developer. The mask is usually created with a resolution

Il. MAKING COLLOIDAL PARTICLES
WITH CONTROLLED SHAPE
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was then placed in acetone to dissolve the remaining photo-
resist, allowing the particles to lift off into the acetojsee
Fig. 1(e)]. The particles were resuspended after centrifuga-
tion twice in acetone, then in ethanol, and finally in water.
The cleanliness of the resulting dispersion in terms of
particulate contaminants depends crucially on wasides
the desired particledifts off into the acetone. Large areas of
photoresist around the patterned area will be coated in
evaporated material, which can come off and break up to
form contaminants. To avoid this problem there must be no
regions of photoresist that are not particles after developing.
Using a mask that is clear except for the particles and then
exposing the whole substrate can achieve this. Alternatively,
it was observed that areas of material on photoresist a few
millimeters across lift off into acetone much quicker than the
particles, which are only a few micrometers across. This dif-
ference can be exploited to remove large areas of evaporated
material on a continuous layer of photoresist into acetone,
which is then discarded before transferring the substrate into
clean acetone, where the particles are allowed to come off
the substrate. A further consideration is that the evaporated
material must adhere well to the substrate or else regions of
evaporated material between the particles may come off the
substrate in the acetone. For this reason a substrate material
must be chosen that has good adhesion with the first evapo-

/ rated layer.
% B. Nonevaporated particles

FIG. 1. Particles can be fabricated by evaporation using the Silicon dioxide particles were prepared from silicon wa-
following process.(a) A clean substrate is takerib) It is spin  fers with a 200 nm oxide layeisee Fig. 2a)]. A layer of
coated with photoresistc) It is exposed, soaked in chlorobenzene photoresist was spun onto the upper surface, giving a layer
to harden the surface, and develop@). Materials are evaporated 1 3 um thick [see Fig. 2b)]. The photoresist was then ex-
onto the substratee) The substrate is placed in acetone, where theygsed to ultraviolet light through a mask so that each area to
photoresist dissolves, releasing the particles. become a particle was not exposed. After development this

) ) . ] gave a profile as shown schematically in Fi¢c)2The wafer
of a fraction of a micrometer using electron beam lithogra-was placed in buffered hydrofluoric acid, to etch through the
phy. The resolution permitted by photolithography USingexposed area of silicon dioxidsee Fig. 2d)]. The wafer
commercial apparatus is around @8 With the equipment a5 then placed in a solution composed of 23.4% KOH,
available for this work a resolution down to a micron was {3 304 isopropanol, and 63.3%@ by weight at 80 °C. This
possible. This resolution limit meant that particles were typi-etches the silicon away from under the particles, allowing
cally made a number of microns across, with features a fewhem to lift off into the KOH[see Fig. 28)]. However, this
microns in diameter. Particles of this size are then ideallyso|ytion also very slowly etches silicon dioxide. Conse-
suited for investigation using optical microscopy. In order toquently, once the particles lifted off the wafer, the etching
keep Brownian motion of the particles significant, thewas quenched by cooling the dispersion to room tempera-
particles were made very thin, typically between 40 andyre, and the particles were immediately centrifuged out of
200 nm. the dispersion and repeatedly resuspended in water until the
pH of the dispersion was found to be neutral.

This method of particle preparation allows particles to be
made out of materials that cannot easily be evaporated. This

A plain, flat substraté¢see Fig. 1a)] was chosen which . . .
provides good adhesion with the first evaporated materiaIteChmque could be adapted to make colloidal particles out of

Typically either a glass slide or a gold coated glass slide Wasilico'n or othe_r semiconductprs, allowing the particles to
. Tonsist of semiconductor devicgH0].
used. A layer of photoresist was spun onto the upper surface,
giving a layer 1.3um thick [see Fig. 1b)]. The photoresist
was exposed to ultraviolet light through a mask so that each
area to become a particle was not exposed. The substrate wasin order to remove all traces of photoresist and other or-
then placed in chlorobenzene for a few minutes to harden thganic material, the particles were cleaned in a
top surface of the photoresist. After development this gave &,0,:H,SO;:H,O (1:1:5 solution, and then repeatedly
profile with a slight undercut as shown schematically in Fig.washed in pure water. In order to measure the contact angle
1(c). The desired materi@) of the particles wagwere of the resulting surfaces, a number of large planar surfaces
evaporated onto the surfa¢see Fig. 1d)]. The substrate were prepared and cleaned in the same manner. A drop of

A. Evaporated particles

C. Cleaning particles
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FIG. 2. Silicon dioxide particles can be fabricated by etching an

oxidized silicon wafer using the following proces®) A clean, ;50420 and 20 nm, respectivaly(c) Nichrome and gold disks

oxidized silicon wafer is taken(b) It is spin coated with photore- (10 and 40 nm, respectivelyand(d) gold rectangle$100 nnj. ()
sist. (c) Itis exposed and develope) The exposed oxide layer is Silicon dioxide’ diamondg$200 nm fabricated using the etching
etched away with buffered hydrofluoric aci¢e) The silicon is technique. The scale bar in all the figures is2@ long.

etched with a hot KOH solution saturated with propanol, releasing

the particles.

FIG. 3. Particles fabricated using the evaporation tech-
nique: (a) gold diamonds(200 nm), (b) Nichrome and gold

Well characterized surface chemistry such as thiol and

water was then placed on the surface and the contact ang (Q lorosilane reaction§l1,12 can be used to graft a mono-

measured. It was found that after cleaning in this manner layer (.Jf an organic; mqlecule onto' the surface of a pgrticular

) o . i . fhaterial. If a particle is made with a number of different
N|chr0m'e. (80:20 nlckel.chromlum alloysurface was very materials, then different organic molecules can be grafted
hydrophilic (contact angle with water was less than.8h ;45 the different materials exposed. This would allow the
contrast, gold surfaces remained quite hydrophobic with & iface chemistry of two surfaces of one particle to be con-
contact angle of around 90°. trolled independently13].

Due to the two dimensional nature of this fabrication

technique, the number of particles made is small by colloidal
standards. The evaporators used were designed to expose

only 30 cn? of patterned substrate, yielding of the order of ~Figures 3a8)—3(d) show a range of particle shapes that
107 particles. have been made using the evaporation technique described

above. The crosses in Fig(3 were made from a mask of a
cross, 10um from end to end and with arms @n wide. The
crosses had slightly different dimensions across the mask,

As well as making particles anisotropic in shape, particlegiving rise to a small range of particle sizes as clearly illus-
can also be made anisotropic in terms of their interactionstrated in Fig. 8b). The resolution of the process has broad-
One way to achieve this is to make the surface of the parened the arms and rounded the corners. However, as men-
ticles chemically anisotropic so that the charge, hydrophobictfioned earlier, this is simply a limitation of the apparatus
philic nature, or steric coat on the surface is not uniform oversed in this work, rather than of the technique. The diamonds
the particle surface. [see Fig. 8)] and the rectangldsee Fig. 8)] have slightly

The simplest case is where the particles are made bbulbous ends. This is caused by optical effects due to a gap
evaporating two different materials so that the particles havéetween the mask and the photoresist layer during exposure.
one material on one face and another material on the oppdgain, commercial apparatus is able to overcome this tech-
site face. More complex patterning of the surface could benical difficulty.
envisaged, by evaporating a thin second material at an angle Figure 3e) shows some silicon dioxide particles made
so that some of the edges of the particle are coated with thasing the etching technique described above. The varying
second material while others are not. An alternative techintensity across the particle arises from interference between
nigue would be to pattern directly onto the top surface of thethe particle surfaces and the glass slide the patrticle is resting
particles using an aligned second mask. on.

E. Particles made

D. Chemical patterning
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tion [14]. It was found that the radius of curvature could be
most conveniently controlled by varying the thickness of
gold and Nichrome.

IIl. ANISOTROPIC FORCES AT THE AIR-WATER
INTERFACE

In general there are three types of significant force present
between charged particles trapped at an air-water interface.
These are van der Waal’s attraction, electrostatic repulsion,
and a capillary interaction. With isotropic, spherical particles
the capillary interaction is always attractive and arises from
the deformation of the water surface due to the weight of the
colloidal particle. This deformation provides a gravitational
well that other particles can fall down. The nature of this
attractive force is described in some detail by Chan, Henry,
and White[8].

Of these forces, the van der Waal's attraction decays the
most quickly with distance, while the capillary attraction de-
cays most slowly. Typically, however, on a colloidal length
scale the capillary attractive force is small in comparison to
kgT, due to the small weight of the particles, and so can be
ignored.

Anisotropic particles introduce a new form of the capil-
lary energy that can arise from distortions in the surface of
the water induced by the chemical or physical anisotropy of
the particles. In order to estimate the strength and range of
the resulting interactions it is necessary to consider the na-
ture of the induced distortion.

FIG. 4. Curved particles made by evaporation of Nichrome and
gold (50 and 20 nm, respectivelpn the surface of watefa) Bright A. Distortion caused by a single particle

field showing reflection from the central, horizontal region. Par- s e . . . .
9 ’ 9 If an infinite line of the air-water interface is raised above

ticles with Nichrome surface uppermost are marked with a $ppt. A - : .
Dark field showing reflection from surfaces tilted at an angle be-2' lowered below the equilibrium height, then the distortion

tween 22° and 26° to the horizontal. The scale bar is&0long. decays exponentlallyilln a dlrect!on perpendlcular to the line
on a length scale of ™~ where\ is given by

By evaporating 50 nm of Nichrome and then 20 nm of A= (pgly)*?
gold, curved particles were synthesized as shown in Fig.
4(a). The diameter of the disks is aroundun. The optical p is the difference in density between water and giis the
microscope shows a bright line across the particle. This reacceleration of gravity, anglis the surface tension or energy
gion of the particle reflects the incident cone of light backof the air-water interface.
into the microscope. The rest of the particle is at too great an For an air-water interface, ~* is approximately 2.7 mm.
angle to do this. In dark field the incident light is in the form We are concerned with interactions between particles on the
of a hollow cone. In this arrangemefgee Fig. 4b)] two  length scale of a few microns; therefare<1 wherer is the
bright lines can be seen from each particle, where the surfagdistance from the center of the particle. In this limit the dis-
of the particle is at the correct orientation to reflect the inci-tortion around a small circle of the interface that is raised or
dent light into the lens. The radius of curvature can be estifowered is given by—AIn(r\), whereA is a constant gov-
mated from the thickness of the line of reflected light inerning the magnitude of the distortion amdis the radial
bright field and the distance between the lines of reflectedistance from the center of the distorti¢8]. Clearly this
light observed in dark field. These measurements give a raquation implies the condition that#0, which is as ex-
dius of curvature of 4—%um. The particles appear elliptical pected since a finite force cannot be applied to an infinitely
in Figs. 4a) and 4b). This is due to the fact that the very small air-water interface.
edges of the particles are too tilted to reflect light into the At large distances compared to the size of the particle, the
microscope. Disks with a radius of curvature ofudin are  distortion of the air-water interface due to that particle can be
only 6% narrower than they are long in plan view. described by the sum of monopole, dipole, quadrupole, and

The curvature is a result of the stress induced during théigher order terms. In order to produce a distortion with a
evaporation of the metals, and consists of an intrinsic commonopole component, a force needs to be applied to the
ponent that depends upon impurities and incomplete orderingarticle perpendicular to the air-water interface. An example
during the evaporation, and a thermal component that desf such a force is that provided by gravity; however, with
pends on the different thermal-expansion coefficients of theolloidal sized particles the monopole distortion caused by
two materials and the temperature of deposition and inspegravity is usually small and so can be neglected. In a similar
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way, in order to produce a distortion with a dipole compo-
nent, a torque needs to be applied to a particle about an axis
in the plane of the air-water interface. In contrast to the
monopole and dipole distortions, distortions comprising just
guadrupole and higher order terms do not require an external
force or torque to be applied to the particle. This is due to the
fact that for quadrupole and higher order terms, the forces
and the resulting torques applied to the particle by the air-
water interface balance across the particle. Thus a quadru-
pole, where in general two points are distorted one way and
two distorted the other, is the simplest equilibrium distortion
that a particle could induce in the absence of an external
field. If for distortions of small magnitude the magnitude of
the distortion at any point is taken to be additive, then in
cylindrical coordinatesr(, #,z) the resulting displacement of
the interface from equilibrium around a quadrupole is given
by the form

z(r,0)=B cog26)/r?, 1) FIG. 5. A disk curved by laying it on the surface of a cylinder.
) The top convex surface is hydrophobic, while the bottom concave
whereB is a constant. surface is hydrophilic. The radius of curvature of the disRjsand

One way to introduce such distortions is to place a parthe radius of the disk is,. For the disk shownR. andr, are
ticle on the water surface which has some edges that argmilar in magnitude. A poinP in a two dimensional plane tangen-
hydrophilic, while other edges are hydrophobic. The hydro+ial to the particle surface and containing the undistorted diameter
philic edges would attract the water and so distort the watesf the disk is defined by, the angle between the vecO® and the
surface upward, while the hydrophobic edges would distortindistorted diameter of the disk, and the radial distant¢ee mag-
the water surface downward. These distortions should resuttitude of the vectoOP.
in an attraction between like sides, and a repulsion between -
unlike sides. Particles of this nature have been made on that fourth order terms ibz/ér and 6z/(r §6) can be ne-
centimeter length scale by Bowdenal.[9]. However, with  glected, the increase in surface area can be approximated by
macroscopic particles the weight or buoyancy of the particles
also significantly distorts the surface of the water, so that 3(8218r)%5r 1 56+ 31%(82/ 56)6r v S0,
areas of the particles that pull the surface down are more
strongly attracted to each other than areas that pull the suwhich is the sum of the increase in surface area due to the
face up. gradient in the radial direction and that due to the gradient in

In this paper surface distortions are introduced by placinghe tangential direction. Substituting expressions datdr
curved particles on the surface of the water that have hydrcanddz/dé derived from Eq(1) gives
philic lower faces and hydrophobic upper faces. Such par-
ticles can be made three orders of magnitude smaller than2(Zor §)%(CoS’ 26/r%) 56 8t +2(zor §)*(sir? 260/r°) 56 5r
those used by Bowdent al, so that the potential energy
from the capillary interaction due to the weight or buoyancyThe symmetry of the two halves of this equation shows that
of the particles is less thaksT. around a quadrupolar distortion, the surface energy is equi-

Consider a thin disk shaped particle that is bent out of théartitioned between the energy arising from the gradient in
p|ane of the disk by |ay|ng it on the surface of a Cy|inder asthe radial direction and that arising from the gradient in the
shown in Fig. 5. In the case that the radius of the cylinder igangential direction. Thus the energy stored due to the in-
much greater than the radius of the disk, the edge of th&reased surface area at any radius is independefit lote-
particle can be approximated by the following equation ingrating over all of space gives
cylindrical coordinates:

Esa= 725y
Z=1Zy COSZQ), (Za)
The gravitational potential energy can be similarly calculated
r=ro, (2b)  and is given by
wherer is the radius of the disk and, is the maximum EG=gpz§rSw/4.

distortion of the disk.

The energy associated with the distortion of the air-watefFor a disk of radiug,=2.5um and laid on a cylinder of
interface due to such a particle at the interface can be dividerhdius R, giving a maximum distortiorzy=0.31um, the
into the energy associated with the increase in surface area odsulting energy of the distorted air-water interface is
the water,Eg,, and that associated with the gravitational
potential energy of the displaced watdt;. Consider a Esa=2.2¢10 % J; 140 keV; (5.4x10°)kgT,
small area of the water surface with dimensiénsandr &6.

Assuming that the gradient of the water surface is small so Eg=4.9x10"2' J; 31 meV; 1.RgT.
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I displacement from the sinusoidal function of a purely qua-
! 4 ’ drupolar distortion. As discussed earlier, the energy distribu-
0.8 1 tion around a quadrupolar distortion is uniform with angle.
F I / Variation in the surface energy distribution around a particle
0.6 - Pl i must therefore arise from the deviation of the distortion from
o .," i a sinusoidal function. Along the axis of the curvature of the
~04E S . i disk (#=0) the distortion is sharper and higher than that of
\% [ N a sinusoidal function. Therefore around this direction the
~ 020 gradient and hence the energy stored in both the radial and
SERNY / \ / tangential directions must be greater than that found in a
or sinusoidal distortion. In the perpendicular direction the dis-
[ tortion becomes correspondingly shallower and broader.
02 ¢ SN Therefore around this direction the gradient and hence the
i et "f:;;'_j_'f,/ energy stored in both the radial and tangential directions
e must be less than that found in a sinusoidal distortion. This
9 (rad) means that the energy density stored in the surface of the

water is greatest around the axis of curvature of the particle.
FIG. 6. The displacement of the air-water interface at a distance

of 2.5 um from the center of a disk with radiug 2.5 um and a

radius of curvaturdR; 10 um (solid line), 4 um (dashed ling and B. Interaction of distortions from different particles

1.59 um (dotted line.
wm ( o A detailed calculation of the surface profile and hence the

surface energy due to more than one particle would not be
@'mple due to the multibody nature of the problem and the
onstraint that the particles are not distorted. However, the

While y>gpr3/4, i.e., forro<<5 mm at the air-water in-
terface, the energy associated with a quadrupolar distortion
primarily stored in the surface energy, and the gravitationaF

potential energy can be ignored. For the particle dimensiongner?y ?rj tnflerIStO(;tlon tﬁround a S'rf‘gli par?cle t;sthCh
described above the total energy of the distortion around §r¢2'€r tharksl, and so the energy of interaction between

particle is five orders of magnitude larger than the thermaf@ particles is also likely to be large comparedkyd . This

energy of a particle. This balance would be quite different jfassumption allows some usgful observat|ons. to be made.
the radius of the particles were decreased by a factor of 10, Consider the curved,_ disk shaped par_tlcles discussed
while the radius of curvature was increased by a factor of 1Oz_ibov_e._ T_WO of these partlcles_ must m_teract in such a way as
2, is approximately proportional tqz)/Rc, and so this would to minimize the area of the air-water interface, a}nd SO mini-
decrease the energy of the distortion by six orders of magni'rm.Ze the energy of thg system. If they come into contact
tude, making it comparable to the thermal energy of the pa oriented so that the points in contact are at the same height,

ticles "then the energy of the distorted air-water interface due to the

It has been shown that a quadrupolar distortion has a untgurvature of the particle around the point of contact and

form distribution of surface energy around it. Anisotropic hose nearly in contapt IS effectwely. canceled by the pres-
components arise from terms of higher order than a quadru(?nce of the cher particle. However, if one of these pgrucl.es
pole. These higher order terms were removed when the rotated shghtly S0 _that the heights of the two points in
height of the edge of a particle was approximated to a Sinu(_:ontact are sllghtly different, then an almost vertical water
soidal function as given in Eq2). By numerically fitting a surface must exist betvv_een the two particles. Such a surface
series of quadrupoles, octopoles, and higher order terms ,E/(gould be very energetically unfavorable; for example, an

. : rea of 0.01 um? has a corresponding energy of 7
an exact expression for the height of the edge of a curvexlo_m‘]_ This means that any packing of particles must be

disk, a more accurate expression for the profile of the water” ™. . ) ;
P P ne in which the particles come into contact only where they

surface can be found. The following expression is the resuldistort the water surface by the same amount. Assuming the
of such a fit up to terms in cosgr® for a disk of radius y ' 9

= . _ . particles are not tipped by their interactions with other par-
ro=2.5um and radius of curvaturB.=4 um: ticles, this rule can be expresseddy: 8, wherea andg are
7=2.252 c0620)/r2+0.765 co&4 0)/r*+0.995 cos6 6)/r® the aqgles between the Iing joining two pa}rticl_e centers and
the orientation of each particle, as shown in Fig. 7.
+1.375c0686)/r® um If the energy of the particle interactions were small so that
the particle-particle bonds could be broken, allowing par-
if r is inserted in micrometers. This equation is clearly notticles to rearrange, then they would find an equilibrium con-
valid for values ofr less than the extent of the particle, and atfiguration. If an external pressure were applied, this configu-
r=2.5um the coefficient of the last term is a fraction of a ration would be expected to be the most dense packing
percent of that of the total, thus suggesting that in this caspermitted within the constraints that= 8. A number of two
these four terms give the value nto an accuracy of better dimensional structures are possible. Figure 8 shows some
than 1%. examples. The simplest is the square lattice shown in Fig.
Figure 6 shows this function and two other valuesRpf  8(a). In this configuration, however, the water surface in the
as a function ofg atr=2.5um. As the value ofR. is de- interstices is very distorted, and almost ranges from fully
creased, thus increasing the curvature, the displacement tdised to fully lowered. An arrangement with less distortion
the water surface is increased, as is the deviation of thds the tilted square lattice shown in Figlb3 where the par-
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FIG. 7. If two particles are in contact then the vertical displace-
ment near the point of contact would be expected to be the same;
thereforea should equalB for all pairs of disks in contact on the
water surface.

ticles have all been rotated by 45°. This is the most densely
packed structure permitted by the constraint #atg. It is
not possible to have a hexagonal close packed structure that
fulfils this criterion; however, related structures can be imag-
ined such as that depicted in FigcB

If the binding energies are large compared VKT, so
that the particles can rotate around each other, but not come
apart once attached, the resulting structure will be governed
by the dynamics of the way in which single particles are
attracted to and bind to each other and clusters. If the distor-
tion from each particle is taken to be additive then the result-
ing displacement of the water surface can easily be calcu-
lated and is shown in Fig. 9 for two configurations of three
particles. Two particles would be expected to favor binding
along their axis of curvature as the energy of the distorted
air-water interface is greatest in this direction, due to the fact
that the displacement of the surface and the rate of change of FIG. 8. Two dimensional packing structures on the water sur-
the displacement are both greatest in and around this dire¢ace. The shading indicates the height of that area of the (thek
tion, as illustrated in Fig. 6. Particles A and B are bound inlightest areas are the highgsta) A square packing formed from
such a manner in Fig. 9. The gradient and displacement afhains of disks joined side to side. The water in the interstices is
the water surface at a constant radius from the center of magery strained(b) To relax the strain in the water in the interstices
of such a bound pair are again a maximum at and around thige particles could rotate by 45°, giving a tilted square latticg.
ends of the structure. Thus if a particle C approaches, it wilAn alternative tessellating structure, based on hexagonal close
be more strongly attracted to the ends of the structure aRcking with a vacancy to allow the rule that=5 to be followed
shown in Fig. @b) than it will to the sides of the structure as for every pair in contact.
illustrated in Fig. a). An alternative argument is that if
particle C approaches from the side as illustrated in Rig. 9 rier to a particle that was attracted to the raised region be-
then there is an attractive force between it and particle Afween the bound pair.
while there is a repulsive force between the side of it and Once formed clusters would be quite rigid, and so would
particle B. This repulsion will tend to push particle C aroundnot distort when clusters come together. The final structure
particle A, until it approaches from the end as shown in Figwould thus consist of chains, and regions of tilted square
9(b). These arguments suggest that particles will aggregate tattice, clustered together in an open structure.
form chains. At later stages and higher concentrations these A third possibility is that the binding energies are such
chains might then aggregate together, as their sides would libat particles, once in contact, cannot rotate around each
weakly attractive. This would give rise to square packing a®ther, as well as being unable to come apart. In this case
shown in Fig. 8a), which would then distort to give the chain formation might still be expected, as binding to the end
structure shown in Fig.(®). The structure shown in Fig(® of a bound pair would still be preferable to binding to the
would not be expected, as in order to form this structureside, and so an approaching particle would tend to move
particles would have to be attracted to the region where Aoward the end of a bound pair. However, the resulting
and B join. This is not the case, as Figéa)%nd 9b) clearly  chains would not be nearly as uniform as in the previous
illustrate that there is a depresse@rk region of the surface case. These chains might attract each other and aggregate
above and below the bound pair, which would act as a barside by side, giving the square lattice shown in Fi¢g)8
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FIG. 10. A cluster of particles observed on the water surface.
Figure 4 is a magnification of the lower left of this picture. The
scale bar is 5um long.

placed on a clean water surface in a Langmuir trough
mounted on a microscope. The particles aggregated to give
small clusters, which then coalesced as the surface was com-
pressed to give large clusters as shown in Fig. 10. Figure 4 is
a magnification of the bottom of Fig. 10.

Some particles appear only faintly in Figs. 4 and 10.
These particles have their Nichrome surface upward, and ac-
count for 18% of the particles at the water surface, while the
brighter particle$82%) have their gold surface upward. The

= = = particles with their Nichrome surface upward have been

{ J V' e it " highlighted by spots in Fig. 4, as the difference in appear-
\ @ Té// 2 @ ance between the Nichrome side and the gold side is much
clearer when viewed in color when the gold appears yellow
and the Nichrome gray. Which way up the particles lie can
also be confirmed by viewing the particles in dark field. If
half the incident cone of light is obscured then in general one
of the two lines of reflected light disappears. From this the
angle of the reflecting surface of the particle can be inferred,
indicating which way the particle is curved.

The preference for the particles to lie with their gold sur-
face uppermost is not surprising, as the gold surface of the
particles is hydrophobi¢contact angle of~90°) while the

FIG. 9. Interactions of curved disks at the water surface; thdNichrome is hydrophilic (contact angle <5°). Particles
shading indicates the height of the water surfébe lightest areas Placed on a glags substrate from_ a dispersion in methanol
are the highest (a) Two disks distort the water surface the least WEre observed lying both ways up in roughly equal numbers.
when they are in contact along the axis of curvature. Disk C isThe preference for particles to lie with their gold side upward
attracted to the side of disk A, but repelled by disk(B. Disk Cis ~ when spread on the surface of the water could be due to the

attracted to the end of a joined pair. particles tumbling during the spreading process and the
Nichrome side sticking to the water surface. Alternatively,

However, this structure would not be able to distort into theth® majority of the particles that lie with their gold surface

tilted square lattice shown in Fig(18. down sink and are not observed.
Almost all the particles with their Nichrome surface up-

permost showed interference fringes on the surfaoéclear
in the grey scale pictures shown in this pgpeuggesting
that the particles were covered by a thin film of water and
The curved disks of Nichrome and gold shown in Fig. 4inclined at an angle to the interface. The particles appeared
have a radius of 2.5um and a radius of curvature of to be prevented from sinking completely due to a few points
4-5 um. Therefore the height of the distortion that they will pinned to the interface. Many of these partially submerged
make on the surface of water will be approximately particles were also observed to remain unflocculated, and
+0.38 um (zo=0.76um). These disks were transferred to when flocculated were primarily observed around the edges
methanol by repeatedly centrifuging and resuspending thef particle clusters. This is consistent with the observation
dispersion. A drop of the resulting dispersion was thenthat they are partially submerged, as this would reduce the

C. Experimental observations
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FIG. 12. A chain of particles observed. The scale bar iu20

i long.
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loc—B I(deg) tures it would be necessary to investigate particles in a re-
FIG. 11. A histogram of the magnitude ef- 5 over a cluster ~9iMe where the energy of particle-particle interactions is a
of 50 particles. few tens ofkgT. This could be achieved by investigating
particles with a diameter in the region of 250 nm, and a
radius of curvature over 1Am. Such particles could be fab-
amount they distort the water surface and so reduce the aficated in a manner very similar to the evaporation technique
traction between them and other particles. described here, if electron beam lithography were used to
In the preceding section it was predicted that the particlegattern the photoresist instead of optical lithography.
would lie in such a way that the points of contact would have  Attractive forces at interfaces between spheres have been
the same vertical displacement, @+ 5 as defined in Fig. 7. reported[15] which cannot be explained in terms of simple
Figure 11 is a histogram of the magnitude of 8) taken  electrostatic interactions. Uniform spheres can only cause a
from a clump of 50 particles. If the particles had no favoredmonopolar distortion of the water surface arising from the
orientation then this histogram would show a uniform fre-weight of the spheres. This is small for colloidal particles;
quency at all angles. The strong peak at 0° with a half heighhowever, if the surface of the spheres is not perfectly smooth
at half width of 11° shows that there is a very strong prefer-on a length scale of a few tens of nanometers then the par-
ence for the particles to lie in the manner predicted. ticle surface could distort the air-water interface in a similar
Figure 10 shows regions where the particles form shorinanner, though on a smaller scale, to the particles discussed
chains, typically 3-5 particles long. Elsewhere in the samplén this paper. Such distortion of the interface would provide
much longer chains were observed, such as that shown ineak, long range attractive forces. In a radial direction from
Fig. 12. The particles are connected along their axis of curthe center of a sphere, the height of the water surface varies
vature. This is in agreement with the calculations in the preasz=zyrgr ", wherez, is the magnitude of the distortion at
vious section, which predicted that the small deviation fromthe surface of the particle, amg is the radial distance to the
a quadrupolar distortion induced by a curved disk wouldgjr-water-particle interfacial line. If the range of the force
mean that the equilibrium position for two particles to bondpetween two particles is taken to be the distance at which the
together would be in this orientation. It should be noted thainagnitude of the distortion decays to a certain value, then if
the chain in Fig. 12 has no anomalous kinks, suggesting that, is doubled and;, remains unchanged the same value of
the particles must be free to rotate around each other to reagfj|| be found at double the original value of Thus the
the minimum energy configuration. The curvature of therange of this force would scale with the particle size if the
chain is due to stress imposed by the barriers of the Langength scale of the roughness of the particle surface remained
muir trough compressing the structure. constant. Such scaling of an attractive force would be con-

A number of regions in Figs. 4 and 10 display orderedsjstent with the attraction observed by Ghezzi and Earnshaw
two dimensional structures. The primary pattern present ig15),

the tilted square lattice as illustrated in FigbB The pres-
ence of this structure and the absence of any regions that
show an untilted square structureee Fig. 8)] also show
that the particles must be free to rotate around each other.
On a larger scale, as shown in Fig. 10, the structure is We have demonstrated a method of making colloidal par-
quite open, confirming the calculation that the energy of indicles using lithographic techniques. The techniques de-
teraction is sufficiently large to prohibit particle-particle scribed allow plate shaped particles to be fabricated with any
bonds from being broken once formed. in-plane shape at a resolution permitted by the lithography
The structures observed show a very strong correlatiomsed. A variety of shapes were fabricated, out of evaporated
with the prediction that two particles in contact must be ori-metals and etched silicon dioxide. This technique could eas-
ented so thatv= 3. The structures agree closely with the ily be extended to allow fabrication of semiconductor par-
calculations for particles with slightly distorted quadrupolarticles, and could be performed with electron beam lithogra-
interactions, where the energy of the distortions is large comphy to allow smaller particles with higher resolution features
pared tokgT. In order to observe more highly ordered struc-to be fabricated. It was found that particles could be shaped

IV. CONCLUSIONS
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in the third dimension by bending them with evaporationto explain the formation of chains along the axis of the par-

induced stress. This method was illustrated with disk shapeticles it was necessary to consider higher order terms. The

particles. resulting directional interactions between particles trapped at
Disk shaped particles with one hydrophilic and one hy-the interface caused ordered structures to form.

drophobic face, curved out of the plane of the disk, were

stud_ied at an _air-water in_te_rface_. These _particlgs were found ACKNOWLEDGMENTS
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