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Fabricating colloidal particles with photolithography and their interactions
at an air-water interface

A. B. D. Brown,1,* C. G. Smith,1,† and A. R. Rennie2,‡

1Semiconductor Physics, Cavendish Laboratory, Madingley Road, Cambridge CB3 0HE, United Kingdom
2Department of Chemistry, Kings College London, Strand, London WC2R 2LS, United Kingdom

~Received 15 February 2000!

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 number~s!: 68.10.Cr, 61.20.2p, 82.70.Dd, 68.45.Gd
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I. INTRODUCTION

Ordered structures of colloidal particles can give rise
bulk phenomena that are very different from those displa
by disordered structures. A classic example of this is
colored patterns observed in opal. Order is known also
greatly affect the electrical and rheological properties of c
loidal dispersions. In the absence of an external field, sph
have been observed to crystallize into a variety of crystal
structures@1,2#. More complex crystal structures have be
formed by mixing different sizes of spheres, where sma
spheres pack into the interstices between the larger sph
@3#.

Despite the range of structures that could be obser
with nonspherical particles, very few reports@4–7# have
been made of ordered phases in such dispersions. Th
primarily due to the difficulties associated with prepari
dispersions of nonspherical particles that are uniform eno
to allow crystallization. In this paper we present a method
preparing dispersions of nonspherical particles using ph
lithographic techniques. This method not only allows p
ticles to be prepared in a very monodisperse manner but
allows platelike particles of any shape within the plane of
plate to be prepared. We also investigate bending the
ticles as a method of controlling their shape in the th
dimension. Photolithography also has the potential to al
the introduction of chemical anisotropy in addition to anis
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ropy in the shape of the particles.
Crystallization of colloidal particles has often been stu

ied in two dimensions, for example, at a fluid-fluid interfac
This is experimentally convenient as it allows the dispers
to be observed using the third dimension. It also introdu
capillary interactions between the particles, which are
present in three dimensions in the absence of a fluid-fl
interface. These capillary interactions arise from the way t
the particles distort the fluid-fluid interface. Distortion
caused by the weight of the colloidal particles give rise
attractive interactions as described by Chan, Henry,
White @8#. Using nonspherical particles, it is possible to cr
ate more complex distortions. These distortions can then
adjusted to create and control directional capillary forces
tween particles. Bowdenet al. @9# demonstrated the effect o
such directional forces with particles several millimete
across. In contrast, this paper describes methods that a
control of the capillary force on a colloidal length, so allow
ing structures to be formed on the length scale of a f
micrometers. The technique developed here would also
applicable to particles on the length scale of a few hund
nanometers.

II. MAKING COLLOIDAL PARTICLES
WITH CONTROLLED SHAPE

Photolithography can be used to define a two dimensio
pattern in a layer of photoresist. A substrate is coated wit
thin layer of photoresist~typically 0.5–5mm! by spin coat-
ing. The pattern is transferred from a mask onto the pho
resist by exposing the layer of photoresist to UV radiati
through the mask. The photoresist is then developed. A p
tive photoresist~Shipley S1813! was used in this work,
where the area exposed through the mask is then remove
the developer. The mask is usually created with a resolu
951 ©2000 The American Physical Society
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of a fraction of a micrometer using electron beam lithog
phy. The resolution permitted by photolithography usi
commercial apparatus is around 0.3mm. With the equipment
available for this work a resolution down to a micron w
possible. This resolution limit meant that particles were ty
cally made a number of microns across, with features a
microns in diameter. Particles of this size are then idea
suited for investigation using optical microscopy. In order
keep Brownian motion of the particles significant, t
particles were made very thin, typically between 40 a
200 nm.

A. Evaporated particles

A plain, flat substrate@see Fig. 1~a!# was chosen which
provides good adhesion with the first evaporated mate
Typically either a glass slide or a gold coated glass slide
used. A layer of photoresist was spun onto the upper surf
giving a layer 1.3mm thick @see Fig. 1~b!#. The photoresist
was exposed to ultraviolet light through a mask so that e
area to become a particle was not exposed. The substrate
then placed in chlorobenzene for a few minutes to harden
top surface of the photoresist. After development this gav
profile with a slight undercut as shown schematically in F
1~c!. The desired material~s! of the particles was~were!
evaporated onto the surface@see Fig. 1~d!#. The substrate

FIG. 1. Particles can be fabricated by evaporation using
following process.~a! A clean substrate is taken.~b! It is spin
coated with photoresist.~c! It is exposed, soaked in chlorobenze
to harden the surface, and developed.~d! Materials are evaporate
onto the substrate.~e! The substrate is placed in acetone, where
photoresist dissolves, releasing the particles.
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was then placed in acetone to dissolve the remaining ph
resist, allowing the particles to lift off into the acetone@see
Fig. 1~e!#. The particles were resuspended after centrifu
tion twice in acetone, then in ethanol, and finally in wate

The cleanliness of the resulting dispersion in terms
particulate contaminants depends crucially on what~besides
the desired particles! lifts off into the acetone. Large areas o
photoresist around the patterned area will be coated
evaporated material, which can come off and break up
form contaminants. To avoid this problem there must be
regions of photoresist that are not particles after develop
Using a mask that is clear except for the particles and t
exposing the whole substrate can achieve this. Alternativ
it was observed that areas of material on photoresist a
millimeters across lift off into acetone much quicker than t
particles, which are only a few micrometers across. This
ference can be exploited to remove large areas of evapor
material on a continuous layer of photoresist into aceto
which is then discarded before transferring the substrate
clean acetone, where the particles are allowed to come
the substrate. A further consideration is that the evapora
material must adhere well to the substrate or else region
evaporated material between the particles may come off
substrate in the acetone. For this reason a substrate ma
must be chosen that has good adhesion with the first ev
rated layer.

B. Nonevaporated particles

Silicon dioxide particles were prepared from silicon w
fers with a 200 nm oxide layer@see Fig. 2~a!#. A layer of
photoresist was spun onto the upper surface, giving a la
1.3 mm thick @see Fig. 2~b!#. The photoresist was then ex
posed to ultraviolet light through a mask so that each are
become a particle was not exposed. After development
gave a profile as shown schematically in Fig. 2~c!. The wafer
was placed in buffered hydrofluoric acid, to etch through
exposed area of silicon dioxide@see Fig. 2~d!#. The wafer
was then placed in a solution composed of 23.4% KO
13.3% isopropanol, and 63.3% H2O by weight at 80 °C. This
etches the silicon away from under the particles, allow
them to lift off into the KOH@see Fig. 2~e!#. However, this
solution also very slowly etches silicon dioxide. Cons
quently, once the particles lifted off the wafer, the etchi
was quenched by cooling the dispersion to room tempe
ture, and the particles were immediately centrifuged out
the dispersion and repeatedly resuspended in water unti
pH of the dispersion was found to be neutral.

This method of particle preparation allows particles to
made out of materials that cannot easily be evaporated.
technique could be adapted to make colloidal particles ou
silicon or other semiconductors, allowing the particles
consist of semiconductor devices@10#.

C. Cleaning particles

In order to remove all traces of photoresist and other
ganic material, the particles were cleaned in
H2O2:H2SO4:H2O ~1:1:5! solution, and then repeatedl
washed in pure water. In order to measure the contact a
of the resulting surfaces, a number of large planar surfa
were prepared and cleaned in the same manner. A dro
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water was then placed on the surface and the contact a
measured. It was found that after cleaning in this manne
Nichrome ~80:20 nickel:chromium alloy! surface was very
hydrophilic ~contact angle with water was less than 5°!. In
contrast, gold surfaces remained quite hydrophobic wit
contact angle of around 90°.

Due to the two dimensional nature of this fabricati
technique, the number of particles made is small by colloi
standards. The evaporators used were designed to ex
only 30 cm2 of patterned substrate, yielding of the order
107 particles.

D. Chemical patterning

As well as making particles anisotropic in shape, partic
can also be made anisotropic in terms of their interactio
One way to achieve this is to make the surface of the p
ticles chemically anisotropic so that the charge, hydropho
philic nature, or steric coat on the surface is not uniform o
the particle surface.

The simplest case is where the particles are made
evaporating two different materials so that the particles h
one material on one face and another material on the op
site face. More complex patterning of the surface could
envisaged, by evaporating a thin second material at an a
so that some of the edges of the particle are coated with
second material while others are not. An alternative te
nique would be to pattern directly onto the top surface of
particles using an aligned second mask.

FIG. 2. Silicon dioxide particles can be fabricated by etching
oxidized silicon wafer using the following process.~a! A clean,
oxidized silicon wafer is taken.~b! It is spin coated with photore
sist.~c! It is exposed and developed.~d! The exposed oxide layer i
etched away with buffered hydrofluoric acid.~e! The silicon is
etched with a hot KOH solution saturated with propanol, releas
the particles.
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Well characterized surface chemistry such as thiol a
chlorosilane reactions@11,12# can be used to graft a mono
layer of an organic molecule onto the surface of a particu
material. If a particle is made with a number of differe
materials, then different organic molecules can be graf
onto the different materials exposed. This would allow t
surface chemistry of two surfaces of one particle to be c
trolled independently@13#.

E. Particles made

Figures 3~a!–3~d! show a range of particle shapes th
have been made using the evaporation technique desc
above. The crosses in Fig. 3~b! were made from a mask of
cross, 10mm from end to end and with arms 2mm wide. The
crosses had slightly different dimensions across the m
giving rise to a small range of particle sizes as clearly illu
trated in Fig. 3~b!. The resolution of the process has broa
ened the arms and rounded the corners. However, as m
tioned earlier, this is simply a limitation of the apparat
used in this work, rather than of the technique. The diamo
@see Fig. 3~a!# and the rectangles@see Fig. 3~d!# have slightly
bulbous ends. This is caused by optical effects due to a
between the mask and the photoresist layer during expos
Again, commercial apparatus is able to overcome this te
nical difficulty.

Figure 3~e! shows some silicon dioxide particles mad
using the etching technique described above. The vary
intensity across the particle arises from interference betw
the particle surfaces and the glass slide the particle is res
on.

n

g

FIG. 3. Particles fabricated using the evaporation te
nique: ~a! gold diamonds~200 nm!, ~b! Nichrome and gold
crosses~20 and 20 nm, respectively!, ~c! Nichrome and gold disks
~10 and 40 nm, respectively!, and~d! gold rectangles~100 nm!. ~e!
Silicon dioxide diamonds~200 nm! fabricated using the etching
technique. The scale bar in all the figures is 20mm long.
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By evaporating 50 nm of Nichrome and then 20 nm
gold, curved particles were synthesized as shown in
4~a!. The diameter of the disks is around 5mm. The optical
microscope shows a bright line across the particle. This
gion of the particle reflects the incident cone of light ba
into the microscope. The rest of the particle is at too grea
angle to do this. In dark field the incident light is in the for
of a hollow cone. In this arrangement@see Fig. 4~b!# two
bright lines can be seen from each particle, where the sur
of the particle is at the correct orientation to reflect the in
dent light into the lens. The radius of curvature can be e
mated from the thickness of the line of reflected light
bright field and the distance between the lines of reflec
light observed in dark field. These measurements give a
dius of curvature of 4–5mm. The particles appear elliptica
in Figs. 4~a! and 4~b!. This is due to the fact that the ver
edges of the particles are too tilted to reflect light into t
microscope. Disks with a radius of curvature of 4mm are
only 6% narrower than they are long in plan view.

The curvature is a result of the stress induced during
evaporation of the metals, and consists of an intrinsic co
ponent that depends upon impurities and incomplete orde
during the evaporation, and a thermal component that
pends on the different thermal-expansion coefficients of
two materials and the temperature of deposition and insp

FIG. 4. Curved particles made by evaporation of Nichrome a
gold ~50 and 20 nm, respectively! on the surface of water.~a! Bright
field showing reflection from the central, horizontal region. P
ticles with Nichrome surface uppermost are marked with a spot.~b!
Dark field showing reflection from surfaces tilted at an angle
tween 22° and 26° to the horizontal. The scale bar is 20mm long.
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tion @14#. It was found that the radius of curvature could
most conveniently controlled by varying the thickness
gold and Nichrome.

III. ANISOTROPIC FORCES AT THE AIR-WATER
INTERFACE

In general there are three types of significant force pres
between charged particles trapped at an air-water interf
These are van der Waal’s attraction, electrostatic repuls
and a capillary interaction. With isotropic, spherical partic
the capillary interaction is always attractive and arises fr
the deformation of the water surface due to the weight of
colloidal particle. This deformation provides a gravitation
well that other particles can fall down. The nature of th
attractive force is described in some detail by Chan, Hen
and White@8#.

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

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

A. Distortion caused by a single particle

If an infinite line of the air-water interface is raised abo
or lowered below the equilibrium height, then the distorti
decays exponentially in a direction perpendicular to the l
on a length scale ofl21 wherel is given by

l5~rg/g!1/2

r is the difference in density between water and air,g is the
acceleration of gravity, andg is the surface tension or energ
of the air-water interface.

For an air-water interface,l21 is approximately 2.7 mm.
We are concerned with interactions between particles on
length scale of a few microns; thereforerl!1 wherer is the
distance from the center of the particle. In this limit the d
tortion around a small circle of the interface that is raised
lowered is given by2A ln(rl), whereA is a constant gov-
erning the magnitude of the distortion andr is the radial
distance from the center of the distortion@8#. Clearly this
equation implies the condition thatrÞ0, which is as ex-
pected since a finite force cannot be applied to an infinit
small air-water interface.

At large distances compared to the size of the particle,
distortion of the air-water interface due to that particle can
described by the sum of monopole, dipole, quadrupole,
higher order terms. In order to produce a distortion with
monopole component, a force needs to be applied to
particle perpendicular to the air-water interface. An exam
of such a force is that provided by gravity; however, wi
colloidal sized particles the monopole distortion caused
gravity is usually small and so can be neglected. In a sim
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PRE 62 955FABRICATING COLLOIDAL PARTICLES WITH . . .
way, in order to produce a distortion with a dipole comp
nent, a torque needs to be applied to a particle about an
in the plane of the air-water interface. In contrast to t
monopole and dipole distortions, distortions comprising j
quadrupole and higher order terms do not require an exte
force or torque to be applied to the particle. This is due to
fact that for quadrupole and higher order terms, the for
and the resulting torques applied to the particle by the
water interface balance across the particle. Thus a qua
pole, where in general two points are distorted one way
two distorted the other, is the simplest equilibrium distorti
that a particle could induce in the absence of an exte
field. If for distortions of small magnitude the magnitude
the distortion at any point is taken to be additive, then
cylindrical coordinates (r ,u,z) the resulting displacement o
the interface from equilibrium around a quadrupole is giv
by the form

z~r ,u!5B cos~2u!/r 2, ~1!

whereB is a constant.
One way to introduce such distortions is to place a p

ticle on the water surface which has some edges that
hydrophilic, while other edges are hydrophobic. The hyd
philic edges would attract the water and so distort the wa
surface upward, while the hydrophobic edges would dis
the water surface downward. These distortions should re
in an attraction between like sides, and a repulsion betw
unlike sides. Particles of this nature have been made o
centimeter length scale by Bowdenet al. @9#. However, with
macroscopic particles the weight or buoyancy of the partic
also significantly distorts the surface of the water, so t
areas of the particles that pull the surface down are m
strongly attracted to each other than areas that pull the
face up.

In this paper surface distortions are introduced by plac
curved particles on the surface of the water that have hy
philic lower faces and hydrophobic upper faces. Such p
ticles can be made three orders of magnitude smaller
those used by Bowdenet al., so that the potential energ
from the capillary interaction due to the weight or buoyan
of the particles is less thankBT.

Consider a thin disk shaped particle that is bent out of
plane of the disk by laying it on the surface of a cylinder
shown in Fig. 5. In the case that the radius of the cylinde
much greater than the radius of the disk, the edge of
particle can be approximated by the following equation
cylindrical coordinates:

z5z0 cos~2u!, ~2a!

r 5r 0 , ~2b!

where r 0 is the radius of the disk andz0 is the maximum
distortion of the disk.

The energy associated with the distortion of the air-wa
interface due to such a particle at the interface can be div
into the energy associated with the increase in surface are
the water,ESA, and that associated with the gravitation
potential energy of the displaced water,EG . Consider a
small area of the water surface with dimensionsdr andr du.
Assuming that the gradient of the water surface is smal
-
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that fourth order terms indz/dr and dz/(r du) can be ne-
glected, the increase in surface area can be approximate

1
2 ~dz/dr !2dr r du1 1

2 r 2~dz/du!2dr r du,

which is the sum of the increase in surface area due to
gradient in the radial direction and that due to the gradien
the tangential direction. Substituting expressions fordz/dr
anddz/du derived from Eq.~1! gives

2~z0r 0
2!2~cos2 2u/r 5!du dr 12~z0r 0

2!2~sin2 2u/r 5!du dr .

The symmetry of the two halves of this equation shows t
around a quadrupolar distortion, the surface energy is e
partitioned between the energy arising from the gradien
the radial direction and that arising from the gradient in t
tangential direction. Thus the energy stored due to the
creased surface area at any radius is independent ofu. Inte-
grating over all of space gives

ESA5pz0
2g.

The gravitational potential energy can be similarly calcula
and is given by

EG5grz0
2r 0

2p/4.

For a disk of radiusr 052.5mm and laid on a cylinder of
radius Rc , giving a maximum distortionz050.31mm, the
resulting energy of the distorted air-water interface is

ESA52.2310214 J; 140 keV; ~5.43106!kBT,

EG54.9310221 J; 31 meV; 1.2kBT.

FIG. 5. A disk curved by laying it on the surface of a cylinde
The top convex surface is hydrophobic, while the bottom conc
surface is hydrophilic. The radius of curvature of the disk isRc and
the radius of the disk isr 0 . For the disk shown,Rc and r 0 are
similar in magnitude. A pointP in a two dimensional plane tangen
tial to the particle surface and containing the undistorted diam
of the disk is defined byu, the angle between the vectorOP and the
undistorted diameter of the disk, and the radial distancer, the mag-
nitude of the vectorOP.
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While g@grr 0
2/4, i.e., for r 0!5 mm at the air-water in-

terface, the energy associated with a quadrupolar distortio
primarily stored in the surface energy, and the gravitatio
potential energy can be ignored. For the particle dimensi
described above the total energy of the distortion aroun
particle is five orders of magnitude larger than the therm
energy of a particle. This balance would be quite differen
the radius of the particles were decreased by a factor of
while the radius of curvature was increased by a factor of
z0 is approximately proportional tor 0

2/Rc , and so this would
decrease the energy of the distortion by six orders of ma
tude, making it comparable to the thermal energy of the p
ticles.

It has been shown that a quadrupolar distortion has a
form distribution of surface energy around it. Anisotrop
components arise from terms of higher order than a qua
pole. These higher order terms were removed when
height of the edge of a particle was approximated to a s
soidal function as given in Eq.~2!. By numerically fitting a
series of quadrupoles, octopoles, and higher order term
an exact expression for the height of the edge of a cur
disk, a more accurate expression for the profile of the wa
surface can be found. The following expression is the re
of such a fit up to terms in cos(8u)/r8 for a disk of radius
r 052.5mm and radius of curvatureRc54 mm:

z52.252 cos~2u!/r 210.765 cos~4u!/r 410.995 cos~6u!/r 6

11.375 cos~8u!/r 8 mm

if r is inserted in micrometers. This equation is clearly n
valid for values ofr less than the extent of the particle, and
r 52.5mm the coefficient of the last term is a fraction of
percent of that of the total, thus suggesting that in this c
these four terms give the value ofz to an accuracy of bette
than 1%.

Figure 6 shows this function and two other values ofRc
as a function ofu at r 52.5mm. As the value ofRc is de-
creased, thus increasing the curvature, the displaceme
the water surface is increased, as is the deviation of

FIG. 6. The displacement of the air-water interface at a dista
of 2.5 mm from the center of a disk with radiusr 0 2.5 mm and a
radius of curvatureRc 10 mm ~solid line!, 4 mm ~dashed line!, and
1.59mm ~dotted line!.
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displacement from the sinusoidal function of a purely qu
drupolar distortion. As discussed earlier, the energy distri
tion around a quadrupolar distortion is uniform with ang
Variation in the surface energy distribution around a parti
must therefore arise from the deviation of the distortion fro
a sinusoidal function. Along the axis of the curvature of t
disk (u50) the distortion is sharper and higher than that
a sinusoidal function. Therefore around this direction t
gradient and hence the energy stored in both the radial
tangential directions must be greater than that found i
sinusoidal distortion. In the perpendicular direction the d
tortion becomes correspondingly shallower and broad
Therefore around this direction the gradient and hence
energy stored in both the radial and tangential directio
must be less than that found in a sinusoidal distortion. T
means that the energy density stored in the surface of
water is greatest around the axis of curvature of the parti

B. Interaction of distortions from different particles

A detailed calculation of the surface profile and hence
surface energy due to more than one particle would not
simple due to the multibody nature of the problem and
constraint that the particles are not distorted. However,
energy of the distortion around a single particle is mu
greater thankBT, and so the energy of interaction betwe
two particles is also likely to be large compared tokBT. This
assumption allows some useful observations to be made

Consider the curved, disk shaped particles discus
above. Two of these particles must interact in such a way
to minimize the area of the air-water interface, and so m
mize the energy of the system. If they come into cont
oriented so that the points in contact are at the same he
then the energy of the distorted air-water interface due to
curvature of the particle around the point of contact a
those nearly in contact is effectively canceled by the pr
ence of the other particle. However, if one of these partic
is rotated slightly so that the heights of the two points
contact are slightly different, then an almost vertical wa
surface must exist between the two particles. Such a sur
would be very energetically unfavorable; for example,
area of 0.01 mm2 has a corresponding energy of
310216J. This means that any packing of particles must
one in which the particles come into contact only where th
distort the water surface by the same amount. Assuming
particles are not tipped by their interactions with other p
ticles, this rule can be expressed bya5b, wherea andb are
the angles between the line joining two particle centers
the orientation of each particle, as shown in Fig. 7.

If the energy of the particle interactions were small so t
the particle-particle bonds could be broken, allowing p
ticles to rearrange, then they would find an equilibrium co
figuration. If an external pressure were applied, this confi
ration would be expected to be the most dense pack
permitted within the constraints thata5b. A number of two
dimensional structures are possible. Figure 8 shows s
examples. The simplest is the square lattice shown in
8~a!. In this configuration, however, the water surface in t
interstices is very distorted, and almost ranges from fu
raised to fully lowered. An arrangement with less distorti
is the tilted square lattice shown in Fig. 8~b! where the par-
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ticles have all been rotated by 45°. This is the most dens
packed structure permitted by the constraint thata5b. It is
not possible to have a hexagonal close packed structure
fulfils this criterion; however, related structures can be im
ined such as that depicted in Fig. 8~c!.

If the binding energies are large compared withkBT, so
that the particles can rotate around each other, but not c
apart once attached, the resulting structure will be gover
by the dynamics of the way in which single particles a
attracted to and bind to each other and clusters. If the dis
tion from each particle is taken to be additive then the res
ing displacement of the water surface can easily be ca
lated and is shown in Fig. 9 for two configurations of thr
particles. Two particles would be expected to favor bind
along their axis of curvature as the energy of the distor
air-water interface is greatest in this direction, due to the f
that the displacement of the surface and the rate of chang
the displacement are both greatest in and around this d
tion, as illustrated in Fig. 6. Particles A and B are bound
such a manner in Fig. 9. The gradient and displacemen
the water surface at a constant radius from the center of m
of such a bound pair are again a maximum at and around
ends of the structure. Thus if a particle C approaches, it
be more strongly attracted to the ends of the structure
shown in Fig. 9~b! than it will to the sides of the structure a
illustrated in Fig. 9~a!. An alternative argument is that i
particle C approaches from the side as illustrated in Fig. 9~a!
then there is an attractive force between it and particle
while there is a repulsive force between the side of it a
particle B. This repulsion will tend to push particle C arou
particle A, until it approaches from the end as shown in F
9~b!. These arguments suggest that particles will aggrega
form chains. At later stages and higher concentrations th
chains might then aggregate together, as their sides woul
weakly attractive. This would give rise to square packing
shown in Fig. 8~a!, which would then distort to give the
structure shown in Fig. 8~b!. The structure shown in Fig. 8~c!
would not be expected, as in order to form this struct
particles would have to be attracted to the region where
and B join. This is not the case, as Figs. 9~a! and 9~b! clearly
illustrate that there is a depressed~dark! region of the surface
above and below the bound pair, which would act as a b

FIG. 7. If two particles are in contact then the vertical displa
ment near the point of contact would be expected to be the sa
thereforea should equalb for all pairs of disks in contact on the
water surface.
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rier to a particle that was attracted to the raised region
tween the bound pair.

Once formed clusters would be quite rigid, and so wou
not distort when clusters come together. The final struct
would thus consist of chains, and regions of tilted squ
lattice, clustered together in an open structure.

A third possibility is that the binding energies are su
that particles, once in contact, cannot rotate around e
other, as well as being unable to come apart. In this c
chain formation might still be expected, as binding to the e
of a bound pair would still be preferable to binding to th
side, and so an approaching particle would tend to m
toward the end of a bound pair. However, the result
chains would not be nearly as uniform as in the previo
case. These chains might attract each other and aggre
side by side, giving the square lattice shown in Fig. 8~a!.

-
e;

FIG. 8. Two dimensional packing structures on the water s
face. The shading indicates the height of that area of the disk~the
lightest areas are the highest!. ~a! A square packing formed from
chains of disks joined side to side. The water in the interstice
very strained.~b! To relax the strain in the water in the interstice
the particles could rotate by 45°, giving a tilted square lattice.~c!
An alternative tessellating structure, based on hexagonal c
packing with a vacancy to allow the rule thata5b to be followed
for every pair in contact.
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However, this structure would not be able to distort into t
tilted square lattice shown in Fig. 8~b!.

C. Experimental observations

The curved disks of Nichrome and gold shown in Fig
have a radius of 2.5mm and a radius of curvature o
4–5mm. Therefore the height of the distortion that they w
make on the surface of water will be approximate
60.38 mm (z050.76mm). These disks were transferred
methanol by repeatedly centrifuging and resuspending
dispersion. A drop of the resulting dispersion was th

FIG. 9. Interactions of curved disks at the water surface;
shading indicates the height of the water surface~the lightest areas
are the highest!. ~a! Two disks distort the water surface the lea
when they are in contact along the axis of curvature. Disk C
attracted to the side of disk A, but repelled by disk B.~b! Disk C is
attracted to the end of a joined pair.
e

e
n

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

Some particles appear only faintly in Figs. 4 and 1
These particles have their Nichrome surface upward, and
count for 18% of the particles at the water surface, while
brighter particles~82%! have their gold surface upward. Th
particles with their Nichrome surface upward have be
highlighted by spots in Fig. 4, as the difference in appe
ance between the Nichrome side and the gold side is m
clearer when viewed in color when the gold appears yell
and the Nichrome gray. Which way up the particles lie c
also be confirmed by viewing the particles in dark field.
half the incident cone of light is obscured then in general o
of the two lines of reflected light disappears. From this t
angle of the reflecting surface of the particle can be inferr
indicating which way the particle is curved.

The preference for the particles to lie with their gold su
face uppermost is not surprising, as the gold surface of
particles is hydrophobic~contact angle of;90°! while the
Nichrome is hydrophilic ~contact angle,5°!. Particles
placed on a glass substrate from a dispersion in meth
were observed lying both ways up in roughly equal numbe
The preference for particles to lie with their gold side upwa
when spread on the surface of the water could be due to
particles tumbling during the spreading process and
Nichrome side sticking to the water surface. Alternative
the majority of the particles that lie with their gold surfac
down sink and are not observed.

Almost all the particles with their Nichrome surface u
permost showed interference fringes on the surface~not clear
in the grey scale pictures shown in this paper!, suggesting
that the particles were covered by a thin film of water a
inclined at an angle to the interface. The particles appea
to be prevented from sinking completely due to a few poi
pinned to the interface. Many of these partially submerg
particles were also observed to remain unflocculated,
when flocculated were primarily observed around the ed
of particle clusters. This is consistent with the observat
that they are partially submerged, as this would reduce

e

s

FIG. 10. A cluster of particles observed on the water surfa
Figure 4 is a magnification of the lower left of this picture. Th
scale bar is 50mm long.
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amount they distort the water surface and so reduce the
traction between them and other particles.

In the preceding section it was predicted that the partic
would lie in such a way that the points of contact would ha
the same vertical displacement, ora5b as defined in Fig. 7.
Figure 11 is a histogram of the magnitude of (a2b) taken
from a clump of 50 particles. If the particles had no favor
orientation then this histogram would show a uniform fr
quency at all angles. The strong peak at 0° with a half he
at half width of 11° shows that there is a very strong pref
ence for the particles to lie in the manner predicted.

Figure 10 shows regions where the particles form sh
chains, typically 3–5 particles long. Elsewhere in the sam
much longer chains were observed, such as that show
Fig. 12. The particles are connected along their axis of c
vature. This is in agreement with the calculations in the p
vious section, which predicted that the small deviation fro
a quadrupolar distortion induced by a curved disk wo
mean that the equilibrium position for two particles to bo
together would be in this orientation. It should be noted t
the chain in Fig. 12 has no anomalous kinks, suggesting
the particles must be free to rotate around each other to r
the minimum energy configuration. The curvature of t
chain is due to stress imposed by the barriers of the La
muir trough compressing the structure.

A number of regions in Figs. 4 and 10 display order
two dimensional structures. The primary pattern presen
the tilted square lattice as illustrated in Fig. 8~b!. The pres-
ence of this structure and the absence of any regions
show an untilted square structure@see Fig. 8~a!# also show
that the particles must be free to rotate around each oth

On a larger scale, as shown in Fig. 10, the structure
quite open, confirming the calculation that the energy of
teraction is sufficiently large to prohibit particle-partic
bonds from being broken once formed.

The structures observed show a very strong correla
with the prediction that two particles in contact must be o
ented so thata5b. The structures agree closely with th
calculations for particles with slightly distorted quadrupo
interactions, where the energy of the distortions is large co
pared tokBT. In order to observe more highly ordered stru

FIG. 11. A histogram of the magnitude ofa2b over a cluster
of 50 particles.
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tures it would be necessary to investigate particles in a
gime where the energy of particle-particle interactions is
few tens ofkBT. This could be achieved by investigatin
particles with a diameter in the region of 250 nm, and
radius of curvature over 10mm. Such particles could be fab
ricated in a manner very similar to the evaporation techniq
described here, if electron beam lithography were used
pattern the photoresist instead of optical lithography.

Attractive forces at interfaces between spheres have b
reported@15# which cannot be explained in terms of simp
electrostatic interactions. Uniform spheres can only caus
monopolar distortion of the water surface arising from t
weight of the spheres. This is small for colloidal particle
however, if the surface of the spheres is not perfectly smo
on a length scale of a few tens of nanometers then the
ticle surface could distort the air-water interface in a simi
manner, though on a smaller scale, to the particles discu
in this paper. Such distortion of the interface would provi
weak, long range attractive forces. In a radial direction fro
the center of a sphere, the height of the water surface va
asz5z0r 0

nr 2n, wherez0 is the magnitude of the distortion a
the surface of the particle, andr 0 is the radial distance to the
air-water-particle interfacial line. If the range of the forc
between two particles is taken to be the distance at which
magnitude of the distortion decays to a certain value, the
r 0 is doubled andz0 remains unchanged the same value oz
will be found at double the original value ofr. Thus the
range of this force would scale with the particle size if t
length scale of the roughness of the particle surface rema
constant. Such scaling of an attractive force would be c
sistent with the attraction observed by Ghezzi and Earns
@15#.

IV. CONCLUSIONS

We have demonstrated a method of making colloidal p
ticles using lithographic techniques. The techniques
scribed allow plate shaped particles to be fabricated with
in-plane shape at a resolution permitted by the lithograp
used. A variety of shapes were fabricated, out of evapora
metals and etched silicon dioxide. This technique could e
ily be extended to allow fabrication of semiconductor pa
ticles, and could be performed with electron beam lithog
phy to allow smaller particles with higher resolution featur
to be fabricated. It was found that particles could be sha

FIG. 12. A chain of particles observed. The scale bar is 20mm
long.
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in the third dimension by bending them with evaporati
induced stress. This method was illustrated with disk sha
particles.

Disk shaped particles with one hydrophilic and one h
drophobic face, curved out of the plane of the disk, w
studied at an air-water interface. These particles were fo
to distort the interface, giving rise to anisotropic forces b
tween the particles. The distortion produced by one part
could be approximated by a quadrupole. However, in or
a
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s.

id
d

-
e
d

-
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r

to explain the formation of chains along the axis of the p
ticles it was necessary to consider higher order terms.
resulting directional interactions between particles trappe
the interface caused ordered structures to form.
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