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Other optical techniques for the production of photonic crystals
use a tightly focused scanning laser beam to initiate chemical
vapour deposition® or two-photon photopolymerization®. Struc-
tures are produced layer-by-layer, so these techniques are relatively
slow; they are currently limited to micrometre length scales.
Semiconductor microfabrication”’~*’, which has the required reso-
lution, is an expensive process at the limit of current technology and
has not produced structures more than a few unit cells deep.
Colloidal crystals may be used as templates to make submicrometre
structures'*™'%, but the use of close-packed spheres severely restricts
the range of lattices that may be produced™ and allows almost no
freedom to alter the structure of a unit cell. By contrast, the optical
properties of microstructures made by holographic lithography
may be optimized by controlling the form of the interference
pattern. Our fabrication method has the high spatial resolution
required to produce photonic crystals for the visible spectrum, as
well as creating the connected air and dielectric networks that are
important for the opening of a full bandgap. The process is cheap,
rapid and potentially scalable for large-scale production. We have
also shown that these polymeric structures may be used as templates
for the construction of photonic crystals with higher refractive-
index contrast. We believe that this is an enabling technology that
should allow the theoretical potential of visible optical photonic
crystals to be realized. t
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Electrophoretic assembly

of colloidal crystals

with optically tunable micropatterns
R. C. Hayward, D. A. Saville & I. A. Aksay

Department of Chemical Engineering and Princeton Materials Institute,
Princeton University, Princeton, New Jersey 08544-5263, USA

The production of materials with micrometre- and submicro-
metre-scale patterns is of importance in a range of applications,
such as photonic materials?, high-density magnetic data storage
devices’, microchip reactors* and biosensors’. One method of
preparing such structures is through the assembly of colloidal
particles’ . Micropatterned colloidal assemblies have been pro-
duced with lithographically patterned electrodes™' or micro-
moulds'>. Here we describe a different method that combines
the well-known photochemical sensitivity of semiconductors'**
with electric-field-induced assembly'>'® to create ordered arrays
of micrometre-sized colloidal particles with tunable patterns. We
show that light affects the assembly processes, and demonstrate
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Figure 1 Schematic of the apparatus for particle assembly and pattern formation. The ITO
(indium tin oxide) and brass electrodes are separated with a 500-.m Teflon spacer. When
desired, the mask is positioned outside the cell between the light source and the glass
electrode. Patterns are imaged using a CCD camera mounted on a Leitz Metallovert
optical microscope. In most cases, 50 .l of a dilute suspension of polystyrene particles
(diameter 2 wm, Duke Scientific) is used to provide a 1-cm? lens sandwiched between the
electrodes. A positive potential is applied to the ITO electrode while the cathode is
grounded; current through the cell is monitored with a multimeter.
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how to produce patterns using electrophoretic deposition in the
presence of an ultraviolet (UV) illumination motif. The distribu-
tion of current across an indium tin oxide (ITO) electrode can be
altered by varying the illumination intensity: during the deposi-
tion process, this causes colloidal particles to be swept from
darkened areas into lighted regions. Illumination also assists in
immobilizing the particles on the electrode surface. Although the
details of these processes are not well understood, the patterning
effects of the UV light are discussed in terms of alterations in
the current density'>" that affects particle assembly on an ITO
electrode.

We demonstrated the effect of current-density modulation (pro-
duced by UV light) on the electrophoretic deposition and assembly
of colloid crystals using the apparatus shown in Fig. 1. In most cases,
2-wm polystyrene particles were used; similar observations were
made with submicrometre-sized silica. A d.c. electric field strength
of ~6,500 V. m™" was used in conjunction with a broad-spectrum
light source and a filter that absorbed 100% of the incident radiation
at wavelengths below 495 nm. Briefly, our results were as follows.
When a potential of 1.3 V was applied with the filter in place, no
colloidal crystals formed. On removal of the filter, crystalline
aggregates formed rapidly in the illuminated region, and the cell
current increased in proportion to the lighted area. When selected
regions of the ITO electrode were illuminated in this manner,
particles migrated slowly into the illuminated areas. None of the
effects of current-density modulation were observed when the ITO
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Figure 2 Process schemes for pattern formation. UV light is used to selectively assemble
and affix (method A; above) or affix (method B; below) polystyrene particles on the ITO
electrode. The thickness of the vertical arrows indicates the (relative) strengths of applied
potentials.

Figure 3 Scanning electron microscope image of a pattern produced by method B. Note
that dense-packing of particles results in crystalline (ordered) domains that vary in size
(10—20 m). The inset (~600 pwm wide) shows the overall appearance of the pattern.
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electrode was replaced by a transparent 25-A layer of sputter-coated
iridium, illustrating that a conducting electrode alone is not
sufficient for the modulation of colloidal assembly by UV light.

We consider first the process of particle assembly. Assembling
colloidal particles by the application of an electric field, a phenom-
enon first reported by Richetti et al.'"", is a technique for producing
“crystalline” particle arrays®*'. Although the details of the assembly
mechanism are not fully understood, the process involves simple
coulombic interactions which bring particles close to an electrode
surface, together with lateral motion stemming from electrohydro-
dynamic'" or electroosmotic effects®. Once the particles are close
to the surface, where they remain mobile, electrohydrodynamic or
electrokinetic processes assemble them into arrays. Particles can be
permanently attached to the surface by increasing the attractive
force between the particles and the electrode®. When the attractive
forces exceed that due to steric repulsion, entry into the “primary
minimum” creates a permanent bond.

In our earlier work'>"”, we showed that altering the current
density affected the motion of particles and fluid near an electrode.
Moreover, it is well-known that photochemical processes alter the
current at the interface between a semiconductor and an aqueous
solution'>". Therefore, it follows that illumination patterns could
be used to modulate the assembly processes. The experiments
described here demonstrate that UV light can be so used. An
unusual feature of the technique is that illumination can be
externally controlled. Accordingly, the assembly processes can be
manipulated or “tuned” by adjusting illumination patterns (and
intensity) and applied voltage level (and waveform).

We now consider how the UV light could affect the current
density at the ITO electrode. The specificity of this light-effect to the
ITO electrode system, and the disappearance of the effect with the
introduction of a filter that absorbs light below 495 nm, suggest an
interaction between UV light and the electronic band structure of
ITO. ITO is a heavily doped n-type semiconductor with a bandgap
between 3.5 and 4.3 eV, depending on its composition and method
of preparation*. A UV-visible spectrum of the coated electrode
used here indicates that it is opaque to light at wavelengths below
310 nm, and transmits between 70 and 90% of radiation above
400 nm. The spectrum agrees well with those reported in the
literature®*.

Some areas shown in the inset appear white due to particle charging in the SEM. Charging
in these regions may result from the higher particle density which inhibits charge transfer
from the uppermost particles to the conducting substrate.
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Mumination of the ITO electrode by UV light results in a small
increase in the measured current through the cell when a constant
voltage is applied. In our experiments, only a small area was
illuminated, and the overall increase in current due to illumination
was only a few per cent. As Trau et al.'>" note, this current results
from a redox reaction of water which forms hydrogen and oxygen at
the electrodes. This conforms with the observation of gas-bubble
formation in the cell at current densities greater than 100 wA cm™.
van den Meerakker et al.** suggest that the increase in cell current on
illumination with UV light is a result of the generation—at the ITO/
water interface—of hole—electron pairs, and their migration. This is
consistent with statements by Bocarsly et al.'* that an n-type
semiconductor at anodic potentials undergoes band bending at a
solid—liquid interface. Electrons at the ITO surface are at a higher
energy level than those in the bulk because they are surrounded by
fewer metal cations'. When an electron—hole pair is created in this
region via absorption of a photon, the promoted electron lowers its
energy by moving away from the surface. Correspondingly, the new
hole in the valence band moves toward the surface, where it becomes
available for surface reactions. This process increases the rate of
charge transfer between solution and electrode and, therefore, the
current density within the cell.

As Trau et al.”™" first noted, particles are swept into regions of
higher current density. Moreover, both the electrohydrodynamic'>"”
and the electroosmotic theories argue that particle movement
should increase with current density and with field strength. Thus,
illumination of the ITO electrode with UV light should enhance
particle migration because it causes an increase in current density.
Correspondingly, an increased current implies a greater potential
drop across the electrolyte, so the electric field in the bulk is
stronger. As illumination increases the field strength, it follows
that particles in illuminated regions should be more strongly
attracted to the electrode surface.

We now describe the methods we used to produce patterned
assemblies of colloids. Two methods were employed (Fig. 2). Both
employ a lithographic mask—consisting of regularly arranged areas
(~200-pm squares) of UV-absorbing ink, with ~100-pm clear
areas between them—printed on a clear acetate sheet. When the
mask is inserted between the ITO electrode and a light source, only
selected areas of the electrode surface are illuminated by UV light.

Method A employs a suspension with a particle concentration
just sufficient to produce the desired monolayer pattern. With a
filter in place to cut out UV light, a d.c. voltage (1.1 V) induces
deposition onto the ITO surface over a period of ~30 min. As the
field strength is low, the particles retain a significant lateral mobility.
The filter is then removed from the broad-band microscope light
source, and the lithographic pattern is inserted to induce particle
assembly in the illuminated regions. Over a period of ~2.5 h,
particles in the “dark” regions are swept into the illuminated areas
and the colloidal crystals grow. When the illuminated areas are
filled, the strength of the electric field is increased to 3 V to
irreversibly fix particles to the surface and form a permanent
pattern.

In patterns fabricated by method A, most of particles are affixed
to the electrode in areas illuminated by UV light. Within the
illuminated regions, small crystalline domains form (generally no
more than 5-10 particles across) with many gaps and imperfec-
tions. However, a substantial number of isolated particles remain in
the “dark” regions of the electrode. Within the dark regions, surface
coverage declines from ~50% to ~20% after 1-2 h of illumination.
Continued illumination does not alter this distribution. Evidently,
particle migration into illuminated regions is not strong enough to
form fully dense crystals or to completely clear particles from the
dark areas.

Method B employs the same apparatus with a long-wavelength
UV source. Here, the initial particle concentration is just sufficient
to form a monolayer over the whole surface. Particles are first
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attracted to the ITO anode by applying a potential of 1 V for
~30 min. Then the potential is increased to 1.5 V for 10 min to
assemble particles into a dense crystalline monolayer. At this field
strength, the particles are not bonded to the electrode and resus-
pension occurs if the potential is removed. Next, the deposit is
illuminated with the long-wavelength UV light source with the
lithographic mask in place, and the potential increased to 3 V for
45 min. This creates a pattern of permanently bonded particles.
After disassembly, the ITO electrode is rinsed with deionized water
and ethanol to remove loose particles.

Particles remaining on the electrode surface following the
patterning experiments were imaged via secondary electron
imaging in a scanning electron microscope (SEM). Images of a
pattern constructed by method B are shown in Figure 3. The
intersecting strips of particles affixed to the electrode extended
over most of the 1-cm” area of the sample cell. Although monolayer
coverage prevails in the strips, there are regions where the coverage
is thicker or thinner. A smattering of single particles and small
clusters are present in “empty” regions (the square holes in the
pattern). The polycrystalline nature of the particle layer and the
specificity of the patterning procedure are clearly evident in this
image.

Although our experiments employed micrometre-sized particles
of polystyrene, as well as submicrometre-sized silica, and patterns
with characteristic length scales of 100 wm, the technique we report
here should be applicable, within the constraints of colloidal particle
size and mask length scales, to near-UV lithographic patterning.
Because an external UV light source is used to modulate the particle
assembly process, and the location and intensity of such a light
beam can be externally controlled, the technique described here
offers many possibilities for orchestrating electrophoretic deposition of
optically tunable patterned arrays of small particles. O
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Shape control of CdSe nanocrystals
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Nanometre-size inorganic dots, tubes and wires exhibit a wide
range of electrical and optical properties" that depend sensitively
on both size and shape™, and are of both fundamental and
technological interest. In contrast to the syntheses of zero-dimen-
sional systems, existing preparations of one-dimensional systems
often yield networks of tubes or rods which are difficult to
separate®'”. And, in the case of optically active [I-VI and III-V
semiconductors, the resulting rod diameters are too large to
exhibit quantum confinement effects**"’. Thus, except for some
metal nanocrystals®, there are no methods of preparation that
yield soluble and monodisperse particles that are quantum-con-
fined in two of their dimensions. For semiconductors, a bench-
mark preparation is the growth of nearly spherical II-VI and III-
V nanocrystals by injection of precursor molecules into a hot
surfactant'*">. Here we demonstrate that control of the growth
kinetics of the II-VI semiconductor cadmium selenide can be
used to vary the shapes of the resulting particles from a nearly
spherical morphology to a rod-like one, with aspect ratios as large
as ten to one. This method should be useful, not only for testing
theories of quantum confinement, but also for obtaining particles
with spectroscopic properties that could prove advantageous in
biological labelling experiments'®'” and as chromophores in light-
emitting diodes'®".

The general preparation of spherical nanocrystals involves moni-
toring and manipulating the kinetics of their growth. In the case of
cadmium selenide, CdSe, dimethylcadmium and selenium powder
are co-dissolved in a tri-alkyl phosphine (-butyl or -octyl), and the
solution injected into hot (340-360°C), technical grade (90%
purity) trioctyl phosphine oxide (TOPO)'". Nucleation occurs
rapidly, followed by growth (280—300 °C). At the growth tempera-
ture, surfactant molecules adsorb and desorb rapidly from the
nanocrystal surface, enabling the addition (as well as removal) of
atoms from the crystallites, while aggregation is suppressed by the

*Present address: Department of Chemistry and Biochemistry, University of Arkansas, Fayetteville,
Arkansas 727033, USA.
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presence of (on average) one monolayer of surfactant at the crystal-
lite surface.

Kinetic control is then used to manipulate the average particle
size and size distribution. In earlier work, we showed that the
growth process could occur in two different modes, depending
upon the concentration of the monomer present: “focusing” of the
size distribution, and “defocusing”. During the focusing stage, the
concentration of monomer in solution is higher than the solubilities
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Figure 1 TEM images of different samples of quantum rods. a—c, Low-resolution TEM
images of three quantum-rod samples with different sizes and aspect ratios. d—g, High-
resolution TEM images of four representative quantum rods. d and e are from the sample
shown in a; f and g are from the sample shown in c.
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Figure 2 X-ray diffraction patterns of two CdSe rod-shaped nanocrystals. These two
nanocrystals have the same short-axis dimension (within experimental error). The sizes
and aspect ratios were found from the experimental patterns by the simulations shown.
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