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Three-dimensional colloidal crystals have been grown by electrophoretic deposition on ITO
glass supports from aqueous-ethanol colloidal solutions of monodisperse submicrometer-
sized negatively charged polystyrene latex spheres. The technique offers the possibility to
produce uniform single-crystal colloidal multilayers on the time scale of minutes, which is
a drastic acceleration in comparison with the gravity sedimentation technique that needs
weeks or even months. SEM and AFM images of colloidal crystals reveal that close-packed
3D fcc ordering of the latex spheres extends over large areas. Electrophoretically deposited
colloidal crystals show a pronounced photonic stopband in the visible spectral range in the
normal incidence transmission spectra with a position depending on the size of latex spheres.
The electrophoretic deposition has also been used for the impregnation of 3D colloidal crystals
with luminescent CdTe nanocrystals. The luminescence spectrum of CdTe nanocrystals shows
a dip at the wavelengths corresponding to the spectral position of the photonic stopband of
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the colloidal crystal.

Introduction

From the moment of introduction of the photonic band
gap concept in 1987 by Jablonovitch and John,2 ma-
terials possessing a three-dimensional periodicity of the
dielectric constant have been attracting increasing
attention. Periodically varying index of refraction in
photonic crystals causes a redistribution of the density
of photonic states due to the Bragg diffraction, which
is associated with stopbands for light propagation.
Photonic crystals are potentially interesting in a variety
of applications,3~° including the inhibition of the spon-
taneous emission of luminescent species embedded
therein in a selected range of wavelengths resulting in
the redistribution of emission energy. This effect may
serve as a basis for thresholdless lasers.

Periodic structures possessing a photonic band gap
in the microwave region were produced by microlitho-
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graphic techniques.6~8 Chemical self-assembly methods
have been utilized for making 3D photonic crystals with
a photonic band gap in the visible and near-infrared
spectral regions.®~17 Monodisperse silica and latex
spheres are the most widely used species for the
fabrication of colloidal photonic crystals (artificial opals).
Various techniques have been developed for their as-
sembly, including gravity sedimentation on flat®~12 or
periodically patterned®® substrates, flow of the colloids
through micromachined channels* or smooth narrow-
pore membrane,!> and making use of capillary forces.16:17
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The most commonly used gravity sedimentation meth-
ods require, however, weeks or even months to obtain
high-quality colloidal arrays. Electrophoretic deposi-
tion has been shown to be a suitable method to induce
two-dimensional aggregation of monodisperse metall8
and latex!®2° particles. This technique, although being
widely employed for the preparation of films of both
latex?! and silica?2~24 particles, was not utilized for
the fabrication of ordered 3D colloidal photonic crys-
tals. Very recently, it was demonstrated to accelerate
the sedimentation rate of submicrometer-sized silica
spheres;?®> however, the quality of the films prepared
was not comparable to those obtained by the gravity
sedimentation technique. Shortly before the completion
of this work, we learned that the electrophoretic deposi-
tion was used for the fabrication of micropatterned
colloidal assemblies.26 This paper is focused on solving
the problem of tremendous sluggishness of the prepara-
tion of the 3D photonic crystals, while maintaining high
quality of the assembly. We were able to reduce the time
of preparation from months to minutes. Excellent order-
ing of the crystals is preserved by performing the
deposition in a polar yet nonelectroactive dispersion
medium. It prevents gas evolution on the electrodes,
which is likely to be responsible for structural defects
observed in ref 25. The technique presented in this
paper has been applied to latex spheres, but can also
be successfully used for preparation of silica-based
colloidal crystals shown in a separate series of experi-
ments.?’

It is also of interest to examine the effect of the
photonic stopband in the 3D colloidal crystals on the
spontaneous emission of light-emitting species embed-
ded therein. One of the most convenient material to use
for this purpose is luminescent semiconductor nano-
crystals with size-dependent excitonic emission.?® The
3D colloidal photonic crystals have been filled with
luminescent semiconductor nanocrystals by synthesis
of CdS and CdSe nanoparticles in opal voids,2930 by
infiltration of aqueous colloidal solution of CdTe nano-
particles,3! and by chemical bath deposition of CdS.32
Here, we demonstrate that the electrophoretic deposi-
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tion can also be utilized for the impregnation of 3D
colloidal crystals with luminescent CdTe nanocrystals
synthesized in aqueous solution. Luminescence spec-
trum of CdTe nanocrystals exhibits a pronounced dip
for the wavelengths that coincide with the spectral
position of the photonic stopband of the colloidal crystal.

Experimental Section

Materials and Substrates. Aqueous suspensions of highly
monodisperse polystyrene (PS) latex spheres with carboxyl and
sulfate groups on the surface (1% aqueous dispersions, 204 +
6 nm, 240 + 6 nm, 269 + 7 nm, and 300 + 5 nm in diameter)
were obtained from Duke Scientific. Ammonium hydroxide
(30%) and the pure grade 96% ethanol were purchased from
Aldrich. Ultrapure water (18.2 MQ/cm) was used directly from
a Milli-Q water system. Glass slides covered with an ITO layer
with a sheet resistance of 8 ohms were received from Delta
Technologies. The slides were cut into 3 cm x 0.5 cm pieces
and used as substrates for electrophoretic deposition.

Aqueous solutions of strongly luminescent CdTe nanocrys-
tals capped with thioglycolic acid (TGA) were prepared by
methods reported previously.3373 Concentration of CdTe in
colloidal solution was 0.013 M referred to Cd.

Instrumentation. Direct current power supply (model
Topward Electric Ins. Co. Ltd.) was provided by Nomadics Inc.
(Stillwater, OK). Absorption and transmission spectra were
taken on a HP8453A diode array Hewlett-Packard spectro-
photometer. Photoluminescence (PL) spectra were measured
on a modular Fluorolog 3 SPEX spectrofluorimeter. Scanning
electron microscopy (SEM) pictures were made with a JSM
6400 microscope. Samples for SEM were covered by thin
conductive film of gold using Denton Desktop Il sputterer
(Denton Vacuum Inc.). Atomic force microscopy (AFM) images
were taken by using a multimode Nanoscope 1A instrument
(Digital Instruments, CA) operating in the tapping mode with
standard silicon nitride tips. Typically, the surface was
scanned at 1 Hz with 256 lines per image resolution and 1.2—
3.2 V set-point.

Electrophoretic Deposition. Electrophoretic deposition
of both PS latex spheres and CdTe nanocrystals was performed
in a cylindrical glass cell (1 cm diameter) with an ITO glass
vertical anode and a stainless steel sheet as a counter electrode
connected to a dc power supply through the ammeter. The
immersed working area of both electrodes was 0.5 cm?, the
distance between electrodes was 0.5 cm. The electrodes were
fixed precisely in parallel to each other. Before the deposition,
ITO glass substrates were carefully washed under sonication
in 1% alconox solution (30 min), pure grade ethanol (30 min),
and water (30 min).

Electrophoretic deposition of PS latex spheres has been
carried out from the colloidal solution in an water—ethanol
mixture. A total of 1 mL of 1% aqueous suspension of colloidal
PS latex particles (as purchased from Duke Scientific) was
mixed with 44 uL of 30% aqueous NH,OH solution in ultra-
sonic water bath, and 2 mL of ethanol was added. The final
concentration of PS latex particles was 0.33%, pH of the
mixture was 10.5.

A constant voltage of 2 V has been applied to the ITO anode
for 30 min to deposit negatively charged PS latex spheres.
After the deposition, the coated ITO slides were withdrawn
and dried in a glass desiccator over anhydrous calcium sulfate
for 1 day.
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CdTe nanocrystals have been deposited from aqueous col-
loidal solution at pH 10.5 into the pores of previously formed
colloidal crystals of PS latex spheres on the ITO supports. The
arrangement of the cell was the same as in the case of PS latex
deposition. A constant voltage of 2 V was applied for 30 min
to deposit negatively charged CdTe nanoparticles on the ITO
anodes. After the deposition, the samples were withdrawn and
dried in a glass desiccator over anhydrous calcium sulfate for
1 day.

Results and Discussion

Preparation and Structure. Electrophoretic depo-
sition is a process where charged colloidal particles move
toward and deposit onto an oppositely charged electrode
in a dc field. It has some advantages in the preparation
of thick inorganic films such as speed and a possibility
to control the film thickness by changing the electro-
deposition time.23 PS latex particles in aqueous suspen-
sions become negatively charged above the isoelectric
point at pH ~ 3.5, whereas the complete deprotonation
of the surface groups occurs above pH 7.3 To increase
the negative charge of the PS particles, the colloid
solution was adjusted to pH = 10.5 by the addition of
ammonium hydroxide prior to the electrophoretic depo-
sition. The mobility of the PS colloidal particles has an
anomalous dependence on the electrolyte concentration
and even increases with the concentration below 102
M;37 therefore, the increase in the ionic strength result-
ing from the pH adjustment did not complicated the
migration of the particles to the ITO electrode. However,
a problem of carrying out the electrophoretic deposition
in aqueous suspension is the decomposition of water,
when the bubbles of oxygen formed at the anode
penetrate through the deposited compact which would
prevent the formation of ordered crystalline arrays of
latex spheres. The electrophoretic deposition has been
carried out, therefore, from water—ethanol dispersions
of PS latex particles, as was done for silica particles in
refs 22—24, which allowed the application of a voltage
of 2 V without any decomposition of water on electrodes.

The results exceeded our expectations. We obtained
brightly colored 10—20 colloidal multilayer samples on
the time scale of minutes instead of weeks or even
months.%11.12 Crystalline quality of colloidal PS latex
crystals obtained by electrophoretic deposition has been
investigated by SEM and AFM. SEM pictures taken
from the top surface show the perfect close-packed order
extending over areas of ~10 um (Figure 1). Two Kinds
of sphere packing have been observed in the obtained
crystals. Both of them are compatible with the face-
centered cubic (fcc) structure.'* Most commonly, we see
the hexagonally packed layers of the (111) face of the
fcc lattice (Figure la). In some areas, the squarely
packed latex spheres, which correspond to the (100) face
of the fcc structure, can be found (Figure 1b). The
switching from (111) to (100) plane of growth is likely
to be influenced by the roughness of the ITO substrate
(Figure 2a). Although it is rather small—in the range
of 60 nm—yet it is comparable with the size of the latex
spheres. A local distribution of hills and valleys aug-
mented by the electrical field on conductive ITO sub-
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strate may randomly favor the cubic 2D ordering of the
latex particles, which continues to grow this way
further. Rarity of the (100) packing suggests that the
surface topography prompting the nucleation of the
cubic face is a quite atypical statistical event.

The perfect fcc crystalline order extends uniformly in
the direction perpendicular to the substrate over the
entire film thickness when looking at the stacking edges
(Figure 1c,d), which is especially important for the
optical properties of colloidal crystals. We did not
observe terraces at the cleaved edges of the samples
which is a common issue for colloidal crystals grown by
the sedimentation technique.!!

The fcc structure has a preference over the hexagonal-
close-packed (hcp) structure due to a slight difference
in the energy of hard sphere stacking in the fcc and hcp
arrangement as shown in the calculations of Wood-
cock.3® Although the preferential fcc structuring has
been observed for colloid crystals formed by sedimenta-
tion,! it was not obvious that the small energetic
difference should be significant enough for the electro-
phoretic deposition, because the sedimentation is a
much slower and reversible process. Our experiments
show that even at high sedimentation rates that are
characteristic for the electrophoretic deposition, the
crystallization is still energetically selective.

When looking at the SEM images at lower magnifica-
tion (Figure le,f), two types of defects are routinely
observed. The first one is sphere vacancies appearing
every ~10 um on average. Note that no single sphere
lying on the top surface was observed over the entire
top layer of the samples. They represent a structural
feature typically encountered in gravity-sedimented
colloidal crystals. The second type of defect is vertical
cracks perpendicular to the substrate. They were ob-
served every ~10 um and usually did not disturb the
fcc order in the films. The reason for their appearance
is most probably the deposition of Au and the subse-
guent high vacuum exposure of the samples in the SEM,
and/or drying-induced shrinkage.1”-3° Interestingly, the
crystalline packings on both sides of the gap are always
complementary to each other. This indicates that the
film maintains continuity as it grows, whereas cracking
occurs at the SEM sample preparation stage.

AFM images made in the tapping mode from the top
surface show, again, good fcc packing with a long-range
order (Fugure 2b). This is also illustrated by the two-
dimensional Fourier transform (inset to Figure 2b). The
vertical cracks were hardly observed at all when AFM
was used for characterization of the surface of the same
samples. The same observation has been done in ref 17
for colloidal crystals made from uniform silica spheres.

The features discussed above were characteristic for
PS latex spheres of all diameters used in this study. The
only difference was a smaller number of vertical cracks
observed in SEM for colloidal crystals made from larger
latex particles.

The force guiding the latex particles to the substrate
is much stronger in the case of electrophoretic deposition
than in gravitational sedimentation. This promotes the
overall quality of the film and the preferential orienta-
tion of the colloidal crystal. Added alcohol—besides
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2724 Chem. Mater., Vol. 12, No. 9, 2000

Rogach et al.

- . e
g gy W W W

o " O~ 5~
o ) g, b, i ) 40 B e ST

1+Hm
A, 000

18rm
x2.800 < m m

e)

L 1M m
pE368 SR WS, 900 % m

f)

Figure 1. SEM images of top (a, b, e, and f) surface and cleaved edges (c and d) of a colloidal crystal made from 300 nm PS latex
spheres. Both high- (a and b) and low-magnification (e and f) pictures of the surface are shown.

preventing the gas evolution—reduces the dielectric
constant of the medium, which also contributes to
greater attractive force between the colloid and the
electrode. We believe that it also improves the crystal
packing as compared with the deposition from water.?>

Optical Properties. Colloidal crystals made from PS
latex spheres were brightly colored in both transmitted

and reflected light because of the optical diffraction on
regular multilayers. Optical transmission spectra of the
samples measured at normal incidence (the angle
between the light propagation vector and surface normal
6 = 0°) show an existence of a pronounced photonic stop
band (Figure 3) due to the Bragg reflection on the (111)
planes. The position of this band changes systematically
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100 nm

Figure 2. (a) Tapping mode AFM image of a surface of ITO
substrate and (b) 3D tapping mode AFM image of a surface of
a colloidal crystal made from 204 nm PS latex spheres. The
inset shows a Fourier transform of a 2 x 2 um? region.

with size of latex spheres according to the following
equation:1® A, = 2nexd, With Ne® = Natexf + Nair’(1 — ),
where nefs is the effective refractive index of the latex/
air composite; f = 0.74 is the filling factor for a close
packed structure; d = (2/3)¥2D the distance between
crystalline planes in the direction 6 = 0°; D is the sphere
diameter. Thus, the position of the dip in the transmis-
sion can be tuned accurately through the particle size
control. Figure 4 shows the experimental dependence
of the position of the stop band minimum A; in the
transmission spectra of colloidal crystals on the diam-
eter D of the PS latex spheres and a theoretical fit to
the Bragg law (with nigex = 1.59). The calculated line
lies higher than the fit to experimental points. This
discrepancy could be caused by the shrinkage of latex
particles during the drying, so that their effective
diameter differs from that in aqueous suspensions. It
corresponds to ~5.0% of decrease in the sphere size for
the smallest and 6.3% for the largest latex spheres used.
The shrinkage of latex spheres® could be also respon-
sible for the appearance of vertical cracks through the
colloidal crystals as mentioned above.

Impregnation with CdTe Nanocrystals. The voids
of the electrophoretically prepared 3D colloidal photonic
crystals can be filled with CdTe nanocrystals using the
electrophoretic technique similar to the technique that
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Figure 3. Normal incidence transmission spectra of colloidal
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Figure 4. Experimental dependence of the position of the stop
band minimum /. in the transmission spectra of colloidal
crystals on the diameter D of the PS latex spheres (circles and

solid line fit) and a theoretical fit to the Bragg law (dashed
line).

was recently applied for the deposition of CdTe nano-
crystalline thin films on ITO substrates.*® CdTe nano-
particles in aqueous colloidal solutions show pronounced
1s—1s electronic transitions in the absorption spectra
and a relatively narrow (fwhm = 45 nm) and strong (up
to 20% room-temperature quantum efficiency as mea-
sured in comparison with Rhodamine 6G) “excitonic” PL
which is tunable with particle size due to the quantum
confinement effect (Figure 5). TGA-stabilized CdTe
nanocrystals of 3.5—4.5 nm size have favorable condi-
tions for migration in the electric field both in the
colloidal solution and in the channels formed by the
voids in the colloidal crystal due to a low mass and
diameter and the negative charge resulting from the
charged functional groups of TGA. The electrophoresis

(40) Ragoisha G. A. In Physics, Chemistry and Application of
Nanostructures, World Scientific Publishing: Singapore, 1999; p 193.
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Figure 5. Absorption (a) and luminescence (b) spectra of TGA-
capped CdTe nanocrystals of different sizes (3.5—4.5 nm) in
aqueous solutions. Luminescence spectrum of a mixture of
CdTe nanoparticles of different sizes is also shown (panel b,
dashed line). Aex is 400 nm in all cases.

in CdTe nanocolloid solution is much like the common
electrolysis, i.e. the rate of the electrostimulated process
is high and can be controlled by the potential in the
range of common electrochemical reactions.*° The ability
of CdTe nanocrystals to deposit on the anode at low
potentials and penetrate through the PS colloid crystal
appeared to be dependent on the pH. Although an
alkaline medium favored migration of the CdTe nano-
crystals in the electric field due to their negative
charging attributed to the deprotonation of TGA, the
optimal conditions were found to be at pH = 10.5, being
determined by the interplay of the electrophoretic force
and the electrostatic repulsion from the negatively
charged latex particles. Further increase in the pH
complicated CdTe deposition by the competing anodic
reactions.

To investigate the influence of the photonic band gap
of a colloidal crystal on the luminescence of CdTe
nanocrystals embedded therein, we used a mixture of
CdTe nanoparticles of different sizes which gave a broad
PL spectrum centered at around 600 nm (Figure 5,
dashed line) for impregnation of the colloidal crystal
made from PS latex globules of 269 nm size. The
luminescence spectrum of CdTe nanocrystals changes
when it overlaps with the optical stopband of the
colloidal crystal (Figure 6). We observed a dip in the
emission spectrum correlating with the spectral position
of the stopband, i.e. the inhibition of spontaneous
emission of semiconductor nanocrystals as a result of a
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Figure 6. Modification of the spontaneous emission of CdTe
nanocrystals embedded in a colloidal crystal. Luminescence
spectrum of CdTe nanocrystals electrophoretically deposited
into the voids of colloidal crystals made of PS latex globules
of 269 nm (solid line) shows a dip correlating with the spectral
position of the stopband in the transmission spectrum of the
colloidal crystal (dashed line). Luminescence spectrum of CdTe
nanoparticles in aqueous solution is also shown (dotted line).
Aex is 400 nm in all cases.

modified photon density of states within this spectral
region.31.32

Conclusions

The electrophoretic deposition technique produces
single-crystal colloidal multilayers on the time scale of
minutes, which is a drastic acceleration in comparison
with the most common gravity sedimentation technique.
It is also quite simple in realization and yields 3D
photonic crystals of quality comparable of higher than
the other methods. We envision it to be applicable to a
wide variety of particles; however, it is necessary to note
that the colloids to be deposited should be tolerant to
the addition of alcohol to the dispersion.

Besides acceleration, the electrophoretic deposition
offers the possibility of patterning2® and impregnating
of the photonic crystals with luminescent materials.
This technique also opens the possibility of preparation
of uniform coatings from photonic crystals on curved
substances such as spheres, which would be impossible
by means of gravitational or centrifugal forces. Such
coatings can be the basis of unique diffraction optic
devices. The overlap of the photonic stopband and the
spectrum of spontaneous emission of the impregnated
species results in the redistribution of the emission
energy in such system. This phenomenon represents
both fundamental and practical importance for the
design of photonic devices.
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