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Experimental

For the fabrication of n-ZnO/p-GaN heteroepitaxial nanorod EL
devices, n-ZnO nanorods were vertically grown on 3 um thick p-GaN
layers coated on Al,O; (0001) using catalyst-free MOVPE. The p-
GaN layers exhibited a p-type carrier concentration of 2x 10" cm™
and a mobility of 10 cm*V™'s™\. For ZnO nanorod MOVPE growth,
diethyl-zinc (DEZn) and oxygen were employed as reactant sources,
as previously reported [13]. Details in the growth parameters of ZnO
nanorods on GaN substrates are the same as those on sapphire sub-
strates except for the DEZn flow prior to ZnO growth. That is, in the
initial ZnO growth stage, only DEZn with a carrier gas flowed for
30 s prior to ZnO nanorod growth in order to prevent GaN surface
oxidation.

The EL devices were fabricated by making good ohmic contacts on
both p-GaN and n-ZnO. The ohmic contact on p-GaN was fabricated
by evaporating Pt and Au bilayers. The typical Pt and Au layer thick-
nesses were 100 A and 500 A, respectively. After the metallization of
p-GaN, the free space between the individual ZnO nanorods was
filled with a thin photoresist by spin coating. This was followed by se-
lective etching of the photoresist under an oxygen plasma in order to
produce a nanorod array embedded in the photoresist with only the
nanorod tips exposed (by 50-100 nm; Fig. 1c). For the metallization
of the n-ZnO nanorods, 100 A thick Ti and 500 A thick Au layers
were deposited on the nanorod tips through a shadow mask by elec-
tron-beam evaporation, resulting in a continuous contact layer on the
ZnO nanorods (Fig. 1d). Good ohmic contacts on both n-ZnO and p-
GaN were made by rapid thermal annealing at 300 and 500 °C for
1 min, respectively. The EL and [-V characteristics of the devices
were measured by applying a DC voltage to the device using a source
meter (Keithley 2400). The EL spectra were measured using a mono-
chromator and a detection system equipped with a photomultiplier
tube and a photon counter which had been used for photolumines-
cence spectroscopy [3]. All measurements were preformed at room
temperature.
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Preparation of Arrays of Isolated
Spherical Cavities by Self-Assembly of
Polystyrene Spheres on Self-Assembled
Pre-patterned Macroporous Films

By Mamdouh E. Abdelsalam, Philip N. Bartlett,*
Jeremy J. Baumberg, and Steve Coyle

Self-assembly of colloidal spheres onto patterned (e.g.,
lithographically modiﬁed)[l] substrates is a promising ap-
proach to prepare complex three-dimensional (3D) geome-
tries (e.g., assemble colloidal spheres into square pyramidal
shapes)m that cannot be produced by self-assembly of colloi-
dal spheres on flat substrates. Generally self-assembly alone is
restricted to the formation of close-packed two-dimensional
(2D) and 3D arrays of colloidal particles and does not lead to
more complex lattice types and geometries. A certain degree
of control over colloidal self-assembly has been achieved
through external electric®! or intense optical fields™ and by
manipulating the interaction potential.®’! Here, we demon-
strate a simple scheme that combines two self-assembly steps
and electrochemical deposition to produce patterns of or-
dered arrays of spheres with controlled spacing and eventually
isolated metallic arrays of spherical cavities. First, the sub-
strate was pre-patterned by electrochemical deposition
through templates of polystyrene spheres assembled as a hex-
agonal-close-packed monolayer on an evaporated gold sur-
face. This was followed by removal of the template by dissolu-
tion in tetrahydrofuran (THF). Then monodisperse
polystyrene spheres were allowed to slowly assemble on the
pre-patterned substrate in a purpose-built cell. Finally, elec-
trochemical deposition through the top layer of spheres was
achieved to produce the final 3D structure; the schematic
illustration of this procedure is shown in Figure 1. Electro-
chemical deposition has a number of significant advantages. It
produces a high density deposited material and no shrinkage
of the material takes place when the template is removed.
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Figure 1. Schematic illustration of the procedure involved in the self-as-
sembly of polystyrene spheres on a pre-patterned macroporous film.
A) Assembly of polystyrene spheres on an evaporated gold surface.
B) Electrochemical deposition through the polystyrene spheres template
to pattern the substrate. C) Assembly of polystyrene spheres on pat-
terned substrate. D) Electrochemical deposition through the top layer of
spheres.

Also, it can be used to prepare a wide range of materials and
allows fine control over the thickness of the resulting macro-
porous film through control of the total charge passed to
deposit the film.! The ability to build up such complex geom-
etries plays an extremely important role in elucidating and
understanding the optical and magnetic properties of these
porous materials and their diverse applications.

Templating has been explored by a number of groups as a
powerful means to pattern flat substrates and subsequently di-
rect and control assembly processes. For example, Lieber and
co-workers!’! exploited assembly of nanowires (NWs) as
masks for patterning lines with nanometer to micrometer
scale pitches hierarchically over large areas. Self-assembly of
colloidal particles produces close packed arrays that can be
useful in themselves or can serve as templates for making
more complex structures. Arrays of particles of this type, one
or two layers thick, have been used as masks in lithographic
processes where material was either deposited through the
layer or the layer was used as an etch resist.’! Also infiltration
of the spaces between the colloidal particles in the template
by electrochemical deposition introduces a controllable way
to pattern the substrates.”! In this part we first present our
technique for self-assembly of colloidal layers. Strong capil-
lary forces that develop at a meniscus between a substrate
and a colloidal solution can be used to produce 3D arrays of
controlled thickness."®"> If this meniscus is slowly swept
across a vertically placed substrate by, for example, solvent
evaporation, thin planar opaline films can be deposited. A
modification of this approach was used in the present work
using cysteamine-modified gold surfaces. The formation of
close-packed monolayers or multilayers of colloidal particles
on the modified gold surface was achieved by changing the
concentration of the polystyrene suspension or by repeating
the assembly process several times. In a first self-assembly
step the deposition of the colloidal template layers was car-
ried out in a thin layer cell (2 cm x 1.5 cm) made up of a cyste-
amine-coated gold electrode and a clean uncoated glass plate,
held 100 um apart by a spacer cut from Parafilm. The space
between the two plates was filled with the aqueous suspension
of polystyrene latex spheres. The transparent glass plate al-
lows the filling of the cell to be monitored and a very slight
argon stream was used to remove any trapped air bubbles.
The filled thin layer cell was held vertically in an incubator in
order to control the rate of evaporation from the cell. After
drying the template appears opalescent with colors from
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green to red, depending on the angle of observation, clearly
visible when illuminated from above with white light. The
arrangement of the spheres in the template films was investi-
gated using high-magnification scanning electron microscopy
(SEM). Figure 2A shows a top-view of a typical template as-
sembled from 700 nm polystyrene spheres on a cysteamine-
treated gold surface. The spheres are close-packed in a well

Figure 2. SEM images of the template and the templated gold films.
A) Template assembled from 700 nm diameter polystyrene spheres. B) A
170 nm thick gold film electrodeposited through a 700 nm sphere diam-
eter template.

ordered hexagonal array. These templates are robust and
adhere well to the gold substrates. Gold films of controlled
thickness were electrochemically deposited, at a potential of
-1 V versus SCE (SCE: saturated calomel electrode), from an
aqueous gold plating solution through the pre-assembled tem-
plate. Figure 2B shows a typical SEM image of a templated
gold film 170 nm thick grown through a template made up of
a monolayer of 700 nm diameter polystyrene spheres. The mi-
crograph shows that the spherical segment voids left in the
gold film after the removal of the polystyrene spheres have
smooth and uniform mouths and are arranged in a well or-
dered, close-packed array as expected from the structure of
the original template. The center-to-center distance measured
for the pores in the film shown in Figure 1B, and for similar
SEM images of other films, is the same as the diameter of the
polystyrene spheres used to prepare the template; thus the di-
ameter of the spherical segment voids within the gold film is
directly determined by the diameter of the polystyrene
spheres used to form the template. Consequently, the periodic
dimension of the templated film can be changed by using
polystyrene spheres of different size to control the center-to-
center distance. In addition, the film thickness and the pore
mouth diameter can be adjusted through control of the total
charge passed to deposit the film.

In a second self-assembly step, monodisperse polystyrene
spheres were then allowed to slowly assemble on the pre-pat-
terned substrate in a cell similar to that used in the first as-
sembly step. The patterned substrate was again coated with
cysteamine and clamped to a clean uncoated glass plate with a
Parafilm spacer. The space between the two substrates was
filled with the aqueous suspension of polystyrene latex
spheres. The filled cell was held titled at 60°, with the pat-
terned substrate on the lower side, in an incubator in order to
control the rate of evaporation from the cell. As the liquid
confined in the cell slowly evaporates the meniscus moves
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across the patterned substrate and assembles the spheres so
that they fill the pores in the substrate. The efficiency of the
assembly process is determined by the gravitational force, the
substrate—particle electrostatic interaction, and the capillary
forces.?! The gravitational force is less significant for poly-
styrene spheres because their density (~1.05 gem™) is close
to that of water (~1.00 gcm™). In this case, the electrostatic
interaction between the particles and the substrate is attrac-
tive. This is because the substrate surface is positively charged
as a results of the chemical modification with the cysteamine,
and the spheres have a negative surface charge due to the
sulfate groups used to stabilize the polystyrene suspension.!'®!
Finally, the capillary immersion force arises when the tops of
spheres protrude from the thin liquid film formed at the inter-
face between liquid and substrate. These forces depend on the
wetting properties of the substrates, i.e., the magnitude of the
contact angle and the distance between the spheres."”>"! The
meniscus formed between the spheres and the substrate and
that formed between the spheres produce substantial forces
that direct the spheres to fill the pores of the patterned sub-
strate. Optimizing the parameters involved in the second
assembly steps, e.g., the concentration of the colloidal parti-
cles and the evaporation rate, we have been able to almost
completely fill the pores (>90 %) of the patterned substrate.
The domain sizes measured over the whole area of the pat-
terned substrate ranged from 100 to 5000 um.

The structured arrangement of the assembled spheres on top
of the patterned substrate is controlled by the ratios between
the center-to-center distances for the pores and the size of the
assembled spheres. Simply by varying these ratios it
is possible to obtain different structures. Figure 3A
shows an SEM image of 700 nm diameter polysty-
rene spheres assembled on a gold macroporous pat-
terned film prepared by electrodeposition through
a template made of 700 nm polystyrene spheres. It
can be seen that the spheres are assembled as a hex-
agonal-close-packed layer on top of the pores of the
patterned substrate. The spheres in the top layer
are in physical contact with each other, as shown in
the insert of the Figure 3A, because the center-to-
center periodicity of the film exactly matches the
sphere diameter. Figures 3B,C show the assembly
of 900 nm and 500 nm diameter polystyrene
spheres on a gold macroporous patterned film pre-
pared by electrodeposition through a template
made of 700 nm polystyrene spheres. In Figure 3B,
the spheres are bigger than the center-to-center
periodicity of the substrate therefore the spheres in
the top layer are not well ordered, aggregating in
local clusters. In contrast, when the sphere diameter
is smaller than the center-to-center periodicity of
the substrate (Fig. 3C) the spheres assemble in a
well ordered array but the spheres are not close
packed, i.e., they do not touch each other. This
offers a simple way to produce ordered arrays of
spheres with controlled spacing.
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Electrodeposition around the spheres assembled on the pat-
terned substrates produces a structured film. Figure 3D shows
the resulted electrochemical deposition of gold through the
template shown in Figure 3C. Metallic arrays of isolated
spherical cavities were produced. The pore mouth diameter
was 480 nm and center-to-center distance was 701 nm.

In conclusion, the combination of self-assembly and electro-
chemical deposition provide a simple scheme that can be used
to pattern flat substrates. Then, in a second self-assembly step
polystyrene spheres were allowed to assemble on the pre-pat-
terned substrate. The structural arrangement of the assembled
spheres can be changed by changing the ratio between the
center-to-center distances for the pores and the size of the
spheres. Electrodeposition around the spheres assembled on
the patterned substrates produces a structured film. Following
these steps we succeeded to produce isolated metallic arrays
of spherical cavities. The ability to easily fabricate, at low cost,
a large variety of such photonic metallic structures promises
applicability in many diverse areas, ranging from biotechnol-
ogy to optoelectronics.

Experimental

The templates were made from monodisperse polystyrene latex
spheres (Duke Scientific Corporation) supplied as a 1 wt.-% solution
in water (manufacturer’s certified mean diameter of 701 £6 nm,
895 £8 nm, and 499+5 nm and coefficient of variation in diameter
1.3 % in all cases). Before use, the suspensions were homogenized by
successive, gentle inversions for a couple of minutes followed by a
sonication for 30 s.

Figure 3. Assembly of polystyrene spheres on a gold macroporous patterned film pre-
pared by electrodeposition through a template made of 700 nm polystyrene spheres.
A) Polystyrene spheres of 700 nm diameter assembled on a substrate of 500 nm pore
diameter; the inset, a top view, shows how the spheres touch each other. B) Polysty-
rene spheres of 900 nm diameter assembled on a substrate of 690 nm pore diameter.
C) Polystyrene spheres of 500 nm diameter assembled on a substrate of 400 nm pore
diameter and 70 nm thick. D) Gold film prepared by electrodeposition through the
template shown in (C), pore diameter of the top film is 480 nm and center-to-center
distance is 701 nm.

Adv. Mater. 2004, 16, No. 1, January 5



ADVANCED

All solvents and chemicals were of reagent quality and were used
without further purification. The commercial cyanide free gold plating
solution (Tech. Gold 25, containing 7.07 gdm™ gold) was obtained
from Technic Inc. (Cranston, R.1.). Isopropanol, cysteamine, and etha-
nol were obtained from Aldrich. THF was obtained from Fisher
Chemicals. All solutions were freshly prepared using reagent-grade
water (18 MQ cm) from a Whatman ROS80 system coupled to a What-
man “Still Plus” system.

Evaporated gold electrodes, used as substrates, were prepared by
evaporating 10 nm of chromium, followed by 200 nm of gold onto
1 mm thick glass microscope slides. These gold substrates were thor-
oughly cleaned before use by sonication in deionized water for
30 min, followed by sonication in isopropanol for 90 min. They were
then rinsed with deionized water and dried under a gentle stream of
argon (BOC Gases). Cysteamine was self-assembled onto the evapo-
rated gold electrodes by immersing the freshly cleaned gold substrate
in a 10 mmol dm™ ethanolic solution of cysteamine at room tempera-
ture for several days.

Electrochemical deposition was performed in a thermostated cell at
25°C using a conventional three-electrode configuration controlled
by an Autolab PGSTAT30. The template-coated gold substrate was
the working electrode with a large area platinum gauze counter elec-
trode and a home-made SCE. Gold films were deposited under poten-
tiostatic conditions at —0.95 V versus SCE.

An environmental scanning electron microscope (Philips XL30
ESEM) was used to study the morphology and microstructure of both
the polystyrene templates and the macroporous metal films.
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SiC-Si0,-C Coaxial Nanocables
and Chains of Carbon Nanotube-SiC
Heterojunctions

By Yubao Li,* Yoshio Bando, and Dmitri Golberg

During the fast development of nanotechnology in the past
decade, most of the research efforts have been focused on the
preparation of nanometer-sized functional electronic devices.
Joining multiple phases within a given one-dimensional nano-
structure in its radial or axial direction results in the formation
of two distinctive heterostructures, namely, coaxial nano-
cables or heterojunctions. Zhang et al. first reported a laser
ablation process for the synthesis of SiC-SiO,-BN/C nano-
cables and amorphous B-SiO,-C nanocables.'?! Shi et al.’]
prepared a three-layer nanocable possessing a crystalline Si
core, an amorphous SiO, intermediate layer, and an amor-
phous C outer sheath using a combined laser ablation and
thermal evaporation technique. A standard route to prepare
nanoscale heterojunctions is to produce the desired vapors
and organize their flow during the nanostructure growth. Hu
et al.l¥ reported the synthesis of the heterojunctions made of
multi-walled carbon nanotubes (CNTs) and Si nanowires and
on a reproducible rectifying behavior of this metal-semicon-
ductor junction. Lu and workers® synthesized Pt,Sis—Si
heterojunctions using polycrystalline Pt nanowires as tem-
plates. GaAs—GaP nanowire heterojunctions were also pre-
pared via a laser-assisted catalytic growth.m Park et all’l
reported the synthesis of ZnO-ZnMgO heterojunctions dis-
playing a quantum confinement effect. ZnO-Ni heterojunc-
tions were prepared by depositing Ni at the tips of ZnO nano-
rods; these exhibited a metal-layer-thickness-dependent
magnetic property.®! Another efficient route is based on sol-
id-state reactions, as reported by Zhang et al., during the
preparation of heterojunctions of single-walled CNTs and
SiC/TiC through high-temperature reactions between CNTs
and Si/Ti.’! CNTs have been shown to be versatile for many
applications. The ballistic electron transport and excellent me-
chanical properties suggest that CNT-based nanostructures
are most valuable for building novel electronic nanodevices.
In this communication, we report a simple thermal evapora-
tion route for the mass-production of SiC-SiO,—~CNT coaxial
nanocables. Most importantly, we found that these nanocables
may be further transformed into nanochains of SiC-CNT
junctions during high-temperature annealing in vacuum.

As shown in Figure 1, only two phases, namely cubic 3-SiC
and CNTs, are detected in the X-ray diffraction (XRD) pat-
terns of the as-synthesized and annealed samples. It is worth
noting that the peaks characteristic of the SiC phase become
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