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Magnetic Nanoparticle Superstructures
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The aim of this microreview is to present recent advances in
the preparation of magnetic nanoparticle superstructures
from ferrofluids and by nanosphere lithography. Different
successes of methods presented in this article to create mag-
netic nanoparticles will be discussed in view of different

requirements of available assembling techniques. Theoreti-
cal aspects of nanoparticle assemblies and their assembled
layer magnetic properties are not reviewed here.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

1. Introduction

For the design of novel nanostructured devices one needs
a technique for preparing highly symmetric periodic par-
ticle arrays (PPA) within the range of several microns, on
an industrial scale. Different routes have been investigated
in the past to obtain small particles, which can be as-
sembled in large areas of high symmetry. These approaches
typically apply “scale down” techniques, e.g. ball milling of
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bulk materials, and “bottom up” techniques, e.g. cluster or
nanoparticle growth from precursors in gaseous or liquid
phases. The latter, i.e. the wet chemical synthesis of inor-
ganic colloidal particle fluids, is most elegant from a chem-
ist’s point of view.!!]

Inorganic colloidal fluids are stable dispersions of nano-
scale clusters or fine particles — which can be crystalline or
amorphous — in a solvent.’! If the dispersed material is
known to exhibit ferromagnetic behavior in the bulk mate-
rial, colloidal suspensions thereof are called ferrofluids or
magnetic fluids.’] One can develop PPA with ferrofluids
having a standard particle size distribution < 10% by sim-
ply drying a drop of solution on suitable substrates. This
self-assembly technique has been improved through use of
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different coating techniques (e.g. spin coating, dip coating,
or spraying) in combination with applied external forces.
The origin of these external forces is either mechanical, and
is used for the preparation of Langmuir-Blodgett (LB)
films,[*! or electrostatic, which is then used for layer-by-layer
(LbL) assembly applying polyelectrolytes.l”! The use of ex-
ternal electric and magnetic fields to improve the self-as-
sembly of charged and magnetic nanoparticles, respectively,
has also been reported.[®”]

Despite all those successes, there are some applications
that cannot be solved by the use of ferrofluids. One reason
is the limitation of perfectly ordered nanostructures to
about one micron squared. A second result from the ques-
tion: “How can we arrange highly ordered magnetic nano-
particles on substrates having a distance larger than
100 nm?”. To overcome these problems, a lithographical
technique applying organic colloids — Nanosphere Lithog-
raphy (NSL) — has been further optimized.!®!

The formation of monolayers of self-assembled colloidal
particles (mainly polystyrene and silica submicron-sized,
monodisperse spheres) is well established and has been
widely used in various fields of research.l! Well-ordered la-
tex particle films were used, among others, as masks that
allow the production of regularly arranged triangular-
shaped structures on almost arbitrary substrates. Through
the evaporation of different materials through the mask, it
was possible to prepare nano-sized particles with diverse
optical®!% or magnetic properties.l'” There are many dif-
ferent monolayer fabrication methods based on electropho-
resis,[%] electrostatic deposition,['!l the Langmuir—Blodgett
technique, spin-coating,['”l the controlled evaporation of
solvents from a solution containing latex particles on a hy-
drophilic substrate,['*! or non-photolithographic meth-
ods.' Many authors used the method of Micheletto et
al.,['3a or other drying-based methods and pointed out that
a hydrophilic surface is crucial for monolayer deposi-
tions.['3] To deposit PS latex particles onto hydrophobic
substrates it is necessary to use an alternative method that
involves assembly onto a liquid—gas or a liquid-liquid inter-
face.l®!

In this microreview we will provide an overview of as-
semblies of ferrofluids, as well as some improvements of
NSL by changing the shadows below — and the interstices
between — hexagonal-ordered monolayers of submicron
spheres. For an overview of theoretical aspects of nanopart-
icle assemblies see.'s! Detailed information on magnetic
properties are available by Leslie-Pelecky and Rieke,!'”]
Binns,!'8 and Spasova and Farle.'”! A short summary is
given in ref.?%l,

2. Superstructures from Ferrofluids

Syntheses: The most important prerequisite for the prep-
aration of magnetic nanoparticle superstructures from
ferrofluids is the control over particle size and size distribu-
tion during syntheses. Many wet chemical routes have been
developed in recent years. Syntheses of monometallic mag-
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netic particles such as Fe,?!l Co,[7b-212.21b.22] o Nj [212.215,23]
have been successfully done by electrochemical
reduction,??234 chemical  reduction by  Li,23
hydroborides,??2%-2211  or polyols®* of metal salts,
thermal decomposition (initiated by conventional
methods[7b,21e,22a,22b,22e—22h,22m,23a,23b] or by ultrasound[Zld])
of zero-valent metal-organic compounds in organic solvents
in the presence of bulky stabilizers such as: i) fatty acids (in
combination with organic amines or phosphanes); ii) poly-
mers, or; iif) surfactants. In the case of i), the fatty acids act
as stabilizing compounds, i.e. to overcome oxidation, Van
der Waals, and dipole—dipole interactions, while the amines
or phosphanes control the particle growth. Surfactants can
be used as stabilizers for inorganic nanomaterials dispersed
in organic solvents or as compounds forming stable micelles
in heterogeneous oil-in-water systems, e.g. sodium dodecyl
sulfate (SDS). Other surfactants, e.g. alkylammonium bro-
mides (DDAB, CTAB) or Aerosol OT (AOT), form a stable
emulsion of water droplets in hydrophobic solvents (reverse
micelles). Figure 1 shows a typical result of Co-particles
prepared by thermal decomposition of octacarbonyldicob-
alt in dichlorobenzene.

Figure 1. TEM images at different magnifications of monodisperse
10 nm Co particles self-assembled on a carbon-coated Cu grid.

The development of bimetallic ferrofluid syntheses has
been based on existing synthetic procedures of monometal-
lic ferrofluids. In general, they have been produced by ther-
mal decomposition of bimetallic zero-valent metal-organic
compounds®! or in-situ or successive thermal decomposi-
tion of zero-valent monometallic metal-organic com-
pounds,*®! as well as by in-situ or successive reduction of
metal salts,?”-?%] or combinations thereof.””! In summary,
bimetallic particles form alloys, core-shell particles, or clus-
ter in cluster particles,?¥ are all dependent largely, but not
exclusively, on reaction kinetics. Applied methods and
properties of these fluids have been summarized in ref.[?%!,

The most common preparation of magnetite (FesO,)
ferrofluids was developed by Massart about 20 years ago
and described in detail in 1987.13% The synthesis was based
on the co-precipitation of Fe' and Fe™ salts in aqueous
solutions stabilized by repulsive electrostatic forces. TEM
investigations show typically aggregated particles, con-
sisting usually of a mixture of ferrimagnetic magnetite, and
maghemite (y-Fe,03), and paramagnetic hematite (aFe,O5).
The ratio of the different iron oxide phases is directly com-
pared to the expense associated with performing the synthe-
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sis under oxygen free conditions, because yFe,O5; and a-
Fe,O5 are oxidation products of Fe;O,4. Figure 2 provides
typical images of magnetite particles prepared in aqueous
medium (a) and after their transfer to toluene (b).

Figure 2. Typical TEM images of iron oxide particles; a) prepared
in aqueous solution by Massart method and b) the same particles
dried from a toluene solution after adsorbing oleic acid on their
surface. The distances shown in the images are the result of fast
Fourier analysis, indicating typical lattice planes of magnetite (re-
drawn with permission from ref.['%4).

Since these reports, several optimizations have been dis-
covered to produce ferrofluids useful for new applications.
One of them was concerned with the possibility of changing
the magnetic properties of the inverse Fe;O4 spinell by re-
placing Fe with Co™, Ni"", Mn", or Zn'" ions.[3!1

Additionally, many reports dealt with solving the classic
problem of nanoparticle aggregation in aqueous solutions
(Figure 2, a). To overcome such aggregation, new prepara-
tions have involved micellar solutions,??! as well as the
transfer of iron oxide particles from aqueous to nonpolar
solvents by hydrophobizing the surface by adsorbing bulky
stabilizers such as fatty acids (Figure 2, b).[3%

Different methods have been applied to decrease particle
size distribution. One method that has been successfully ap-
plied involves synthesis of iron oxides in reverse micelles. A
second method dealt with a size selective precipitation after
transfer of iron oxide particles to nonpolar organic solvents.
Most recently, Sun et al.?* have developed a very successful
method to achieve monodisperse Fe;O,4 nanoparticles with-
out a size selection procedure. This method is based on the
reduction of iron(mr) acetylacetonate by 1,2-hexadecanediol
and further thermal decomposition at high temperatures
(solvent: diphenyl ether, b.p. 265°C) in the presence of oleic
acid and oleylamine as stabilizers. As a result, small Fe;O4
nanoparticles (diameter ca. 4 nm) having a particle size dis-
tribution of ca. 5% are formed and can be further grown
by seed-mediated growth.[3] A further method to obtain

monodisperse maghemite (y-Fe,O3) particles based on the
preparation of Fe particles by the thermal decomposition
of carbonyliron and their further oxidation to the oxide has
been published by Hyeon et al.’®l A detailed investigation
of the structural, magnetic, and electronic properties of iron
oxide nanoparticles prepared by decomposition of iron(ir)
and iron(o) precursors in the presence of different organic
solvents and surfactants has been published in ref.[37].

Table 1 provides an overview of successful syntheses and
surface properties, determining the applicability of different
assembling methods, of various magnetic colloids.

General observations for wet chemical ferrofluid prepa-
rations are increasing particle sizes with decreasing precur-
sor concentrations and decreasing chain length of the stabi-
lizers, and increasing size distributions with increasing final
particle sizes. As one challenge of syntheses is to achieve a
narrow size distribution, the reverse micelle technique and
the so-called “hot injection” technique have been success-
fully applied, especially for the preparation of larger par-
ticles (diameters > 5 nm — 15 nm). Using the latter method,
standard size deviations < 10% have been experimentally
demonstrated (standard size deviations of ca. 5% have been
predicted theoretically by choosing a proper combination
of solvent and stabilizers!*¥l). Moreover, the hot-injection
technique has been employed to facilitate a further growth
of primary prepared particles (seed particles) by reactive
precipitation of precursors on the surface of seed particles.

Three Interfaces Two Shells
Surfactant/Saken Maon ic outer
suractant layer

Inneroxidationlayer with
- femomagnetic,
- antferromagnetse,
- supsrparamagnetic,
- ar nan magnedic properies

Figure 3. Sketch of a magnetic nanoparticle representing the usual
result of colloid chemical synthesis. The desired core material is
covered with an inner oxidation layer of the core material and an
outer surfactant layer that is necessary to overcome attractive
forces. As a result, three interfaces are present, which determine the
nanoparticles properties (adapted with permission from ref.[164),

Table 1. Overview of successful syntheses and surface properties of various magnetic colloids.

Synthesis Materials Surface properties

D Decomposition metals, their alloys, and oxides prepared by post oxi- uncharged, hydrophobic
dation

E Electrolysis metals and their alloys charged, hydrophobic

R Reverse micelles metals, their alloys, and oxides charged, hydrophobic

M Micelles magnetic latex spheres formed by emulsion polymeriza- charged, hydrophilic
tion

(0] Organohydroborate reduction. metals and their alloys charged, hydrophobic

P Polyol reduction metals and their alloys various

C Combination metal alloys uncharged, hydrophobic

H Hydrolysis and condensation iron oxides charged, hydrophilic
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Figure 4. Sketches of models describing the particle surface under different conditions. The chemisorption, i.e. the dissociative adsorption
of stabilizers, is most often used in hydrophobic solvents (e.g. toluene). The physisorption has been successfully used to stabilize colloids by
tetraalkyl ammonium salts in polar organic solvents (e.g. THF). Simply charged surfaces are in principle limited to aqueous suspensions.

The main result of wet chemical preparations of nano-
particles is the fact that one produces composite particles
consisting of a core of the desired material, a protecting
outer surface layer, and an intermediate inner surface layer
of — most often — unknown composition. Figure 3 and Fig-
ure 4 give a schematic overview of the “composite” nano-
particle and its different surface properties (with respect to
different preparation routes) that are mainly determined by
the outer protecting surface layer.

Assembly: Concerned with the control of particle evol-
ution during syntheses by kinetic rather than thermo-
dynamic control of particle size and particle size distribu-
tion, is the phenomenon of self-assembly, which was first
investigated using submicron spheres of PS latex or SiO,
dispersed in water. This work concluded that self-assembly
is conditional on the narrow size distribution of the par-
ticles (standard deviation ca. 5%), i.e. a narrow distribution
of the sum of repulsive and attractive forces between par-
ticles in a colloidal solution. Thus, this conclusion is not
limited to well-separated single particles. It holds also for
aggregates of particles often found in aqueous systems, as-
suming that equal forces interact between aggregates of sim-
ilar size.

Various methods have been applied for assembling mag-
netic colloids in recent years. The different methods and
their requirements — mainly concerned to the surface prop-
erties of the nanoparticles, which are different for different
preparation conditions — are summarized in Table 2 (in view
of Table 1).

3574 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

2.1 Self-Assembly

The most simple particle layer preparation method,
which allows the application of external forces, is drying a
drop of solution on a flat substrate — solid or liquid. This
procedure results in a particle monolayer if the inorganic
material concentration of the fluid is in the order of about
104 M. The monolayer typically consists of particle sheets
of high symmetry interrupted by empty areas containing
excess stabilizer (Figure 5).

The particle sheets can self-assemble into hexagonal-or-
dered arrays as shown in Figure 1, or into cubic-ordered
arrays3>371 depending on the stabilizers nature and/or the
particles shape, respectively. Increasing the ferrofluid con-
centration can increase the particle area density and the
number of layers formed by self-assembly on a substrate.
Increasing the concentration results in multilayers forming
three-dimensional crystals of various symmetry, e.g. hcp,
fce, bee, or tetragonal, but with multiple defects. Figure 6
shows a three-dimensional crystal prepared by drying a
drop of a monodisperse Co-colloid shown in Figure 1.

One major requirement for technological applications of
ferrofluids is their assembly into ordered structures of se-
veral mm? in size. Self-assembling of colloids on aqueous
surfaces allows for the preparation of continuous layers of
several mm? in size typically consisting of well-ordered
cores interrupted by grain boundaries between cores of dif-
ferent orientation. There is no principle difference between
nano-sized inorganic and micron-sized organic colloids.

www.eurjic.org Eur. J. Inorg. Chem. 2005, 3571-3583
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Table 2. Overview of successful assembling methods, their requirements, and their applicability for colloids prepared by methods summa-

rized in Table 1.

Assembling Method

Requirements Applicable for

SA Self-Assembly: self organization of colloidal particles into
symmetric arrays during their deposition on flat substrates,
i.e. flat solid- or liquid surfaces, or their precipitation into
large particulate crystals from over-saturated liquids
External field Improved Assembly:

LB: mechanical force-improved assembly on aqueous sur-
faces

MDT: magnetic force-improved assembly on flat surfaces
EDT: electric force-improved assembly on flat surfaces

IA

LbL
and colloids on solid surfaces of various geometry

Layer-by-Layer assembly: alternative deposition of polymers

narrow distribution of interacting
forces between the colloidal particles

D, M (latex), R, and C

hydrophobic properties D,E,R,O,P and C
D, R, M, C, and H?
R, M, and H[! !
alllcl

ferro- or superparamagnetic properties
charged colloids

charged colloids and aqueous solvents
by use of polyelectrolytes

[a] Particles available by the methods E, O, and P are typically too small to be influenced by external electric and magnetic fields during
deposition at room temperature. [b] EDT approach has not yet been demonstrated for magnetic colloids to the authors’ knowledge. [c]
Applicability is dependent on the solubility of polymers in different solvents.

Figure 5. Typical TEM image of a sheet-like self-assembled film
obtained by drying a drop of ferrofluid on a carbon-coated Cu grid
(adapted with permission from ref.['o"]).
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Figure 6. SEM image of a colloidal crystal prepared from a concen-
trated solution of highly monodispere Co nanoparticles (courtesy
of E. Majkova).

Eur. J. Inorg. Chem. 2005, 3571-3583 www.eurjic.org

The core size can be improved by adding special surfactants
(or simply soap) to the aqueous phase that will change its
surface tension and/or the interaction of the particulate de-
pletion layer. The latter refers to theoretical descriptions de-
veloped by Debye, Hiickel, and Onsager (see common text-
books of physical chemistry).

Figure 7 presents a typical result of particle assembly on
a water surface. The visible structure results from isolated
second layer islands. A perfect monolayer would not be vis-
ible at this magnification, demonstrating the problem of
TEM investigations to show both, symmetry as well as
large-area substrate coverage in case of nanoscale materials.
It is obvious from Figure 8 that the symmetry of the as-
sembled layer is decreased compared to the layer shown in
Figure 1. Nevertheless, assembling on water surfaces allows
(and is limited) to prepare monolayers of, for example, nar-
row symmetry distribution, but over several mm?. Further-
more, this technique allows applying external magnetic fi-
elds during monolayer formation; static, as well as rotating
magnetic fields. The latter may have some advantages in
preparing assembled layers of circular geometry.

Figure 7. a) One mesh of a complete covered Cu grid. The structure
results from islands of a double layer as can be seen in b. b) Higher
magnified image showing the degree of ordering (adapted with per-
mission from ref.[1]),

Further optimizations have been available by applying
the LB technique, dealing with mechanical force to increase
the core size of self-assembled particle layers on water sur-
faces.[*l The preparation of large-scale three-dimensional

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3575
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Figure 8. TEM image constructed from 11 micrographs. The mesh
is 45 pm X 45 pm. The insert demonstrates that the structure is the
same on at least four meshes (adapted with permission from
ref.[160]),

colloidal crystals grown from over-saturated fluids, has also
been reported.2-29K]

2.2 Magnetophoretic Deposition Technique (MDT)

Ordering phenomenon in ferrofluids placed in external
magnetic fields have been observed and theoretically calcu-
lated in literature. More recently, the formation of ordered
stripes and hexagonal sheets has been experimentally ob-
served while drying a thin liquid film of a ferrofluid on a
substrate in an applied external magnetic field7>!¢ Theo-
retical calculations of Lacoste and Lubensky showed that
the shape of ordered structures, which are obtainable by
drying a thin layer of ferrofluid under the influence of an
external magnetic field applied in an identical plane to the
liquid layer, can be completely different. Stripes as well as
hexagonal sheets are available and can be made to coexist
simply by changing the strength of the applied magnetic
field and/or the concentration of the particles.*’! We found
experimentally that the direction of the applied magnetic
field is a further important parameter.!75-16]

Figure 8 is shown for two reasons. Firstly, it demon-
strates the coexistence of stripes (triple layers in this case)
and sheets (monolayers, not really visible at this magnifica-
tion) and confirms theoretical calculations. Secondly, it has
been constructed from eleven single images to demonstrate
large-area ordering within several pm?, which is one major
problem of TEM investigations of nanoscale materials.
(One mesh of a carbon-coated copper grid, typically used
in TEM investigations of colloids, 45 um by 45 pm in size,
is shown.).

Detailed investigations of MDT showed that the size of
stripes (Figure 9) as well as sheets (as in Figure 5) of high
symmetry, interrupted by isotropic regions of low (or no)
symmetry and empty regions,!”?!'%l can be increased by in-
creasing the strength of the applied magnetic field. Fig-
ure 10 shows TEM images of the creation of multidimen-

3576 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

sionally ordered diluted Co colloids of the same concentra-
tion using MDT with external applied magnetic fields of
0.8 T (monolayer, upper left), 1.5T (double layer, upper
right), and 6 T (triple layer, lower left). The lower right im-
age shows a triple layer prepared in the absence of a mag-
netic field for comparison.

Figure 9. TEM image at low magnification showing a large-area of
chains deposited at 0.8 T in perpendicular arrangement (adapted
with permission from ref.[’®)),

Figure 10. TEM images of the creation of multidimensionally or-
dered Co colloids of the same concentration using MDT with ex-
ternal applied magnetic fields of 0.8 T, mono layer (upper left),
1.5 T, double layer (upper right), and 6 T, triple layer (lower left).
The lower right image shows a triple layer prepared in the absence
of a magnetic field for comparison (redrawn with permission from
ref.70]).

By increasing the concentration of colloids one can ob-
tain micron-sized rod-shaped colloidal crystals by MDT
grown perpendicular (magnetic field applied perpendicular
to a substrate) or parallel (magnetic field applied parallel to

www.eurjic.org Eur. J. Inorg. Chem. 2005, 3571-3583
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a substrate) on a substrate as can be seen in Figure 11 and
Figure 12.141
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Figure 11. SEM picture of randomly distributed rods prepared by
drying in air on substrate in a magnetic field of 0.8 T perpendicular
to a Si/SizN, substrate (adapted with permission from ref.[*!]).

Figure 12. SEM picture of rods prepared like in Figure 11, however,
with the magnetic field of 0.8 T parallel to the substrate (adapted
with permission from ref.#1]),

Most recently, the perpendicular magnetic field-directed
growth of such rods has been discussed in detail by the
Pileni group.[*”’ Meanwhile, the magnetic field-directed
growth of rods from bimetallic CoPt; colloids also has been
published. 3!

Despite all those successes, the maximum size of defect-
free inner superstructures available by applying MDT is
limited to the lower pm range.l”5-16]

2.3 Layer-by-Layer Deposition (LbL)

Different to other assembling methods is the LbL tech-
nique, The LbL technique based on polymer-mediated self-
assembly by alternatively adsorbing oppositely charged
polymers (polyelectrolytes) or polymer and nanoparticles
on solid substrates># The LbL approach is, in principle,
applicable for ferrofluids prepared by all methods presented
in Table 1 with one restriction. Dealing with polyelectrolyte
(the most common technique) requires typically aqueous
solutions and charged colloids; therefore it is generally lim-
ited to ferrofluids containing iron oxide. The advantages of
this technique are the availability of assembled layers

Eur. J. Inorg. Chem. 2005, 3571-3583 www.eurjic.org

(mainly layers of aggregates in case of aqueous iron oxide
colloids) on curved substrates, i.e. latex spheres, and free-
standing films including hollow spheres. As a result, nano-
particle layers of different thicknesses alternatively divided
by layers of polymer have been published to be available.

A certain number of articles concerning the preparation
of photonic crystals from magnetized latex spheres are avai-
lable.’4>t43] Two different routes were used to prepare
magnetic organic/inorganic hybrid spheres. One dealt with
the synthesis of magnetite incorporated in polymeric micro-
spheres produced by emulsion polymerization.[*®! The sec-
ond method applied the LbL approach to prepare latex par-
ticles covered with magnetitel>¢>"]

These microspheres have then been used for the prepara-
tion of three-dimensional crystals. The photonic band gap
of these crystals could be varied by varying the distance
between the microspheres within a colloidal crystal by ap-
plying MDT. Increasing the applied magnetic field resulted
in decreasing particle distances and blue shift of the Bragg
diffraction wavelength. Unidirectional shifts have been ob-
served with increasing NaCl concentration in aqueous solu-
tions and decreasing dielectric constants of non-aqueous
solutions.

The Farle group has used the LbL approach to prepare
magnetite-covered latex particles.”4 > Figure 13 shows
TEM micrographs of uncoated PS particles (a) and poly-
electrolyte-modified PS particles with (b) one, (c) two, (d)
three Fe;O, nanoparticles/polyelectrolyte layers. The
average diameters of the composite particles are 650, 770,
and 960 nm, respectively. The insert pictures in (b) clearly
show Fe;O,4 particles on the PS particles, many of them
existing as aggregates.

Figure 13. TEM micrographs of uncoated PS particles (a), and
polyelectrolyte-modified PS particles with (b) one, (c) two, (d) three
Fe;0, nanoparticles/polyelectrolyte layers. The average diameters
of the composite particles are 650, 770, and 960 nm, respectively.
The insert pictures in (b) show clearly Fe;O,4 particles on the PS
particles; many of them existing as aggregates (adapted with per-
mission from ref.[%2l),

These particles were then coated with SiO,-covered Au
particles.>®>1 The use of SiO,-covered Au particles became
necessary because the requirement of a negatively charged
surface of Au colloids (as prepared Au particles by the ap-
plied method are positively charged). This approach in-

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3577
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volves coating of microspheres with a high refractive mate-
rial prior to the colloid crystal formation. Figure 14 demon-
strates the successful preparation of latex@magnetite@gold
core-shell nanostructured microspheres. Properties of pho-
tonic band gap behavior of colloidal crystals prepared from
these particles are under investigation.

ﬂ} Au shells

Fe 0, shells

latex core

Figure 14. a) Schematic of a core (latex)-shell (Fe;04 and Au nano-
particles) magnetic microsphere. b,c) TEM images of 640 nm PS
microspheres: b) covered with two layers of magnetic Fe;04 nano-
particles (d = 750+20 nm) and c) after additional coverage with
three layers of Au nanoparticles (¢ = 860£20 nm) (redrawn with
permission from ref.5¢l).

3. Superstructures by Nanosphere Lithography
(NSL)

The main prerequisite to obtain highly symmetric nano-
structured surfaces of large areas by use of NSL is the suc-
cessful preparation of ordered monolayers of submicron
spheres that are free of grain boundaries. To achieve this,
we have developed a modified preparation technique based
on the deposition of latex particles similar to a LB film
on water. This method, involving surfactant-improved self-
assembly on a liquid—gas interface (instead of a mechanical
force-improved LB-assembly), allowed us to obtain large
monolayers (a few cm?) that could be applied directly onto
various surfaces. Using this simple fabrication technique, it
was possible to prepare monolayers as large as a few cm?
with grain sizes of 1 mm? and above (using latex particles
with diameters between 1000 nm and 500 nm), and areas
of even 50 pum? without other structural defects (like point
defects). Figure 15 shows one typical result of our modified
method (right) in comparison to typical results of other
methods (left).[’]

Figure 16 shows AFM images of nanostructured surfaces
after evaporation of Ni through different masks and further
removal of the latex particles by dissolution in THF. The
hexagonal symmetry of triangular-shaped Ni islands is
clearly visible.[®!

Those nanostructured substrates have been successfully
used for the growth of hexagonal-ordered carbon nano-
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Figure 15. 1x 1 cm? silicon wafers covered with 496 nm PS latex
particles deposited as a monolayer. In contrast to the sample on
the left side, most of the surface of the right one does not contain
any grain boundaries, which are represented as a monochrome light
interference (blue) color of the surface (right). In the second row,
atomic force microscopy images are shown as representative exam-
ples for both samples. Additionally, quantitative information about
the structures was obtained from a power spectrum of the pictures.
Typical reflections for a polycrystalline structure are shown, in con-
trast to the right one which shows a power spectrum of perfectly
ordered PS latex particles (adapted with permission from ref.[164]).

tubes, grown perpendicular on a 1 cm? substrate, and hav-
ing interstices > 100 nm (Figure 17). It has been found that
the distance of perpendicular-aligned CNT’s on substrates
is a critical parameter in the preparation of field emission
devices from CNT’s.[4”)

3.1 The Shadow Approach

The structures obtained by NSL can become much more
complex by varying the shadows below the microspheres of
masks during evaporation. We have first developed com-
puter simulations that predicted the structures resulting
from the variation of the angle between the evaporation
beam and the sample by tilting and/or rotating the sample
under process. Figure 18 shows the principle experimental
setup of the shadow approach.[*8]

Meanwhile, a variety of predicted complex morphologies,
ranging from cup-like structures to rods and wires, have
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Figure 16. AFM image gallery showing 2-D magnetic Ni nano-
structures created by deposition through different PS latex masks.

been successfully prepared using this technique. Figure 19
and Figure 20 give examples of simulation and realization
for one experimental setup, respectively.[*3]

3.2 Fine Tuning of Interstices

The shadow approach could be further improved by
changing the mask morphology, i.e. by decreasing the size
and by changing the form of the interstices between the
spheres through temperature processing. Figure 21 demon-
strates the changes of size and form of interstices and the
change of the interferometric color of a 540-nm PS latex
mask annealed in 25 mL water/ethanol/acetone mixture by

Eur. J. Inorg. Chem. 2005, 3571-3583 www.eurjic.org
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Figure 17. SEM image showing well-aligned carbon nanotubes
grown perpendicular on a substrate that was pre-patterned with
triangular Ni islands (courtesy of Z. F. Ren).

Figure 18. Schematic of the modified evaporation system. (1) Sam-
ple holder, (2) evaporation source, (3) crucible, (4) water cooling
system, (5) electron beam source, (6) shutter, (7) magnetic field.
The evaporation angle is ¢, and R the rotation angle of the sample
(adapted with permission from ref.[*8)).

(A) 1, (B) 2, (C) 4, (D) 6, (E) 7, and (F) 10 microwave
pulses.[*]

Applying temperature-treated masks in the shadow ap-
proach allowed for the preparation of particles with mor-
phologies such as rings and rods. The combination of both
processes allows an outstanding control of size and mor-
phology of particles deposited on substrates. This efficient
way is shown to scale down the size of metallic nanopar-
ticles from 200 nm to 30 nm, while preserving the original
nanosphere spacing and order. Nano-sized Fe rings pro-
duced by this method, having a diameter of 150 nm, show

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3579
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Figure 19. Simulation results for the evaporation through an hcp
mask of ordered spheres, with evaporation angles ¢ varying from 0°
(perpendicular evaporation) to 30° (adapted with permission from
ref.[48]),

Figure 20. SEM image of a bimetallic structure, obtained by a two-
step evaporation process. First step, evaporation of 150 nm Cr
(with sample rotation at ¢ = 25°), followed by a normal evaporation
(¢ = 0°) of 15nm Ni. The inset presents the scan in the AFM
tapping phase mode of the same sample, which shows well-sepa-
rated Ni spots inside the cup-like Cr structures. The diameter of the
mask spheres was 540 nm (adapted with permission from ref.[3]).

ferromagnetic behavior, which has been predicted by mathe-
matical modeling. Figure 22 shows a SEM picture of or-
dered Fe nanorings evaporated over an annealed 540-nm
PS latex mask. The outer diameter of single rings is 150 nm
and the width of the rings is 20-30 nm.*]

Computer simulations that showed the possibility of cre-
ating periodic arrays of any other geometrical shapes con-
firmed all experimental results. Some examples are given in
Figure 23.14%
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Figure 21. Change of interstices and interferometric color of a 540-
nm PS latex mask annealed in 25 mL water/ethanol/ acetone mix-
ture by (A) 1, (B) 2, (C) 4, (D) 6, (E) 7, and (F) 10 microwave
pulses (redrawn with permission from ref.[).

Figure 22. SEM picture of ordered Fe nanorings evaporated over
an annealed 540-nm PS latex mask. The outer diameter of the sin-
gle ring is 150 nm and the width of the ring is 20-30 nm (adapted
with permission from ref.),

Concluding Remarks

We have presented some principles of syntheses of inor-
ganic colloidal magnetic particles, their properties, and re-
cent advances in preparing assembled layers thereof on dif-
ferent substrates. The results are, of course, not necessarily
limited to magnetic particles. The only restriction for non-
magnetic materials is the applicability of MDT. Further-
more, we have shown, that organic colloids, used as litho-
graphic masks, are interesting tools for the development of
mm?-sized nanostructured devices. As reduced size means
increased reactivity, colloid chemistry is not able to provide
solutions in all fields of device development.

Moreover, the applicability of inorganic colloidal mag-
netic particles is limited by their composite nature, the NSL
is limited to two-dimensional structures and the quality of
perfect NSL masks prepared from organic colloids is still a

www.eurjic.org Eur. J. Inorg. Chem. 2005, 3571-3583
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Figure 23. Computer simulation of some structures that should be
available theoretically by evaporation through annealed PS masks
(adapted with permission from ref.[*]).

challenge when PS latex particles 1000 nm > d > 400 nm
are used.

Nevertheless, from the point of view of the ease of sam-
ple handling all the methods presented here have great
promise in aiding the development of devices relevant to
electronic, pharmaceutical, and bioscience technologies.
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