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1 

I ntrod uction 

1.1 
The Way into the Nanoworld 

1.1.1 
From Micro- to Nanotechniques 

Microtechnology has changed our lives dramatically. The most striking impact is ap- 
parent in computer technology, which is essential for today’s industry, and also for our 
individual life styles. Apart from rnicroelectronics, microtechnology influences many 
other areas. The size of typical stmctures that is accessible is in the sub-micrometer 
range, which is at the limits of optical resolution and barely visible with a light micro- 
scope. This is about 1/1000 smaller than structures resolvable by the naked eye, but 
still 1000 times larger than an atom. Today’s developments are addressing the size 
range below these dimensions. Because a typical structure size is in the nanometer 
range, the methods and techniques are defined as nanotechnology. 

The consequent extension of the resolution limit of microscopes led to instruments 
with the capacity to resolve features below the wavelength of light: the field ion micro- 
scope, the electron microscope, and finally the family of scanning probe microscopes. 
Now it is possible to image individual molecules, and even single atoms. 

Although chemistry and microtechnology appear to be fundamentally different, they 
are somehow related. They have mutual interests in the area of properties of materials. 
Microtechnology is not a simple extrapolation of conventional precise mechanical 
methods down to smaller dimensions. Chemical methods, such as plasma pro- 
‘cesses, wet chemical etching and photo resist techniques, are predominant compared 
with cutting or reshaping processes. However, microtechnology follows physical prin- 
ciples. As in classical chemistry, chemical processes in microtechnology use a rela- 
tively high number of similar particles. Individual particles play no dominant role, 
whether in fabrication methods or in applications. 

In nanotechnology, the primary role of classical physical principles is replaced as 
molecular and atomic dimensions are approached. Physical-technical and chemical 
aspects influence the fabrication and the use and application of nanotechnical struc- 
tures on an equal basis. The effects of mesoscopic physics, a field that is influenced by 
and uses quantum phenomenon, complement these aspects. In contrast to classical 
chemistry, small ensembles or even individual particles can play a decisive role. 

)Nanotechnology. Edited by M. Kohler, W. Fritzsche 
Copyright 0 2004 WILEY-VCH Verlag GinbH & Co. KGaA, Weinheim 
ISBN: 3-527-30750-8 



2 I 1 Introduction 

The nanotechnology literature often focuses on the structure size and differentiates 
between two basic approaches. The Top-down approach tries to enhance the methods 
from microtechnology to achieve structure sizes in the medium and also lower nan- 
ometer range. This approach is based on a physical and microlithographic philosophy, 
which is in contrast to the other approach, where atomic or molecular units are used to 
assemble molecular structures, ranging from atomic dimensions up to supramolecu- 
lar structures in the nanometer range. This Bottom-up approach is mainly influenced 
by chemical principles. 

The challenge of modern nanotechnology is the realization of syntheses by the Top- 
down and Bottom-up approaches. This task is not driven entirely by the absolute struc- 
ture dimensions, because today macro- and supramolecules extending up to hundreds 
of nanometers or even micrometers can already be synthesized or isolated from bio- 
logical systems. So the overlap of both approaches is not a problem. Both techniques 
provide specific capabilities that can be implemented by the other. The lithographic 
techniques (Top-down) offer the connection between structure and technical environ- 
ment. The interface with the surrounding system is given in this approach, but it is not 
really possible with the chemical (Bottom-up) approach. At the same time, the integra- 
tion of nanostructures into a functional microtechnical environment is realized. On 
the other hand, chemical technologies provide adjustment of chemical binding 
strength and preferred orientation of bonds, together with a fine tuning according 
to the numbers of bound atoms or atomic groups and a classification of the spatial 
orientation based on the number of bonds and their angles. 

Therefore, nanotechnology depends on both classical microtechnology, especially 
microlithography, and chemistry, in particular interfacial and surface chemistry 
and supramolecular synthesis. Additional basic methods are molecular biology and 
biochemistry, because nature has provided, with the existence of large molecules 
and supramolecular complexes, not only examples, but also interesting technical 
tools'). In the following sections, microtechnical and molecular basics are dis- 
cussed, prior to particular methods for the creation of nanostructures, their character- 
ization and application. 

1.1.2 
Definition of Nanostructures 

A clear distinction between nanostructures and microstructures is given here arbitra- 
rily using length measurements. Nanostructures are defined according to their geo- 
metrical dimensions. This definition addresses technical dimensions, induced by ex- 
ternal shaping processes, with the key feature being that the shaping, the orientation 
and the positioning is realized relative to an external reference system, such as the 
geometry of a substrate. Of less importance is whether this process uses geometrical 
tools, media or other instruments. 

I )  B.C. Crandell and J.  Lewis 1989, K. E. Drexler 
1992, M. Cross 1999 
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A narrow definition of nanostructures is that they include structures with at least 
two dimensions below 100 nm. An extended definition also includes structures with 
one dimension below 100 nm and a second dimension below 1 pm. Following on from 
this definition, ultra thin layers with lateral sub-micrometer structure sizes are also 
nanostructures. 

All spontaneously distributed or spontaneously oriented structures in materials and 
on surfaces are not incorporated in nanotechnical structures. However, this does not 
exclude the presence of such structures in nanotechnical setups, as long as their di- 
mensions are in accord with the above-mentioned criteria. Also microstructured ul- 
trathin layers are excluded, because they exhibit only one nanometer dimension. 
Nanodevices are devices with at least one essential functional component that is a 
nanostructure. Nanosystems consist of several nanodevices that are of importance 
to the functioning of the whole system. 

1.1.3 
Insight into the Nanoworld 

The realization that there are small things in the world that are not visible to the naked 
eye extends back into human history. The development of the natural sciences created 
an interest in the microworld, in order to enable a better understanding of the world 
and the processes therein. Therefore, the development of new microscopic imaging 
methods represents certain milestones in the natural sciences. The microworld was 
approached by extending the range available for the direct visualization of objects 
through the enhancement of microscopic resolution. 

Access to spatial modifications in the nanoworld is not limited to one direction. 
Long before instruments were available for the imaging of molecules, an understand- 
ing of the spatial arrangements of atoms in molecules and solids, in disperse systems 
and on surfaces had been developed. The basis for this development was the antici- 
pation of the existence of small building elements, which extended back to Greek 
philosophers (Leukip and Demokrit: “atomos” - the indivisible = smallest unit). 
‘This hypothesis was confirmed by Dalton with the discovery of stoichiometry as a 
quantitative system in materials: chemical reactions are comprised of fixed ratios 
of reactant masses. Based on the systematic organization of chemical elements, devel- 
Ioped by Dobereiner, Meyer and Mendeleyev, into the Periodic Table of the elements, 
and supplemented by models of the internal structure of atoms, a new theory of the 
spatial connection of atoms was created: the theory of chemical bonds. It not only 
defines the ratios of atoms involved in a reaction. but leads also to rules for the spatial 
arrangement of atoms or group of atoms. We know today that the immense variety of 
solid inorganic compounds and organisms is based on this spatial arrangement of 
chemical bonds. Stoichiometry and geometry describe the chemical aspects of mole- 
cules and solids. The stability and the dynamics of chemical changes are determined 
by the rates of possible reactions that are based on thermodynamics and kinetics. Key 
contributions to the understanding of the energetic and kinetic foundations came 
from Clausius, Arrhenius and Eyring. 
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1.1.4 
Intervention into the Nanoworld 

I 

The scientific understanding of the molecular world and the application of quantitative 
methods laid the foundations of modern chemistry. Before the quantification of che- 
mical reactions, there was already an applied area of chemistry, for example in mining 
or metallurgy. However, it was established through an empirical approach. The under- 
standing of the molecular context and its quantitative description, supplemented by 
the control of reactions by parameters derived from theoretical work or model calcula- 
tions, improved dramatically the conditions for manipulations in the molecular world. 
Measurements and quantitative work established the structure-oriented chemistry. 

Synthetic chemistry, with its beginnings usually being attributed to the synthesis of 
urea by Friedrich Wohler (1828), provides a molecular-technical approach to the nano- 
world. The formulation of binding theories and the development of analybcal methods 
for the elucidation of the spatial arrangements in molecules (e. g., IR spectroscopy, X- 
ray based structure determination, and NMR spectroscopy) transformed chemistry 
from a stochiometric- to a structure-oriented science. Modern synthetic chemistry 
is a deliberate intervention into the nanoworld, because the arrangement of the bonds 
and the geometry of the molecules are addressed by the choice of both the reaction and 
the reaction parameters. In contrast to microtechnology, synthetic chemistry uses a 
large number of similar particles, which show a statistical distribution with regard 
to spatial arrangement and orientation. So today’s molecular techniques connect a 
highly defined internal molecular geometry with an uncertainty in the arrangement 
of the individual particles with respect to an external frame of reference. 

Recent decades have witnessed the synthesis of an increasing variety of internal 
geometries in molecules and solids with small and large, movable and rigid, stabile 
and high-affinity molecules and building units of solid materials. Apart from the atom- 
ic composition, the topology of bonds is of increased interest. A large number of 
macromolecular compounds have been made, with dimensions between a few nan- 
ometers and (in a stretched state) several micrometers. These early steps into the nano- 
world were not limited to the molecular techniques. Physical probes with dimensions 
in the lower nanometer range are also suited to the fabrication and manipulation of 
nanostructures. 

1.2 
Building Blocks of  Nanotechnology 

Nanotechnology utilizes the units provided by nature, which can be assembled and 
also manipulated based on atomic interactions. Atoms, molecules and solids are there- 
fore the basic building blocks of nanotechnology. However, there is a fundamental 
difference from the classical definition of a building material used in a conventional 
technical environment, which also consists of atoms and molecules in solid materials. 
The smallest unit in technical terms includes an enormous number of similar atoms 
and molecules, in contrast to the small ensembles of particles - or even individual 
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particles - addressed in nanotechnology. This puts the definition of material into per- 
spective. The properties of a material are determined by the cooperative effect of a 
huge number of similar particles in a three-dimensional arrangement and by a mix- 
ture of only a few types of similar particles (e. g., in an alloy). Many physical properties 
of materials require a larger ensemble of atoms for a meaningful definition, indepen- 
dent of the amount of material, for example, density, the thermal expansion coeffi- 
cient, hardness, color, electrical and thermal conductivity. 

With solid materials, it is known that the properties of surfaces may differ from the 
bulk conditions. In the classical case, the number of surface atoms and molecules is 
small compared with the number of bulk particles. This ratio is inverted in the case of 
nanoparticles, thin layers and nanotechnical elements. The properties of nanostruc- 
tures are therefore more closely related to the states of individual molecules, molecules 
on surfaces or interfaces than to the properties of the bulk material. Also the termi- 
nology of classical chemistry is not fully applicable to nanostructures. Key terms, such 
as diffusion, reactivity, reaction rate, turnover and chemical equilibrium, are only de- 
fined for vast numbers of particles. So their use is limited to the case of nanostructures 
with small numbers of similar particles. Reaction rate is replaced by the probability of a 
bond change, and diffusive transport by the actual particle velocity and direction. 

However, not all definitions from classical physics and chemistry are unimportant at 
the nanoscale. The consideration of single particles is preferred compared with the 
integral discussion of particles in solid, liquid or gaseous media. Because the dimen- 
sions extend to the molecular scale, the importance of the chemical interactions be- 
tween particles is greatly enhanced compared with the classical case. 

Nanotechnical elements consist of individual particles or groups of particles with 
different interactions between the atoms (Fig. 1). The following types can be distin- 
guished: 

Building block type 

Group of similar atoms 
Group of different atoms with similar 
interactions between adjacent particles 

Group of different atoms with different 
interactions between adjacent particles 

Analogy in classical materials 

elemental solid (e. g., metals) 
compound solids 
(e. g., glass or salt crystals) 

molecular solid (e. g., polymer) 

Single atom - 

Single molecule - 

f i e  dimensions for individual particles can be quite different. Atoms have diameters 
of about 0.1 nm; individual coiled macromolecules reach diameters of more than 
20 nm. In an extended state, these molecules exhibit lengths of up to several micro- 
meters. In principle, there is no upper size limitation for molecules. Technical appli- 
'cations usually use small molecules with typical dimensions of about 1 nm besides 
polymers and solids with three-dimensional binding networks. Synthetic mole- 
Ides ,  such as linear polymers, exhibit, typically, molar masses of 10 000 to 1 000 
000. These values correspond to particle diameters of 2-10 nm in a coiled state in 
most instances. 
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(single atoms) 
~ gas gas molecules 

(pure element) 

Fig. 1 Composition of molecules, atomic solids and molecular solids (schematics) 

Apart from the molecules, both elemental solids and compound solids are essential 
for nanotechnology. They are, for example, prepared as nanoparticles with dimensions 
ranging from a few atoms up to diameters of 0.1 pm, corresponding to about 
100 000 000 atoms. Similar values can be found in structural elements of thin atomic 
or molecular layers, in monomolecular films or stacks of monolayers. A number of 
one hundred million seems large, but it is still small compared with the number of 
atoms in standard microtechnological structures. This quantity corresponds to the 
number of atoms in individual large macromolecules, e. g., in long-chain organic poly- 
mers. 

It is not usually the single atom, but small solids, large individual molecules and 
small molecular ensembles that are the real building blocks for nanotechnology. 
The nature of their connection and arrangement determines the constructive 
potential and functions of the nanotechnical devices and systems. Besides the 
standard lithographic methods known from microtechnology, a wide range of 
chemical techniques are applied in nanotechnology, from fields such as synthetic, 
surface, solid state, colloid and biomolecular and bioorganic chemistry. In addition 
to the importance of chemical methods in many microlithographical processes, these 
methods are increasing in influence in the nanometer range to become a key com- 
ponent in addition to the so-called physical techniques for the creation of small struc- 
tures. 
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1.3 
lnteractions and Topology 

Shaping and joining of materials to devices, instruments and machines is the prere- 
quisite for functional technical systems. The spatial modification of material surfaces 
and the three-dimensional arrangement of the components result in a functional 
structure. This principle applies to both the macroscopic technique and the nano- 
world. However, the spatial arrangement and functions at the nanometer scale cannot 
be described adequately by the classical parameters of mechanics and material 
sciences. It is not the classical mechanical parameters of solids, but molecular dimen- 
sions and individual atomic or molecular interactions (especially the local character of 
chemical bonds) that determine the arrangement and stability of nanostructures, their 
flexibility and function. 

The properties ofa material are controlled by the bond strengths between the particles. 
For shaping and joining, the processes are determined by the strength and direction of 
positive interactions between the joining surfaces. In classical technology and usually 
alsoinmicrotechnology, aseparationbetweenthebondingforces inthebulkmaterialand 
the surface forces has some significance. Both internal and external bonds are based on 
interatomic interactions, the chemical bonds. With the dimensions of nanotechnical 
objects approaching molecular dimensions, a combined consideration of both internal 
and external interactions ofa material with its environment is needed. Besides the spatial 
separation of a material, the orientation of the internal and the surface bonds also 
determine the properties of materials or of material compounds. 

Conventional technology uses materials with isotropic properties. Isotropic means 
that these properties are approximated as being similar in all spatial orientations of the 
solid. Restrictions are as a result of materials being created in an inhomogeneous 
process (e. g., wood) or materials transformed by processes inducing a preferred or- 
ientation (e. g., shaping). The macroscopic model of ideal isotropy is also not valid for 
single-crystalline materials such as silicon, gallium arsenide or other typical microelec- 
tronic materials. A single-crystalline solid excludes the statistical distribution of intera- 
tomic distances and of bond orientations. It includes elementary cells consisting of a 
few atoms, and a randomly oriented plane results in a density fluctuating with the 
angle of this plane. In addition, the bond strength between atoms is localized and 
is determined from its orientation. Such elementary cells create the solid in a periodic 
arrangement in an identical orientation. So the anisotropy of the particle density and 
bond strength on the atomic scale is transformed into macroscopic dimensions. 

However, non-crystalline materials created by surface deposition processes can also 
show anisotropy. Almost all thin layers prepared by evaporation or sputtering exhibit 
anisotropy due to the preferred positioning by an initial nucleation and a limited sur- 
face mobility of the particles, which results in grain boundaries and the overall mor- 
phology of the layer. Even spin-coated polymer layers have such anisotropic properties, 
because the shear forces induced by the flow of the thin film lead to a preferred or- 
ientation of the chain-like molecules parallel to the substrate plane. 

The transition from an almost isotropic to an anisotropic situation is partly based on 
the downscaling of the dimensions. For example, a material consists of many small 
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crystals, so these statistically distributed crystals appear in total as an isotropic materi- 
al. A classification of isotropic is justified as long as the individual crystals are much 
smaller than the smallest dimension of a technical structure created by the material. 
The dimensions of nanotechnical structures are often the same as or even less than the 
crystal size. The material properties on the nanometer scale correspond to the proper- 
ties ofthe single crystals, so that they possess a high anisotropy even for a material with 
macroscopic isotropy. 

The anisotropy of a monocrystalline material is determined by the anisotropic elec- 
tron configuration and the electronic interactions between the atoms of the crystal. It is 
based on the arrangement of the locations o f  the highest occupation probability of the 
electrons, especially of the outer electrons responsible for chemical bonds. The length, 
strength and direction of the bonds as well as the number of bonds per atom in a 
material therefore determine the integral properties of the material and the spatial 
dependence of these properties. 

The decisive influence of number, direction and strength of interatomic bonds is 
even stronger for the properties of molecules. Although molecules can have symme- 
trical axis, outside of such axis practically all properties of the molecule are strongly 
anisotropic. A material consisting o f  molecules can exhibit isotropic properties at a 
macroscopic level, as long as the orientation of the molecules is distributed statisti- 
cally in all directions. At the nanoscale, anisotropy is observed, especially in the 
case of monomolecular layers, but also for molecular multilayers, small ensembles 
of molecules, clusters and individual molecules. 

Because nanotechnological objects consist of anisotropic building blocks, it is usual- 
ly not possible to construct systems where objects of the same type are distributed 
statistically with respect to their orientation. On the contrary, preferred directions 
are chosen, and also the connection to other molecules occurs in preferred orienta- 
tions. So the anisotropic connection network of smaller and larger molecules and 
small solids leads to a constructive network of objects and connections, with aniso- 
tropically distributed stronger and weaker bonds both at the molecular level and in 
larger modules. These networks of bonds create connection topologies, which cannot 
be described simply by their spatial distribution. Depending on the character of the 
bonds between the particles, various complex topologies can interact with each other, 
depending on the point o f  view (e. g., conductivity, mechanical hardness, thermal or 
special chemical stability) of the description of the connection strength. 

The discussion of topological connections in three-dimensional objects at the nano- 
meter scale assists with the evaluation of properties, which are only described in an 
integral manner for classical solids. These properties are essential for the function of 
nanostructured devices, for processes involving movement, for chemical transforma- 
tions, and for energy- and signal-transduction. The spatial relationship is of particular 
importance for the evaluation and exploitation of mesoscopic effects, which are unique 
for nanosystems, such as single quantum and single particle processes. 

I 
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1.4 
The Microscopic Environment o f  the Nanoworld 

Nanometer structures are abundant in nature and the technology. The general ten- 
dency of nature towards the spontaneous creation of structures by non-equilibrium 
processes leads to the formation of more or less regular structures with nanometer 
dimensions. Such objects exist in a variety of time scales and exhibit rather dissipated 
or conserved character. Typical structures can be found in cosmic dust, in the inor- 
ganic structures of solidified magma, or in the early seeds of condensing atmospheric 
water vapor. 

In contrast to many inorganic structures, the nanoscopic objects in nanosystems are 
not spatially independent, whether they are in technical systems or in natural func- 
tioning systems. They are always embedded in an environment or at least adjusted to 
interactions in a larger setting. Nature demonstrates this principle in an impressive 
manner. The smallest tools of life, the proteins, have dimensions of a few nanometers 
up to some tens of nanometers. They are usually found in closed compartments, in 
cells or cell organelles. Often an arrangement into superstructures, as in for example, 
cell membranes, can be observed. These tools for the lower nanometer range are pro- 
lduced in the cells as biological microsystems, and are usually also used by these cells. 
' f i e  slightly larger functional nanoobjects, such as cell organelles, are also integrated 
into this microsystem environment. The smallest biological objects with a certain 
functional autonomy are viruses. With dimensions of several tens of nanometers 
up to a few hundred nanometers they are smaller than the smallest cells, nevertheless 
they can connect thousands of individual macromolecules into a highly ordered and 
complex structure. However, they are not able to live on their own. Only when they (or 
their subsystems) interact with cells in a more complex nanomachinery are they able to 
reproduce and to induce biological effects. 

This principle of integrating small functional objects into a wider environment is 
common in technical applications (Fig. 2). It can already be seen in conventional con- 
struction schemes, e. g., in the combination and functional connection of several units 
in the hood of a car. This principle is essential in microtechnology. Electronic solid- 
state circuits combine individual electronic devices, such as wires, transistors and 
resistors in a chip. The circuits are arranged on a circuit path, and these paths are 
assembled into machines. Approaching the nanotechnology range, even more levels 
of geometrical and functional integration are required, to make the nanoobjects usable 
and the interface functional. The large distance between the macroworld with typical 
dimensions of centimeters to meters and the structure sizes of the nanoworld has to be 
considered. This gap is comparable to the difference between a typical machine and up 
to near cosmic dimensions (Fig. 3) .  

The application of microtechnological objects requires the integration of microchips 
into a macroscopic technical environment. Such an arrangement is needed to realize 
all interface functions between the micro- and macroworld. The lithographic micro- 
structures are not accessible for robotic systems as individual structures, but only in an 
ensemble on a chip with the overall dimensions in millimeters. The smallest lateral 
dimensions of such a structure are in the medium to lower nanometer range, but the 
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contact areas for electrical access of the chip are in the millimeter range. This principle 
of geometric integration is also utilized in nanotechnology, in this case the microtech- 
nology is used as an additional interface level. 

Although selected nanostructures can be produced independent of microtechnol- 
ogy, a functional interfacing of nanosystems requires the interaction with a microsys- 
tem as a mediator to the macroscopic world. Therefore, a close connection between 
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nano- and microtechnology is required. Additionally, a variety of methods originally 
developed for microtechnology were further developed for applications in nanotech- 
nology. So, not only is a geometrical but also a technological integration observed. 
Nevertheless, apart from the methods established in microtechnology and now 
also used in nanotechnology (such as thin film techniques), there are other methods 
preferably used in only one area, e. g.: photolithography and galvanic techniques are 
typical methods in the micrometer range; and scanning probe techniques, electron 
beam lithography, molecular films and supramolecular chemistry are interesting 
methods in the nanometer range. 
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Particles and Bonds 

2.1.1 
Chemical Bonds in Nanotechnology 

In addition to the elementary composition, the interactions between the atoms deter- 
mine the properties of the materials, and therefore, of devices. So knowledge of che- 
mical bonds in a device is essential for its functioning. In classical technology, bond 
properties are described as collective phenomenon, and general material parameters 
are utilized for a fairly indirect characterization. 

Apart from the properties known from the bulk materials, surface and interface 
-properties in particular exert an increasing influence as structure size decreases. 
‘ f ie  material properties in microscopic dimensions often differ dramatically from 
the bulk properties. Besides the dominant role of surfaces and interfaces, the indivi- 
dual bond is also no longer negligible relative to the sum of the bonds in the nano- 
structure. Often individual bonds or single molecules determine the properties and 
function of a nanostructure. 

In general, all types of positive interactions between particles represent bonds. In- 
teractions between atoms, groups of atoms, ions and molecules can vary widely with 
respect to their character and their strength. To differentiate, these interactions were 
divided into classes known as bond types. These classes are well suited for a descrip- 
tion of bonds. In contrast to classical synthetic chemistry where strong bonds are 
important, often the medium and weak bonds are of particular importance in nano- 
technology. The importance of weak bonds increases with the increasing size of the 
aggregates constructed, which is comparable to what happens in nature. While in the 
field of strong bonds the differentiation of bond types is easy, the area of weak bonds is 
determined by the parallel existence of several interactions with a wide range of 
strengths and characters. Molecular geometries are not just described by the topology 
of covalent bonds. Other types of bonds as well as weak interactions contribute sub- 
stantially to the establishment and conservation of given geometries, and therefore 
have to be considered. Thus, the following sections will introduce the key classes 
of chemical bonds and discuss their importance to nanotechnology. 

Nanotechnology. Edited by M. Kohler, W. Fritzsche 
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2.1.2 
Van der Waals Interactions 

I 

All of the shells of atoms interact with each other. When atoms approach each other, 
the electrons of one atom deform the distribution of the electrons of the other atom. 
This deformation disturbs the charge distribution in a way such that the sum of the 
energy of the two approaching atoms is lower than the sum of the atoms initially. This 
difference in energy determines the strength of the bond. If this effect is not influ- 
enced by other bonds (e. g., by the exchange of electrons), the bond energy is fairly low. 
The Van der Waals bond is a weak bond. At room temperature, the bond between 
individual atoms can be easily thermally activated and broken. 

Van der Waals bonds are nevertheless of particular importance in nanotechnology, 
because the building units are usually solids and consist of molecules instead of in- 
dividual atoms. If two or more atoms connected by strong ionic, covalent, coordinative 
or metal bonds, then the interactions of the electron shells with surfaces and molecules 
are in conjunction with the Van der Waals bonds. As a result, as the number of atoms 
in a molecule increases, this molecule is able to bind to a substrate based solely on Van 
der Waals bonds. One consequence of this effect is the decreasing vapor pressure of 
homologue compounds with increasing molecular size. 

The Van der Waals bond is therefore a basic type of bond, which becomes important 
due to the cooperative effect of many atoms bound to each other. The mobility of 
molecules is determined by the size. Another parameter is the partial dissociation 
of Van der Waals bonds by intramolecular movements. If atoms or groups of atoms 
are only connected by freely rotating bonds, the rotation of one part of the molecule can 
thus induce the separation of the respective bond. With fixed bonds, all bonds are 
distributed in a cooperative manner. Van der Waals bonds play an important role 
in hydrophobic interactions. They are essential in resist technology and therefore 
in the whole field of micro lithography. They are also essential for living cells, espe- 
cially in the creation of the three-dimensional structure of proteins. In cells, hydro- 
phobic interactions are a prerequisite for the composition of lipid bilayer membranes 
and the inclusion of membranous proteins in these layers. In analogy to such struc- 
tures in nature, Van der Waals interactions are important in nanotechnology, espe- 
cially in the field of supramolecular chemistry for the arrangement of complex mo- 
lecular aggregates based on smaller units. 

2.1.3 
Dipole-Dipole Interactions 

Owing to the differences in electronegativity, molecules consisting of different atoms 
normally exhibit an inhomogeneous electron distribution. Only when the bonds are 
symmetrical is this distribution not apparent in the surroundings. Otherwise, an elec- 
trical polarity of the molecule is observed. Such molecules, with one or more dipole 
moments, attract each other. The intensity of polarity determines the strength of the 
dipole-dipole interaction. 
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Dipole-dipole interactions are also observed in cases when only one half exhibits a 
permanent dipole moment. Because the electron shell can be deformed by external 
fields, a molecule with a permanent dipole moment is able to induce a deformation 
and therefore a polarization resulting in a dipole moment (Fig. 4). The energy gain in 
such cases is usually lower than the interaction of permanent dipole moments. The 
bond energies are determined by the tendency of the electron shell to be polarized. If 
this capability is low (hard shells), only weak dipole moments are induced, the result- 
ing bond is therefore weak. In shells with high capability for polarization (soft shells), 
significant dipole moments can be induced. 

Dipole-dipole interactions are widely distributed. They account for undesired ef- 
fects in microtechnology, because they are responsible for unspecific interactions. 
These interactions result in deposition on surfaces or unspecific binding of individual 
molecules/particles (Fig. 5). In particular, electron rich heavy atoms exhibit readily 
polarizable electron shells, so that they are sensitive to unspecific adsorption. In 
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gas reactors, such as vacuum equipment, unspecific adsorption is minimized by the 
heating of reactor surfaces and substrates, through thermal activation of desorption. 
Tighter bound particles on substrates are treated by etching through sputtering, which 
is not applicable for sensitive substrates, such as in the case of substrates with ultrathin 
and molecular layers. To counteract these processes of undesired adsorption in liquid 
phase processes, ultra pure substances and solvents are used. 

Coupled dipole bonds are utilized in the three-dimensional folding or arrangement 
of synthetic macro- or supermolecules. The application of less specific bonds for the 
design of molecular nanoarchitecture in nanotechnology is still a long way off the level 
demonstrated in nature. 

I 

2.1.4 
Ionic Interactions 

Where there are large differences in the electronegativities of atoms, a transfer of one 
or more electrons from the less to the more electronegative interacting partner is ob- 
served. The resulting bond is not determined by the binding electrons, but by the 
interactions of the ions created by the electron transfer. The strength of this bond 
is comparable to a covalent bond; it is therefore a strong chemical interaction. 

Pure electrostatic interactions between ionized atoms, as in the case of salts, are of 
less interest in nanotechnology. In contrast, molecular ions and also polyions are of 
particular interest. Macromolecules often exhibit a multitude of similar functional 
groups. If these groups are ionizable and can be readily ionized (e.g., as a result 
of dissociation processes), this effect results in polyionic macromolecules. They 
can interact with small ions of opposite charge, but also with similarly charged poly- 
ionic partners, resulting in the creation and stabilization of multiple ultrathin layers or 
complex molecular aggregates. 

Surface charges, electrostatic repulsion and electrostatic bonds are essential for the 
manipulation of macromolecules, supermolecular aggregates, micelles and nanopar- 
ticles in the liquid phase. Nanoheterogeneous systems can be created, stabilized or 
collapsed by adjustment or compensation of surface charges. 

2.1.5 
Metal Bonds 

The creation of strong chemical bonds by exchange of binding electrons can also take 
place without asymmetric distribution of the electron density. If the exchange occurs 
only in one direction, a single covalent bond is created (cf. Section2.1.6). If the ex- 
change takes place in several spatial directions and is furthermore combined with 
a high mobility of the binding electrons, a so-called metal bond is created. 

Through the simultaneous existence of bonds in various spatial directions the metal 
bond is present in a three-dimensional network of equal bonds. Clusters are created 
where a limited number of atoms are involved. For large numbers of atoms, an ex- 
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tended binding network leads to a three-dimensional solid. Owing to the high mobility 
of the binding electrons, this solid is electrically conductive (Fig. 6). 

The metal bond is of special interest in micro- and nanotechnology due to the broad 
application of metals and semiconductors as electrical or electronic materials. Addi- 
tionally, metal bonds facilitate the adhesion and both electrical and thermal conduc- 
tivity at interfaces between different metals and inside alloys. Completeness or discon- 
tinuity of metal bonds in the range of molecular dimensions inside ultrathin systems 
determine the nanotechnological functions, such as tunneling barriers realized by 
local limitations of the electron mobility or the arrangement of ultrathin magnetic 
layers for magnetoresistive sensors leading to a change in magnetic properties at con- 
s tant electrical conductivity. 

2.1.6 
Covalent Bonds 

Strong bonds occur in the interaction of two atoms with unpaired electrons, resulting 
in doubly-occupied binding orbitals (Fig. 6). While the density distribution of electrons 
cloes not differ significantly from the density distribution of the free atoms, the differ- 
ences in the electronegativity of the binding atoms results in polarity for covalent 
bonds. In contrast to the typically extended solids in the case of the metal bond, in 
some cases the covalent bond can lead to particles consisting of only two atoms, 
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e. g., oxygen or nitrogen found in the air. Covalent bonds can also affect just several or a 
high number of atoms. So the results can be linear, disk-shaped, globular molecules or 
solids extended in three dimensions. 

The fixed rules for the electron density distribution are of importance in nanotech- 
nology, theses rules being based on the number of possible bonds per atom, the num- 
ber of non-binding outer electrons, and the angle between the bonds. They apply for all 
bond types with electron exchange as essential distribution to the bond, such as polar 
and apolar atomic bonds, coordinative bonds and hydrogen bonds. These bonds are 
directed. 

The geometry of the bonds around an atom is influenced by its valence. Bivalent 
atoms create linear or bent structures and trivalent atoms result in trigonal-planar 
or trigonal-pyramidal geometries (Fig. 7). Regular geometries around atoms with 
four valences are planar square or tetragonal, which are deformed in the case of asym- 
metric substitutions. Square pyramids are typical for five valences, and octahedral or 
trigonal pyramids for six valences (Fig. 8). 
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The three parameters “valence”, “polarity” and “direction” create a complex set of 

rules for the architectural arrangements based on covalent bonds. The orientation and 
arrangements of bonds determine not only the topology of bonds, but also the mobility 
of atoms and groups of atoms relative to each other. So the sum of bonds affects how 
the bond topology determines a certain molecular geometry or allows degrees offree- 
dom for spontaneous activated intramolecular mobility, and how the external pressure 
affects the mechanical relaxation of molecules. Also, without intramolecular bridges 
the free rotation of bonds could be limited due to double bonds. 

The creation of molecular nanostructures relies on the degrees of freedom of indi- 
vidual bonds on the one hand, and the rigidity (limitation of mobility) of certain parts 
of the molecules on the other hand. Hence double bonds, bridged structures and 
multiple ring systems of covalent units are important motifs for the molecular archi- 
recture in molecular nanotechnology. 

2.1.7 
Coordinative Bonds 

Bonds are created by the provision of an electron pair by one of the binding partners 
(the ligand) for a binding interaction. A prerequisite is the existence of double unoc- 
cupied orbitals at the other binding partner, so that a doubly occupied binding orbital 
can be created. According to the acid-base concept of Lewis, electron donors are de- 
noted as Lewis bases, electron acceptors as Lewis acids. 

The central atom in such a coordinative bond is usually the respective acid; the 
ligands are the Lewis bases. Such coordinative bonds are typically found with metal 
atoms and metal ions, which always exhibit unoccupied orbitals. Thus metal atoms or 
ions in solution usually exist in coordinated interactions. The metal central ion or atom 
(“central particle”) is surrounded by a sphere of several ligands and creates a so-called 
“complex”; therefore these bonds are also denoted as complex bonds. 

The stability of complex bonds lies between the strength of the weaker dipole-dipole 
interactions and of covalent bonds, thereby covering a wide range. Coordinative bonds 
are therefore particularly well suited to the realization of adjustable binding strengths 
and thus to adjustable lifetimes of molecules. This is of great importance for construc- 
tlon in supramolecular architecture. Nature also uses this principle of finely tunable 
binding strengths of complex bonds, e. g., in the Co- or Fe-complexes of the heme 
groups of enzymes. 

Similar to the covalent bonds, the coordinative bonds are also coupled to the spatial 
orientation of the binding orbitals (Figs. 7 and 8). Because the central particles are 
usually involved in two or more bonds, their orbitals determine the geometries of 
the complex compounds. Two- or multiple-valent ligands often bind on one and 
the same central particle. When multiple binding ligands interact with several central 
particles, complexes with several cores are created. Such compounds are promising 
units for supramolecular architectures and therefore of special interest in molecular 
nanotechnology. 
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Beside anions and small molecules, ring-shaped molecules, extended molecules and 
parts of macromolecules can act also as ligands. Covalent and coordinative bonds are 
then both responsible for the resulting molecular geometries. Because the central 
particle and often also the ligands are ions, coordinative bound architectures in addi- 
tion to exhibiting complex and covalent bonds also display ionic and dipole-dipole 
interactions, representing a complex structure. 

I 

2.1.8 
Hydrogen Bridge Bonds 

The hydrogen bond is a specific case of a polar covalent interaction. It is based on 
hydrogen atoms, which create interactions between two atoms of fairly strong electro- 
negative elements. In this way one of the atoms is relatively strongly bound as a cova- 
lent binding partner, and the second significantly weaker. A classic case of hydrogen 
bonds occurs in water, where they are responsible for the disproportionately high 
transition points of water. 

Hydrogen bonds are observed when the bond of a different atom to hydrogen is so 
polar that the separation of the hydrogen atom almost certainly occurs. So oxygen and 
nitrogen, and to a certain degree sulfur also, are the preferred binding atoms for hy- 
drogen bonds. 

The individual hydrogen bond is of relatively low energy, distributing only a weak 
contribution to the overall energy. In addition, it is easily cleaved. However, several 
hydrogen bonds between two molecules can stabilize the created aggregate signifi- 
cantly by inducing a cooperative binding. 

Hydrogen bonds lead to less specific adsorption processes; therefore they belong to 
the class of bonds responsible for disturbances at surface modifications or on layer 
deposition. In contrast to Van der Waals bonds and dipole-dipole interactions, hydro- 
gen bonds are localized and oriented, so that they contribute significantly to specific 
interactions. In this respect, they are similar to coordinative bonds. So hydrogen bonds 
play an important role in both the supramolecular chemistry and the supermolecular 
synthesis of biomolecules. 

2.1.9 
Polyvalent Bonds 

Nanotechnology is based on the creation and dissociation of connections due to inter- 
actions between atoms or molecules. Reduced dimensions result in a lower relative 
precision for external tools, so the accuracy of manipulations has to be realized by the 
specificity of chemical bonds instead of by external means. A fine-tuned reactivity is 
required, which i s  not possible with the limitations of the individual bonds from of the 
classes mentioned earlier. 

Instead, through the differentiation of a few types of discrete individual bonds, che- 
mical reactivity and specific stability can also be achieved with a digital binding prin- 
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ciple, characterized by the arrangement and number of bonds determining specificity 
and stability. The energy of the individual bond has to be sufficiently small, so that it 
does not result in a stable final binding and can be dissociated if needed. 

Van der Waals bonds fulfill the requirement of weak interaction energies, but they 
do not exhibit positional specificity. So they are not ideal for digital binding, and par- 
ticipate only as background bonds. The requirements of both low binding energy and 
positional specificity are met by many coordinated interactions as well as by the hy- 
drogen bridge bond. These two bonds therefore play a central role in the realization of 
molecular and supramolecular architecture in living systems. Additionally, the ar- 
rangement of a synthetic nanoarchitecture depends on these bonds. In such sys- 
tems, the strength of an individual bond matters less than the number, position 
and relative mobility of binding groups, which determine the geometry and stability 
'of larger molecular architectures. 

While individual weak bonds are easily broken, a cooperative effect occurs in the 
case of coupled bonds, when several bonds only dissociate together. This phenomen- 
on is well known from the melting behavior of double-stranded DNA. The thermally 
induced separation of the two strands connected by hydrogen bridge bonds requires 
increased temperatures with increased strand length and a higher density of hydrogen 
bridges (GC/AT ratio). Over a length of about 40 bases, the melting temperature does 
not increase further, pointing to an independent movement of strand sections above a 
critical length. 

The mobility of molecular groups determines the size of cooperative effective sec- 
tions in larger molecule, which are able to bind externally in a polyvalent manner'). The 
cooperative sections can be extended by the inclusion of rigid groups, such as conju- 
gated double bonds, bridges based on dipole-dipole interactions or coordinated inter- 
actions. This is a prerequisite for stabile polyvalent interactions between large mole- 
cules based on multiple weak bonds. Natural molecular architectures demonstrate the 
synergetic use of different bond types. So the binding pockets of enzymes or antibo- 
dies often utilize a complex system of hydrogen bridge bonds, dipole-dipole interac- 
tions, Coulomb and Van der Waals interactions. 

The strength of polyvalent bonds consisting of one type of individual bond is de- 
termined by the strength of the individual bond and the number of bonds connected 
by the rigidity of the molecule. So building units with a high rigidity and a compati- 
bility with the liquid phase are of specific interest in nanotechnology. Linear aliphatic 
polymers do not fulfill these requirements without the introduction of groups for 
additional rigidity, in contrast to biological macromolecules, such as double-stranded 
DNA or proteins. In synthetic chemistry, rigid and connected macrocycles are appro- 
priate candidates. Other interesting materials are substituted metal clusters, nano- 
tubes and other nanoparticles. They provide an extremely high rigidity based on 
the strong bonds between the atoms of the cluster or the particle, resulting in a cou- 
pling of surface bonds as regards mobility. In such cases, the interactions of groups of 
weak individual bonds represent polyvalent bonds. 

1) M. Mammon et al. 1998 
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Polyvalent bonds, which are strongly coupled weak bonds, provide a base for na- 
noarchitectures. While the activation barrier for the establishment and the dissocia- 
tion of individual bonds is low, the simultaneous activation of a group of coupled weak 
bonds is extremely unlikely. So after creation aggregates are stabile in the long term'). 
Only under extreme conditions or as a result of factors that assist in the successive 
opening of the weak individual bonds (e. g., the catalytic effect of an enzyme), can 
polyvalent bonds be reversed (Fig. 9). 

The synthetic challenge for molecular nanoarchitecture is to avoid the creation of 
complex three-dimensional polymeric networks by spontaneous aggregation, but to 
control the aggregation so that in every step individual units are assembled at defined 
positions. A prerequisite is a high efficiency in the coupling reactions combined with a 
low probability for competing reactions. 

1 )  M. Mammon et al. 1998 
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2.2 
Chemical Structure 

2.2.1 
Binding Topologies 

A relationship between the internal geometry of molecules and the coordinates of the 
external reference system is essential for nanotechnology. In the following, the basics 
of chemical structure are discussed from the viewpoint of spatial determination. Of- 
ten, terms such as “structure” and “molecule” are not sufficient to describe all of the 
geometric and dynamic aspects of the interactions of molecules with nanotechnolo- 
gical structured surfaces and the construction of supramolecular architectures on the 
surfaces of solids. The external and internal mobility of molecules as well as the full 
effect of strong and weak interactions have to be included. 

The term “molecule” will be discussed in the gas phase. Here, all atoms with the 
same (averaged) directional components of translation form a molecule. The joint 
movement is based on interatomic binding forces. The proximity alone is not suffi- 
cient as a parameter, because there are conformations in molecules with rotating 
bonds where atoms are in a close proximity but are without a direct strong bond. 
Also, the absolute strength of a bond is not sufficient for a description. There are 
molecules in the gas phase held together by hydrogen bonds, e. g., acetic acid, which 
mists in the gas phase as a dimer. The criterion of common translation vectors can be 
transferred to the liquid phase. However, it is not applicable when the translation of 
the particles is hindered, e. g., in solidified matrices. 

For this reason, the relative (instead of the absolute) strength of binding topologies 
will be used for the characterization of a particle. A binding topology includes a linear 
arrangement or a network of bonds, which in its entirety is more stabile than all other 
bonds through atoms in its proximity. I t  is independent of the type of bonds, and also 
weaker interactions such as hydrogen bridge bonds or cohesive forces are included. 
This approach allows the general discussion of single molecules, micelles and nano- 
particles. 

An estimation of the strength of the binding topologies requires the discussion of a 
particle and the environment as one system. Strong particles exhibit stronger indivi- 
dual internal bonds compared with weaker external ones. In this sense, a small alkane 
(such as ethane in the condensed phase) represents a very strong unit. Transformation 
into the gas phase is easy, in contrast to the significantly higher temperatures required 
for breakage. The transformation of long-chain molecules of polyethylene, which have 
the same covalent bonds as in ethane, into a mobile phase requires strong thermal 
activation (melting) or the substitution of the solid-state interactions between the mo- 
lecular chains by interactions between dissolved molecules and solvent molecules 
(solvation). Mechanical forces lead to the breakage of the covalent bonds, but not 
to an extraction of a molecule as a unit from the solid. The sum of the weak interac- 
tions with the environment is stronger than an individual intramolecular bond in the 
topology. The movable macromolecule is a relatively weak unit in the binding topology. 
Molecules with a large number of internal stabilizing interactions represent a stronger 
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unit than the unfolded molecule. It is not the strength of a covalent bond network 
alone, but the sum and the arrangement of all intramolecular interactions that deter- 
mine the binding topology of a particle. 

Nanotechnology utilizes different levels of internal stabilization of particles to rea- 
lize durable devices with strong bond structures. The different technological steps use 
units with a wide range of strengths. The stability criterion is the lifetime. For a suc- 
cessful device all components must be functionally preserved over the whole lifetime, 
which is typically in the range of years. When creating nanoarchitectures, intermediate 
units have to be stabile only for the given process step, which can be in the second or 
even millisecond range. Single units used in the technology frequently possess the 
character of reactive intermediates with even shorter lifetimes. 

Particles with shorter lifetimes include molecular aggregates with weaker bonds, 
such as Van der Waals or hydrogen bridge bonds, as the interactions connecting 
the subunits. Typical examples are microemulsions and micelles. Also, coordinated 
compounds are relatively unstable aggregates as in the case of the high exchange rates 
of ligands. 

The geometry of rigid molecules is determined completely by the binding topology. 
This applies to solids with dense three-dimensional binding networks, but also to 
molecules consisting of two atoms, small linear molecules with multiple atoms 
such as carbon dioxide, simply bent molecules such as water, and highly symmetrical 
molecules such as benzene. Various conformations of one and the same molecule 
represent different geometries at the same binding topology. With an increase in 
the number of free rotating bonds, the number of possible geometries of particles 
with the same binding topology also increases. 

The internal mobility of particles represents a challenge to nanoconstruction. Che- 
mical stability does not imply spatial stability. Mobility required in coupling steps 
could be incompatible with certain functions or with subsequent steps in the synth- 
esis. The restriction of degrees of freedom of mobility is an essential instrument for 
molecular nanotechnology. On the other hand, internal mobility of particles is also an 
important instrument, because many chemical and physical functions require me- 
chanical flexibility. Functional nanoarchitectures call for balanced and not maximal 
mobility. 

I 

2.2.2 
Building Blocks of Covalent Architecture 

An ideal approach to molecular nanostructures that have covalent bonds utilizes pre- 
synthesized units (which are easily prepared and manipulated in a homogenous mo- 
bile phase) and their coupling to substrate surfaces. This general principle corre- 
sponds to the classical mechanical construction approach, which builds complex units 
from prefabricated building blocks, or to traditional solid phase synthesis, which 
builds chain molecules by subsequent coupling of molecular groups. 

Molecules consisting of covalent bonds can be grouped according to formal con- 
structive properties. Even complex binding topologies have their roots in a few basic 
types of units (Figs. 10 and 11): 
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Fig. 10 
and a chain link function (bottom) 

Examples of molecular building blocks with a terminator function (top) 

-- single binding elements (“terminators”), e. g., alkyl or trimethylsilyl groups 
-- double binding elements (“chain elements”), e. g., alkenes, simple amino acids 
- three-fold binding elements (“branches”), e. g., substituted amino acids 
- four-fold and higher branched elements 

There is a large number of multiple branched elements. They can usually be traced 
back to a combination of units from the above-mentioned first three classes. So the 
three-fold binding phloroglucin (1,3,5-trihydroxybenzene) can be thought of as being 
assembled from three chain elements (CH) and three branches (COH). 

There are three types of chain elements, based on the symmetry of the coupling 
group (Fig. 12, A-C): 

symmetric T-junction self-complementary T-junction 

Fig. 1 1  Examples of molecular building blocks with branch geometry 
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pling functions in molecular chain links (top) 
and branches (bottom) 

Variations o f  connections of cou- 

- two identical coupling groups, e. g., alkane diol (A) 
- two different groups complementary to each other, e. g., amino acids (B) 
- two different and not complementary groups, e. g., amino alcohols (C) 

The branches can be divided into six basic types (Fig. 12, D-I): 

- with three identical coupling groups, e. g., glycerol (D) 
- with two identical and a third, complementary, group, e. g., lysine (E) 
- with two identical and a third, non-complementary, group, e. g., diamine alcohol (F) 
- with three different groups, including two complementary to each other, e.g., 

- with three different groups, with one complementary to the two other, e. g., hydroxyl 

- with three different non-complementary groups (I) 

tyrosine (G) 

alkyl amino acids (H) 

Silicon and carbon are well suited as units for the construction of complex three-di- 
mensional architectures due to their four valences. In contrast to carbon, with its sta- 
bile C-C bond and a wide variety of chemical methods for preparation and manipula- 
tion, in silicon structures Si-C and Si-0 bonds prevail. The carbon atom is the center 
of an elementary tetragon in the sp3-hybridized state; the same basic geometry is 
formed by Si(O), tetrahedrons. Both structures are responsible for highly branched 
spatial structures. In its sp2-hybridized state, carbon represents a simple branch lead- 
ing to planar structures. 

The properties of molecular systems combine the fairly design-oriented aspects of 
the planned architecture on one side with the rather technological aspects on the other. 
The binding topology is determined by the number of coupling groups per unit, which 
is influenced by the potential of internal connections. In contrast, the symmetrical 
properties of the units determine the choice and the order of reactions leading to 
the architectural arrangements. 
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2.2.3 
Units for a Coordinated Architecture 

The scheme for covalent bonds (Section2.2.2) is also applicable to other types of 
bonds. The central atom of coordinated compounds typically exhibits ligand numbers 
of between 4 and 6. When the ligands with additional coupling groups are bound in a 
stabile manner to the central atom, complex compounds can act as a chain element or 
branch. 

Complexes consisting of monovalent ligands and with a complete saturation of the 
clectron vacancies frequently exhibit only a low stability. Multiple-valent ligands sta- 
bilize to a significant extent through the distribution of electron pairs from two or 
more donor groups. Such so-called chelate complexes are well suited as units for su- 
pramolecular architecture. 

The geometries of molecular groups based on complex compounds are determined 
by the symmetries of the electron shells of the central atom, which are determined by 
the atomic number and the degree of ionization of the central atom. In general, metals 
positioned further left and low in the Periodic Table create coordination spheres of 
higher numbers than metals from the top right. An additional point affecting the 
geometries of complex architectures is that the overall number of coupling groups 
of a coordinative compound is related to the ratio of the number of coupling groups 
per ligand to the valence of the ligands inside the complex. So a six-fold coordinated 
central atom and three bivalent ligands with one external coupling group each results 
in a three-fold coupling complex, which is a simple branch. Changes to the oxidation 
number of the central atom affect not only the stability of the individual coordinative 
bond, but often the geometry of the coordination shell also. 

Chelate ligands with four or more electron pair donor groups are able to build stabile 
chelate bonds with several central atoms simultaneously, thereby creating stabile mul- 
tiple-core complexes or polymeric complex structures. Another route to multiple-core 
complexes is the subsequent reaction of ligands with each other (such as additions 
onto double bonds or condensation) while preserving the coordinative bond. Helical 
supramolecules known as “helicates” can be constructed through the combination of 
multiple-valent bridge ligands with multiple central atoms’). 

2.2.4 
Building Blocks for Weakly Bound Aggregates 

In addition to covalent and coordinative bonds, dipole-dipole interactions, hydrogen 
bridge bonds and Van der Waals bridges can also lead to the assembly of molecular 
building blocks for nanotechnology. Normally (except at very low temperatures) a sin- 
gle bond is not sufficient to stabilize a particle consisting of several atoms. So it is 
preferable that polyvalent bonds are involved, usually exhibiting a mixture of the 
bond types discussed previously. 

1) 1.-M. Lehn et al. 1983 
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Fig. 13 

and strength of  bonds realized in the system 

Principle of construction of complex molecular 
size of and - architectures by complementary changes in number 

supramolecular architectures 

The collective effect of weak bonds is enhanced when the participating particles 
themselves consist of several atoms bound together by strong bonds. Such a building 
block demonstrates a general principle of a binding hierarchy: with the increasing size 
of the molecular aggregates the average strength of the bonds between the particles 
decreases, and the number of simultaneous bonds rises (Fig. 13). 

Many particles in the liquid phase, which influence the reaction but will not actually 
be involved in the final molecular structure that is created, are bound by weak and 
shorter-lived interactions. These particles include the solvent molecules, and also 
other small molecules, which determine the rate and selectivity of the chemical reac- 
tions by preferred interactions with certain regions of the reacting molecules and solid 
surfaces. Typical examples are small amounts of competing solvent or surface-active 
substances, and also metal ions that stabilize reactive intermediates by short-lived 
coordinative interactions or by influencing the concentration of free ligand groups. 
These small molecules therefore act by assisting the important molecules in the crea- 
tion of molecular nanostructures. 

2.2.5 
Assembly of  Complex Structures through the Internal Hierarchy of Binding Strengths 

The general principle of binding strength hierarchy underlying complex molecular 
structures has already been demonstrated in biology (Fig. 14). Proteins show the 
strong modularity applied by nature in the nanoworld: the basic structure of the com- 
plex molecule is one-dimensional (primary structure) and this structure is created by 
covalent (strong) bonds. 

The secondary structure is two- or three-dimensional and is stabilized by multiple 
hydrogen bridges as well as dipole-dipole-interactions, applying bonds that are indi- 
vidually weak but sufficient to give significant support to the structure. The tertiary 
structure is always three-dimensional and is preserved by a number of bonds. At the 
same time, mobility is induced through the low activation barriers of many weak 
bonds. The building blocks used for the primary structure are limited in number 
(20) and chemistry (amino acids). Every block consists of four elemental units that 
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molecular chain 

I Yy standard 

Fig. 14 
in nature (e. g., protein or protein complexes) consisting o f  simpler building 
blocks (e. g., atoms or amino acids) 

Principle of construction hierarchy of supermolecular structures 

have specific tasks, with three of these being identical in all blocks: a coupling unit 
(carboxyl group), a second and complementary coupling group (amino group), a cen- 
tral connective unit (methine group of central carbon) and a variable unit (bound to the 
central carbon). These four units are connected by stronger bonds (resistant to hydro- 
lysis) compared with the bonds between the individual building blocks (peptide bonds 
rion-resistant to hydrolysis). 

Using this hierarchy and enzymes as highly specific molecular tools, nature has 
succeeded in the realization of highly complex, three-dimensional structures of thou- 
sands of atoms in a highly defined and functionally optimized manner, without the 
need for macroscopic tools. Only the modular arrangement in combination with con- 
trol of the binding strength and the resulting intramolecular mobility (and through the 
application of self-assembly mechanisms) overcomes the optimization problem. 

Classical and also supramolecular synthetic chemistry are not yet able to apply this 
strategy ofiiomolecular systems to other classes of compounds and new functions. They 
do, however, use an analogue approach of connecting modules of molecular construc- 
tions with decreasing bond strengths through increasing unit size (Section 5.4). 

2.2.6 
Reaction Probability and Reaction Equilibrium 

A chemical reaction occurs when the two reaction partners come close to each other 
and the sum of the relative movements overcomes the activation barrier. Thus the 
reaction is closely connected with both the internal and the external movement of 
the molecules. In an ideal gas, the reaction probability for particles of a particular 
geometry is based on the spontaneous distribution of energy on the degrees of free- 
dom of mobility. In addition to the number of particles N in a given volume Vand the 
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frequency factorf (which includes the geometric properties), the ratio of the mobility 
energy (RT) to the activation barrier (E,) determines the reaction rate r (Arrhenius 
equation). For a reaction that includes only one partner, for example in a decay pro- 
cesses, the following applies: 

I 

r = dc/dt = -c$e-Ea’RT with c = N/ (L .V)  and L = 6 x mol-’ 

In classical chemistry, the reaction rate is a result of the sum of the reaction probabil- 
ities of the individual molecules. Because of the huge number of particles, even for 
small concentrations and volumes (e. g., 600 000 000 molecules in 1 pL in a 1 nano- 
molar solution), individual reaction probabilities are negligible relative to the overall 
reaction rate. 

In nanotechnology small ensembles of particles, sometimes even a single particle, 
do play an important role. A cube of 10 nm, and even a higher concentration of 10 
mmol L-’, contains only six particles on average. 

The lifetime of a nanotechnical device can be estimated from the ratio of the reaction 
probability to the tolerable failure rate. If an individual molecule plays a key role and 
determines the functionality, the effects of the reaction probabilities are of particular 
importance. Fast decays or other competing reactions should have a lower probability 
than the planned molecular reaction. This principle leads to a strict avoidance of com- 
peting reactions because of the absence of potential reaction partners for such reac- 
tions. This rule softened for individual elements with a function realized by several 
parallel-processing molecules, thereby correlating with the number of tolerable mal- 
functions per individual element. 

However, nanotechnology has the means to overcome this problem. An important 
tool to manage reaction probabilities is the control of the spatial movement of particles. 
While in classical chemistry this movement is based on spontaneous thermal mobility 
(at least in the vicinity of solid surfaces), nanotechnology applies directed transport 
processes, such as migration in an electrical field in a liquid phase. Cold plasma, 
ion or neutral particle beams are well-suited to the directed transport of particles 
onto solid surfaces. They utilize electrical fields to force charged or secondary neutra- 
lized particles in a given direction. 

Adsorption and binding equilibria are often observed on microstructured sub- 
strates, and also sometimes on nanostructured surfaces. Therefore, forward and re- 
verse reactions have to exhibit a certain probability in a given time range. This process 
can be described by an equilibrium constant Kad (binding constant), e. g., for the bind- 
ing of particles onto surfaces: 

Classical chemical kinetics based molecular statistics are not applicable to processes 
involving a small number of particles. This is the case for the situation in a chemical 
equilibrium. For microstructured binding spots known from biochips with several 
millions of similar molecules, the effect can even be observed: a chip of 3 pm2 for 
an assumed foot print of 0.3 nm2 per molecule exhibits about lo7 binding places. 
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With a binding constant of lo6, on average 9 999 990 places are occupied, but 10 
remain free. So a prerequisite for the statistics of large numbers is not given. For 
a reduced binding area of 300 nm2, the statistical method fails even for binding con- 
stants below io3. 

Also in the classic case, reactions with conditions close to equilibrium are driven by 
probability in nanotechnology. In addition to the external electronic, physical and che- 
mical factors, a molecular quantum noise can also be observed and reduces the signal- 
to-noise ratio. This phenomenon is of particular importance for operations with large 
libraries of substances, as, for example, in the case of DNA computing'). 

Molecular operations in nanotechnology should be considered under the aspect of a 
certain distance from the equilibrium. So nanotechnology can be compared with bio- 
molecular morphogenesis, where essential processes also take place away from the 
equilibrium. The kinetic trick in nature is the application of fast reactions with small 
participating particles (e. g., equilibrium in protonation or the creation of coordinated 
compounds) to support slow processes away from the equilibrium, such as the con- 
struction of supermolecules or subcellular structures. Hence enzymatic processes be- 
come important in nanotechnology. In the classical chemical sense, enzymes are cata- 
lysts, and the enhanced reactions are usually close to equilibrium. For the same num- 
ber of similar particles this view is identical to inorganic and non-biogenic organic 
catalysts. However, for small numbers of particles and the application of a probability 
approach, the question arises as to whether the enzyme is activated after coming into 
contact with a substrate molecule. Depending on the activation of the individual cat- 
alyst molecule, the substrate is preserved or converted into the product. This behavior 
is similar to a classical tool. Because of the probability conditions, and the level of small 
particles, catalysts are tools rather than reaction partners. 

1) R. Sikorski and R. Peters 1998, A. Dove 1990, 
C. Mao et al. 2000, Q. Liu et al. 2000, M. Ogihara 
and A. Ray 2000 
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3 

Microtechnological Foundations 

3.1 
Planar Technology 

Standard methods of mechanical fabrication usually fail for devices with dimensions 
in the medium and lower micrometer range. Therefore, novel techniques with extre- 
rnely high precision and resolution have been developed for microtechnology. In con- 
trast to the typical dimensions of 0.3-1 mm for precision mechanics, standard meth- 
ods of microsystem technology provide dimensions down to 0.25-1 pm'). The preci- 
sion has also increased, from 1-10 pm down to the sub-micrometer range and extends 
below 20 nm for the advanced microelectronic circuits. 

Apart from the dimensions of the structures created, the means of fabrication has 
also changed. In general, an increase in the effectiveness of spatial restriction can be 
observed. Biological systems have the ability to create complex structures from the 
inside, e. g., from within the volume. On the other hand, technical fabrication usually 
starts from the outside and acts on the surface. The only exception is the shape of small 
components of the materials, so that the geometry of these small particles determines 
the material properties, but not the external geometry. This principle of fabrication of 
starting from the outside extends from standard mechanics into microtechnology. 

To achieve the desired high resolution and precision in microfabrication, one has to 
accept technological restrictions as regards the choice of materials. For precision me- 
chanics certain preconditions still apply: lathes only work on surfaces with round cross- 
sections, a planing machine requires an even surface. Even surfaces are optimal for key 
methods of microtechnology. Such surfaces are not only needed for individual tech- 
nological steps, butthey provide awhole technological platform foran optimal application 
ofnearly all methods. This joint platform also offers maximal compatibility between the 
different technological steps. Because the even surface is its key parameter it is called 
planar technology. Planar technologyutilizes materials with one or oftentwo parallellevel 
planes. Typical examples are the so-calledwafer, glass or silicon disks that are utilized in 
the mass fabrication of microelectronic chips. Because several modification steps occur 
on the surface of these materials they are referred to as substrates. 

1) W.M. Moreau 1988, A. Heuberger 1991, M. J.  
Bowden 1994, M. Madou 1997, P. Rai-Choud- 
hury 1997, W. Menz, J. Mohr 1997, F. Vijlklein 

and Tn. Zetterer 2000, Y. Nishi, R. Doering 
2000, W. Menz et al. 2001 

Nanotechnology. Edited by M. Kohler, W. Fritzsche 
Copyright 0 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 
ISBN: 3-527-30750-8 
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Planar technology has the following advantages: 
I 
- the substrate plane provides a simple geometric reference 
- the substrate plane allows for marks for a lateral positioning 
- substrates with a radial symmetry are possible, differences in positioning due to 

- no inhomogeneity with respect to thermal strain and radiation intensity due to sub- 

- thin layer depositions are homogenous compared with rough or bent surfaces 
- projecting methods (with e. g., light, electron or ion optics) require only a small 

depth of focus 
- in fluid media, rotating substrates induce a constant thickness for the diffusion 

layer, resulting in homogenous transport processes for electro or surface chemical 
processes 

- for most inspection techniques, only one plane or a minimal depth of focus has to be 
measured 

- substrates with planar parallel surfaces can be easily partitioned into chips of the 
same thickness 

symmetry are minimized 

strate geometry during exposure, deposition and etching processes 

Planar technology is usually realized as layer technology. This means that the lateral 
dimensions of the materials on a substrate are some orders of magnitude larger than 
the thickness. An exception is the substrate itself, which can be etched to relatively 
large depths as in the case of silicon deep etching. The thicknesses of the layers 
have to be adapted to the functional and specifically to the microtechnological require- 
ments. This means for that for cost-efficient technologies, the layer thickness should 
not exceed the dimension of the lateral structures by more than an order of magnitude. 
Lateral dimensions in the lower micrometer range can be realized by standard tech- 
niques, as long as the vertical dimensions are in the same range (Fig. 15 a and b). This 
rule is also valid for nanostructures. 

The deposition of various thin layers of different materials is a proven method in 
microtechnology. The thickness of these layers is usually around 1 pm, but it can vary 
between below 100 nm and several micrometers. This range is clearly differentiated 
from the thick layer technique (from several tens to 100 pm) and the ultrathin layers 
(about 1-10 nm). The latter are of particular importance in nanotechnology. 

The term “layer” includes several types (Fig. 16): 

A. Continuous layers with homogeneous thickness prepared on a planar substrate 

B. Structured layer of homogeneous thickness on a planar substrate, with parallel top 

C. Continuous layer ofhomogeneous thickness on a topographically structured substrate 
D. Structured layer of homogenous thickness on a topographically structured sub- 

E, Continuous planarizing layer on a topographically structured substrate 
F. Structured planarizing layer on a topographically structured substrate 

with parallel top and bottom planes. 

and bottom planes, but with additional faces 

strate 



Fig. 15 Illustration o f  aspect ratios 

between 0.1 and 10 (cross sections) 
Top: line structures. 

Bottom: trench structures 
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l i n e s  

According to this definition, structural elements that are not connected to each other 
can also be regarded as a layer. They can be prepared by fabrication of a continuous 
layer and subsequent microstructuring steps (subtractive process) or by separate de- 
position of the individual structures (additive process). The subtractive method begins 
with the deposition of the functional layer, prior to the creation of an etching mask 
with windows corresponding to the areas of the functional layer to be removed by the 

unpatterned layer patterned layer 

plane substrate 

substrate with 
surface topography 
(topography- 
reproducing layer) 

substrate with 
surface topography 
(planarizing layer) 

Fig. 16 
and substrates with a relief (cross sections) 

Variations of closed and structured layers on plane substrates 
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Fig. 17 Subtractive and additive patterning of layers (cross sections) 

etching process. The additive method initially applies the mask onto the substrate, 
prior to deposition of the functional material. So the functional material is limited 
to the unmasked regions of the surface after removal of the masking material (Fig. 17). 

Most devices exhibit more than a single layer. Stacks of layers are used for the to 
achieve a combination of materials. A stack can include layers with a wide range of 
thicknesses. The order of the layers is determined by the function, but is also influ- 
enced by technological restrictions with respect to the order or orientation in the stack. 
Such restrictions include interdiffusion zones in the interface between two layers, 
mechanical tension gradients induced by growth conditions, a difference between 
deposition and ambient temperature combined with different thermal extension coef- 
ficients of the layers. Other conditions influencing the sequence of the layers are the 
selective etching behavior of layer materials or the extension of grain boundaries or 
complex morphological parameters on the interface between two materials. 

Normally nanostmctures have to be embedded into a microtechnical surrounding. 
This creates the challenge of combining thin layers with ultrathin layers in one stack 
with layer thicknesses stretching over three orders of magnitude. In such cases, the 
choice of layer arrangement and the method for structuring are of particular impor- 
tance. In addition to the preparation, this wide range of thicknesses also challenges the 
characterization of layers and structures (cf. Section 6). 
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3.2 
Preparation of Thin Layers 

3.2.1 
Condition and Preprocessing of the Substrate Surface 

Layer techniques are key to the integration of the materials for microtechnical devices 
into a system, because the substrate surface should approximate a planar state through 
the deposition and microfabrication steps. By utilizing layer deposition techniques, 
such planar surfaces can be realized in a cost-efficient manner. 

The conditions on the substrate surface determine the quality of the deposition 
process. The chemical composition of the surface influences the binding between 
the substrate and the layer, thereby determining the adhesion of the layer and the 
chemical resistance of the interface. It establishes the starting conditions for the layer 
preparation, and the properties of the interface zone determine the functional proper- 
ties of the layer. The preprocessing and cleaning of the surfaces and the control of the 
chemical and physical surface properties is an essential prerequisite for microstruc- 
turing methods and in particular for nanotechnology'). 

The surface conditions of substrates depend on the materials and the preprocessing 
steps. Surfaces tend to adsorb gas molecules and particles. Charging effects, which are 
critical in the case of electrically isolating surfaces, supports this process. Previous 
vacuum processes enhance the deposition of molecular components, because re- 
duced pressure assists with the transfer of molecules of low vapor pressure into 
the gas phase. This is an issue with the volatile hydrocarbon components of oils, 
e. g., in oil-based vacuum pumps. The pressure increase observed moving from va- 
cuum to atmospheric pressure leads to a condensation from the gas phase, resulting 
in molecular adsorbates and even to continuous adsorbate films on the substrates and 
the walls of the reaction vessels. The condensation of water from air is avoided in 
vacuum equipment by the application of dry noble gases for pressure equalization. 

Most metals and semiconductors react with air. Any water that is present is more 
reactive than the oxygen, resulting in fairly continuous layers of oxides and hydroxides. 
' f ie  thickness of these layers ranges from islands and discontinuous monolayers to 
continuous oxide layers of several micrometers thickness. Some metals create oxide 
passivation layers in air and in many process media. Typical thicknesses are in the 
nanometer range. If these layers are complete, further oxidation is prevented. 

Beside oxygen and water, hydrogen sulfide also reacts with many metals leading to at 
least a partial creation of metal sulfides on the surfaces. Water-containing oxide films 
or adsorbate layers are able to react with the carbon dioxide of the air, leading to car- 
bonates and hydrogen carbonates. This variety of potential byproducts on surfaces is 
iurther extended by process steps with reactive components. The application of halo- 
genide ions in cleaning and etching baths or of halogen compounds in plasma pro- 
cesses supports the creation of halogenides on the surface. Also phosphates, sulfites 
and sulfates can be found, depending on the compounds utilized. 

1) F.W. Kern Jr,. G. W. Gale 2000 
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An unspecific etching step under vacuum conditions is a typical approach to achie- 
ving the defined surface conditions. The application of chemically inert but accelerated 
particles (usually noble gas ions) breaks bonds on the surface and transfers the des- 
orption product into the gas phase. It is a universal approach for practically all types of 
surface contaminations. It has the advantage of being conducted in the same vacuum 
vessel as the subsequent deposition steps, so the cleaned surface can be further pro- 
cessed without a break in the vacuum and a time delay. However, such a universal 
removal process eliminates not only contaminations but also parts of the functional 
layer. Hence it has to be carefully controlled in the case of thin layers, and is not ap- 
plicable for ultrathin layers. 

More gentle cleaning procedures need to differentiate between contaminations and 
the actual layer material. Therefore, the choice of cleaning procedure requires a certain 
knowledge of the type of contamination. Standard procedures utilize, for example, 
aqueous acids and bases as well as oxidizing solutions to convert organic and salt 
contaminations into water-soluble compounds prior to removal. Instead of the unspe- 
cific etching step with energetic noble gas ions, reactive plasma cleaning procedures 
are also applied. They apply, for example, oxygen for the selective removal of organic 
contaminants without interactions with non-oxidizable substrate material. 

The adhesion of a layer onto the substrate is based on chemical interactions between 
atoms of the substrate and the layer. Van der Waals interactions alone result in poor 
adhesion. The process management is simplified when the chemical properties of the 
substrate, layer and interface are not too different, so that the stability of the interface 
layer is similar to that of the individual materials. The bonds in the interface layer are 
usually less stable compared with the bonds inside the layers, which is also the case for 
strong bonds between substrate and layer. The strength of individual bonds and the 
density of the bonds influence the layer adhesion. Apart from covalent bonds, surface 
charges also result in binding interactions. One example is functional groups observed 
in an ionized state. Although usually compensated for, like charges can lead to local 
failures. 

The controlled introduction of adhesion-promoting materials in the interface or as 
an intermediate layer (adhesion layer) leads to significantly enhanced binding inter- 
actions. Adhesion layers consist of materials able to form strong bonds with both the 
layer underneath and the top layer, when the lower and top layers themselves interact 
only weakly. Noble metals bind to other metals by metal bonds. On the other hand, 
they exhibit a low affinity toward oxygen, resulting in a low adhesion on oxide surfaces. 
Transition metals, such as titanium and chromium, which are easily passivated, form 
very stable bonds with oxygen. So they exist in air with oxide surface layers. They 
remain metallic when they are deposited in high vacuum or under very low partial 
pressures of oxygen and water, so that in a subsequent step a noble metal can be 
deposited directly on top of this layer. Because base metals form stable bonds with 
oxide or hydroxide surfaces, on such surfaces they can act as adhesion promoters 
for the subsequent metal layers (Fig. 18). 

Metal layers often stick poorly to hydrocarbon surfaces, such as to many polymers. 
Films of polymers usually exhibit good adhesion between each other, as long as a 
certain mobility of groups of atoms within the context of the molecular chain is ob- 

I 
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Fig. 18 Mechanism o f  adhesion layer of  transition metals (e. g., chromium) 
A: Poor adhesion of a gold layer on a substrate with hydroxyl groups without adhesion 
layer. B: Increased adhesion o f  a gold layer on a hydroxyl surface due to an adhesion 
layer of chromium 

served. This applies for many linear polymers that are deposited from a liquid phase. 
‘I’herefore, polymers with polar functional groups are utilized as adhesion promoters 
for metal layers or inorganic compounds. 

3.2.2 
Layer Deposition from the Cas Phase 

Layer deposition from the gas phase represents an important group of preparation 
techniques for thin and ultrathin layers. Often it is the only practical way to achieve 
thin layers of homogeneous thickness. 

A general feature of these techniques is the transport of precursors for the layer 
preparation through the gas phase to the substrate surface, where they are involved 
in layer growth. In the case of two-dimensional deposition (all techniques without 
direct-writing deposition), the trajectories of the particles are statistically distribu- 
ted, as are the points of contacts of the particles. The morphology of the resulting 
layer depends significantly on the mobility of the layer-building particles on the sur- 
face. If the particles have no mobility, layers with a rather unordered arrangement of 
the individual particles develop. These layers are amorphous. The fixation of the par- 
ticles and therefore the tendency towards an amorphous layer correlates with the re- 
ciprocal of the ratio of the melting temperature of the deposited material and the ab- 
solute temperature, and with the decrease in bonds between the deposited atoms. In 
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the case of a low surface mobility, a solid-state structure exhibits only a low order in 
small dimensions based on particle diameter and the interaction between the nearest 
neighbors. 

An increased mobility of the particles on the surface leads to condensation and 
crystallization centers as seeds for the layer development. Only in certain cases 
does the substrate induce the creation of adjacent seeds into monocrystalline layer 
elements. Every seed usually leads to an individual grain, which is either amor- 
phous, an elementary crystallite, or consists of several other crystallites. The resulting 
layers are always heterogeneous, including a variety of morphological domains. De- 
pending on the local arrangement of atoms or molecules, one can differentiate be- 
tween an amorphous, partially crystalline and polycrystalline arrangement. Grain 
boundaries demonstrate changes in the orientation of crystal planes and anisotropy 
axis, and lead to increased free volumes. In the case of heteroatom layer composition, 
chemical differences can also be observed. 

Size and density of the grains depends on particle mobility. Higher mobility results 
in only a few seeds, leading to extended large morphological domains. The lower the 
mobility, the denser and smaller the structure of the grains, and the wider leads the 
effects of the starting seed arrangement into the grains. For low mobility, this effect 
leads to column-like structures in thin layers, with column diameter correlated with 
mobility. Because the surface mobility of particles correlates with the melting tempera- 
ture, a direct dependency of the layer morphology on the ratio of deposition to melting 
temperature is observed. 

If the surface mobility of a particle is very low, nearly every contact with a surface 
atom leads to a bond. So small inhomogeneities and surface roughness is enhanced in 
the process of further layer deposition. Dendritic structures are observed, and at a 
certain density sponge-like structure are observed. This process requires low deposi- 
tion temperatures. So thin layers of nanoporous materials can be prepared (Fig. 19a). 
Depending on the material and deposition conditions, a wide pore width distribution 
ranging from atomic dimensions (0.1 nm) up to micrometers is observed. Such layers 
are for example catalybcally active surfaces, chemical absorption layers, or absorption 
layers for electromagnetic radiation. 

An increased surface mobility of the particles results in denser structures. Indivi- 
dual particles come to a halt after contact with several neighbors. For an overall low 
mobility (i. e., the removal from given positions exhibits a significant activation 
barrier) the layers become denser, but the thermodynamically most stable positions 
are usually not reached. Only in the vicinity of atoms is a rather ordered arrangement 
achieved, on the atomic scale it is not ordered. So the state is amorphous or 
glassy (Fig. 19b). Grain boundaries and domains are found inside such amorphous 
layers. 

Higher surface mobilities of deposited particles reduces the number of seeds cre- 
ated, and the seeds grow through the subsequent addition of further atoms or mole- 
cule in energetically favorable positions and orientations. So regionally ordered ar- 
rangements, that means small crystallites, develop. With further layer growth, these 
crystallites come close to each other, and finally a continuous layer is created. The 
crystallographic orientation of the individual crystallite and sometimes also the devia- 

I 
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Fig. 19 Layer deposition from a vacuum. a) Formation 
o fa  highly porous layer due to adsorption o f  particles with 
extremely low surface mobility. b) Formation o f  a disor- 
dered layer (amorphous material) due to low surface 
mobility o f  the adsorbed particles. c) Formation o f  par- 
tially crystalline or polycrystalline layers for moderate I I 
surface mobility o f  deposited particles C 

tion of the exact position of the seeds lead to the development of grain boundaries 
(Fig. 19c). The result is a polycrystalline layer. 

The dimensions of the morphological domains are usually between a few and some 
hundred nanometers, thereby mirroring the range of interest for nanotechnology. 
While in microtechnology the dimensions of domains have only an integral influence 
on material properties, in nanotechnology even the influence of discrete morpholo- 
gical domains can play a role. To minimize the influence of individual morphological 
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Fig. 20 
resulting from the deposition of particles with 
very high surface mobility 

Creation of single-crystalline layer 

I I 

domains on the function of the devices, nanotechnology is aimed at layers with very 
small domains and amorphous materials without grains, such as glassy layers or sin- 
gle-crystalline structures. 

Tne fabrication of single-crystalline layers requires epitactical layer growth. Such 
growth is important for the production of stacks of layer for compound semiconduc- 
tors''. Layer arrangements of compound semiconductors are applied in optoelectro- 
nics. Epitaxial depositions start from a planar, single-crystalline surface. Seed induc- 
tion is minimized, the layer growth occurs on the faces of the atomic layers, thus being 
created plane by plane (Fig. 20). This process requires two preconditions: the lattice 
distances of both substrate and deposited material should be comparable; and there 
should be a certain particle mobility to allow for minimum binding on lattice planes 
but maximum growth at lattice steps. 

3.2.3 
Evaporation 

This deposition technology is based on the evaporation of suitable material from a 
source by thermal activation (electrical heating, electron beam, lamp heater, etc.) 
in a vacuum process. Because of the low gas density, the thermally activated gas par- 
ticles move with virtually no interactions through the reaction vessel and deposit on the 

1) M. Schulz 1972, H.-F. Hadamovsky 1972 
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walls and substrates placed in the reaction chamber. Movement of the substrates al- 
lows for layers of homogeneous thickness despite the inhomogeneous density of the 
evaporated particles. 

The energy of the particles reaching the substrate surface is equivalent to the ther- 
mal energy of the source, despite the side processes, for example, wall contact and 
cooler particles. The higher the vacuum, the nearer the particle energy is to the source 
temperature, with the following equation describing the relationship between particle 
speed v, mass m and temperature T (in K) for every translational degree of freedom: 

kT = mv2 (3.1) 

With thermal evaporations, particles of the evaporated material initially contain kinetic 
energy equivalent to the surface temperature of the material in the evaporator. This 
energy is reduced on impact with cooler gas particles and the walls of the reactor. Only 
with pressures low enough to cause the free path lengths of gas particles to be equiva- 
lent to the source-substrate distance, the particles emerging from the source are able to 
carry their energy to the substrate surface. 

Typical particle energies for evaporation processes are in the range of a few tens up 
to some 100 meV, so that the energy input into the substrate is moderate even for high 
deposition rates. Substrate holders of evaporators are often equipped with heating and 
cooling systems to control the layer morphology. 

The kinetic energy of particles is usually below the binding energy of the surface 
components. Apart from reactive compounds or substances which desorb easily, the 
chemical state of the surface is preserved. The relatively low kinetic energy of the 
particles leads to their low surface mobility, usually resulting in strong structured 
surfaces with fine grains, and column-like or even fractal structures. A disadvantage 
of this approach is that the removal of contaminants is missing, so that vacuum eva- 
poration requires thorough cleaning of the surface. 

The preservation of sensitive surface states is a huge advantage for nanotechnology. 
In contrast to other deposition techniques, sensitive substrates can also be processed. 
Thus evaporation is better suited, such as sputtering or reactive plasma deposition for 
the deposition of metal films onto a molecular monolayer or an individual macromo- 
lecule as well as supermolecular arrangements. 

3.2.4 
Sputtering 

Sputtering utilizes a mechanical activation (instead of a thermal process) to dissociate 
particles from a source, the target'). This approach provides the important advantage 
that materials which are difficult to evaporate can also be utilized for deposition. Inert 
ions created in a plasma and accelerated in an electrical field are used for the mechan- 
ical activation (Fig. 21). Their kinetic energy must exceed the binding energy of the 

1) J.S. Logan 1989 
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Fig. 21 Scheme of a reactor for sputter deposition 

particles in the target material significantly. To achieve sufficient deposition rates, an 
excess of 2-3 orders of magnitudes is usually applied. A prerequisite for such energies 
is sufficient free path length for the acceleration of the ions, requiring at least mod- 
erate vacuum (mtorr) or even high vacuum (ytorr). Because the particles experience 
only a few contacts on their way through the gas phase, they preserve a significant 
amount of kinetic energy and exhibit a narrow angular distribution. 

The energetic difference between evaporation and sputtering is shown schemati- 
cally in Fig. 22. The area of the circles and arrows represent the energy. In sputter 
processes, the kinetic energy of a small particle exceeds that of a similar particle in 
evaporation (Fig. 22A) by several orders of magnitude (Fig. 22B), so that at impact 
the sputtered particle exhibits the energy of a particle that is several orders of magni- 
tude heavier than a thermalized one (Fig. 22C). 

Thus a particle that usually originates from the target and reaches the substrate 
surface exhibits sufficient energy to induce chemical reactions on the surface, 
such as the desorption of adsorbed particles or the activation of chemical bonds be- 
tween the substrate and layer particle. Sputtered layers stick better than evaporated 
layers, and have a higher stability towards surface failures. However, they are not ap- 
propriate for depositing layers on sensitive surfaces, such as organic films. In this case, 
a certain gas pressure, a limited temperature of the substrate and a limited energy of 
the deposited particles are required. 

The energy input into the substrate is significant, especially for higher sputter rates. 
The energy originating from the kinetic energy of the particles is often exceeded by 
energy due to the plasma. For thermal reasons, the surface mobility of particles is 
higher than with evaporation processes, and comparable layers are usually more com- 
pact but sometimes morphologically rougher. The roughness of sputtered thin layers 
is normally significantly lower than for evaporation at room temperature. This is the 
reason for the preference of sputter processes for the fabrication of ultrathin metal 
layers on organic substrates in nanotechnology. 
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Layers of various qualities can be realized by the choice of deposition process, va- 
cuum, particle energy and deposition rate. They range from highly compact layers with 
properties approximating the bulk material to extremely nanodendritic and highly 
porous material, for example, Silbermohr. 

The addition of reactive gaseous components during the sputter process also allows a 
chemical conversion of the target material to take place’). Such a “reactive sputter 
deposition” can be used to prepare metal oxide layers utilizing metal targets. Because 
of the high energy of the particles in the gas phase, a collision there has a high reaction 
probability. The same applies for the substrate surface. Under the addition of different 
amounts of oxygen and nitrogen, metal and semiconductor targets can lead to non- 
stoichiometric oxides, nitrides, oxynitrides and other compounds. In addition, reactive 
sputter processes achieve high deposition rates for oxides, because dielectriclayers canbe 
prepared from conductive substrates, and the sputter efficiency is higher than for non- 
reactive sputtering of oxide targets due to the usually lower binding energy of metals. 

I 

3.2.5 
Chemical Vapor Deposition 

Chemical vapor deposition (CVD) is based on the addition of the starting substances 
for layer deposition in the gaseous phase. The layer composition is determined by the 
parameters of the activating plasma and, most notably, the types and the proportions of 
the gases2). The conditions ensure that the condensing products are created on the 
substrate but not in the gas volume. CVD processes normally exhibit higher pressure 
compared with sputtering. Particles arriving on the substrate have a broader angular 
distribution of orientation, and their energy is low. Because reactive components are 
involved and the layer creation is based on a chemical conversion at the substrate 
surface, in the presence of functional groups the particles form bonds with the sub- 
strate, despite the low kinetic energy of the arriving particles. 

Incomplete conversion of the gases into layer material leads to byproducts, which 
should be gaseous or at least volatile. Thus silane (SiH,) and ammonia (NH,) react to 
give silicon nitride (Si3N4 as a layer) and hydrogen. 

The preparation of monocrystalline layers on monocrystalline substrates is a key 
process for many applications, such as in solid-state electronics and optoelectro- 
n i c ~ ~ ) .  Such epitaxial layers exhibit a high quality and provide optimal conditions 
for the control of charge transfer in miniaturized devices. The preparation of mul- 
ti-component epitaxial layer arrangements prepared from mono atomic layers of dif- 
ferent materials are denoted as atomic layer epitaxy (ALE),). Thus, the next layer develops 
only on the complementary previous layer and every layer has a self-limited growth based 
on the chemical properties of the substrate material. The buildup of a binary material by 
ALE is shown schematically in Fig. 23. The first layer of substance A is deposited on the 

1) W.D. Westwood 1989 
2) A. Sherman 1987, H.O. Pierson 1992, 

L.-Q. Xia et al. 2000 
3) T.F. Kuech et a]. 2000 
4) T. Suntola 1989 
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Fig. 24 
alternating addition of hydrogen sulfide and zinc chloride using an ALE pro 
cess (M.Ritala arid M.  Leskela 1999) 

Generation of zinc sulfide layer by a reactive synthesis based on 

substrate. Because this material does not react with itself, the growth stops after the 
formation of a monolayer. Subsequently, a second material B is deposited on the sub- 
strate, which forms a chemical compound with A but not with itself. The third step again 
includes deposition ofA, and so on. The process can be controlled precisely, so that not 
only is the composition and degree of ordering of individual layers determined, but even 
the exact number of individual atomic layers. As an example, Fig. 24 shows the pre- 
paration of an epitaxial zinc sulfide layer through ALE from alternating reactions with 
ZnC1, and H,S'). In principle, layers containing just one element can also be fabricated 
by ALE, when the valences of the deposited atoms required for the subsequent con- 
struction are blocked by protecting substituents. In this case, deposition and activation 
steps occur in an alternating pattern. This approach represents an analogy at the atom- 
ic level to solid-phase based organic synthesis, where two excluding complementary 
binding reactions or protection group chemistry is used. ALE is also suitable when a 
high precision of layer thickness and/or layer composition is required, without the 
need for epitaxial layers. This wider application field, with numerous examples of 
ALE utilizing a wide range of materials, is detailed in Table 1. 

1 1  M. Ritala and M. Leskela 1999 
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Tab. 1 
amorphous materials)” 

Examples o f  compound materials that are created by ALE processes (including polycrystalline and 
I 

Metals 
Semiconductor 
Carbide 
Nitrides 
Nitrides (metallic) 
Oxides, dielectrics 

Oxides (transparent conductors 
and semiconductors) 
Oxides (supraconductor) 
Sulfides 

Fluorides 
III/V semiconductors 

Ge, Cu, Mo 
SI 
SIC 
AIN, GaN, InN, SIN, 
TIN, TaN, Ta,N,, NbN, MoN 
A1,0,, TrO,, ZrO,, HfO,, Ta,O,. Nb,O,, Y,O,, MgO, CeO,, SiO,, 
La,O,, SrTiO,, BaTiO, 
In,O,, ITO, In(O,F,), ZnO, Ga,O,, NrO, COO, 

YBa,Cu,O, 
ZnS, ZnSe, ZnTe, Cas, SrS, Cas, SrS, Bas, CdS, CdTe, MnTe, 
HgTe, La2S3, PbS, In2&, CuGaS, 
CaF,, SrF,, ZnF, 
GaAs, AlAs, All‘, Inl’, Gal‘, InAs 

3.2.6 
Galvanic Deposition 

Galvanic deposition can be applied for the creation of continuous thin layers as well as 
for the direct preparation of structures. While the fabrication of thin layers is of limited 
importance, galvanic deposition is an important additive structuring technique. 

Additive shaping processes working with molecular disperse or ionic phases are the 
material-constructive pendant to the etching processes. The transport of material from 
the mobile phase to the surface influences the fabrication of the desired structure, and 
can be controlled by a directed transport together with a localized deposition onto an 
unstructured area, or by mask structures directing the deposition into the holes. Mo- 
bile phases can be fluids but also gases. 

In the case of metals, galvanic deposition presents a simple method for the additive 
buildup of nanolocal structures in the liquid phase. Galvanic layer deposition includes 
the supply of the layer materials in the form of salts, and the deposition by electrical 
current. A prerequisite is a conductive layer on the substrate, which is wired and able 
to deposit metal ions from solution cathodically prior to conversion into solid metal: 

M’ + e- + M, ( 3 . 4  

The composition of the galvanic bath, the electrical potential, the temperature and the 
current density determine the quality of the deposited layer. Compact layers are usual- 
ly the result of low deposition rates. Because metal ions are provided in the form of 
complex compounds, the choice of ligand L is essential for the quality of the deposited 
layer and structure: 

[ML,lm + k e- + M + n Li(m-klinl (3.3)  
(M = metal, L = ligand, k ,  n, m = stoichiometric and charge coefficients) 

I )  M. Ritala and M. Leskela 1999 
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Fig. 25 
red layers by galvanic deposition in the windows 
o f  a lithographic mask 

Additive preparation o f  microstructu- 
substrate 

conduct lve  
base layer 

counter  electrode 

- deposited metal  

I 

Galvanic deposition allows the fabrication of structures with high aspect ratios, if ad- 
hesion masks with steep flanks are utilized (Fig. 25). Also, geometrically defined na- 
nostructures can be fabricated for amorphous or microcrystalline layers, and even sub- 
micrometer and nanometer struciures with high aspect ratios are possible. 

Fig. 26 
by galvanic deposition in resist structures with various flank profiles 

Additive preparation o f  nanostructures with different flank angles 
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MASK A MASK MASK 

Fig. 27 
by galvanic deposition 

Preparation of mushroom-like nanostructures with various profiles 

Nanogalvanic deposition uses mask of non-conductors, and deposits metal from the 
solution in the windows onto the conductive substrate. Mask materials are polymer 
resists, preferably PMMA or similar compounds, which are nanostructured by elec- 
tron, ion or X-ray lithography. Galvanic deposition transfers the mask window as a 
plastic negative onto the metal structure. Therefore, the flank geometry of the 
mask window determines both the lateral dimensions and (in connection with the 
thickness of the deposited material) the three-dimensional shape of the metal struc- 
ture. The mask can usually be removed later by using an isotropic solvent, leading to, 
for example, structures with large aspect ratios and structures with undercut edges 
(Fig. 26). One example is the fabrication of metal columns of 75 nm diameter and 
700 nm height (aspect ratio 9.3) by cathodic deposition of nickel in an electronic 
beam structured array of holes in a resist layer'). Complex flank profiles can be pre- 
pared by partial galvanic overgrowth of the mask layer surface or the use of multiple 
layer resist technology (Fig. 27). 

3.2.7 
Deposition by Spinning (Spin Coating) 

For spin-coating, a solution of the layer-building material is placed onto a plane and 
centrally rotating substrate. Fast rotation of the substrate results in a centrifugal float- 
ing of the material, leading to a decrease in resist thickness. Simultaneously, differ- 
ences (even significant ones) in substrate height will be completely leveled (Fig. 28). 
Evaporation of at least one solvent component results in a jump in the viscosity of the 

I ]  G. Binnig et al. 1999 
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Fig. 28 Compensation o f  initial thick inhomogeneous 

homogenous layers by the effect o f  cen- 
film thickness 
In the start phase 

ness inhomogeneities and preparation of 

trifugal forces during spin coating 

centrifugal force 

reduced local flow 
due to reduced 
film thickness e- 

@ centrifugal force 

planarized resist film surface 

e=L.. centrifugal force 

resist layer. As a result of an overlap of this viscosity change with the fluid-induced 
decrease in layer thickness the resist floating stops after a small period of time, so that 
layers with highly reproducible thicknesses can be prepared. 

Spin-coating is a convenient method. I t  delivers layers of high thickness homoge- 
neity and can extend down below a thickness of 100 nm. Spin-coating planarizes struc- 
tured surfaces better than the other deposition techniques. There is only a residual 
relief due to the evaporation of the solvent after solidification of the layer. This shrink- 
age is approximately proportional to the local resist thickness. Because heating de- 
creases the viscosity of the resist, subsequent tempering steps can reduce the ob- 
5,erved relief in the case of densely located structures (Fig. 29). One problem is that 
topographic failures are higher than the final resist layer, because they lead to 
long-ranging inhomogenities in the thickness. For low topographic relief, spin-coat- 
ing is an interesting deposition technique for nanotechnology. 

A precondition for an application of spin-coating is the feeding of the layer-building 
rnaterial as a spinable resist. It requires viscous floating ofthe resist material. The layer 
rnaterial has to be soluble in a solvent which exhibits an adequate evaporation rate 
during the spinning process, so that a stabilization of the chosen layer thickness is 
achieved. It requires the application of a mixture of solvents with different evaporation 
rates. The solvent with the lower evaporation rate facilitates the layer stabilization, 
whereas that with the higher rate leads to a homogenous, failure-free layer. The re- 
rnaining solvent is usually removed in a subsequent drying step. 
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The requirements of solubility and solvent parameters limit the choice of spinable 
layer materials significantly. Organic polymers, and also biopolymers, are easily de- 
posited by this method. Inorganic layers are accessible when the atoms of the planned 
layer are chemically integrated into the resist and the organic components of the layer 
are later removed, e. g., by thermal treatment or plasma processing. One example of 
this approach is the so called spin-on glass layer. Normally oxide layers are involved, 
because the polymers are removed in an atmosphere of oxygen. 

An important point for nanotechnological applications is the stretching and orienta- 
tion of chain-like molecules such as polymers in spin-coating processes (Fig. 30). 
Although the layers are solidified as glassy or rubber-like, they are not fully isotropic. 

isotropic distribution 
of orientations of molecules 

(without shear forces) 

preferential orientation 
of molecules due to 
spinning process 

t t;esrst 
Fig. 30 
molecules within resist layers by shear forces 

Alignment o f  rod- or chain-like 
substrate 

[shear forces) during spin coating 
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3.2.8 
Shadow-mask Deposition Techniques 

In micro- and nanostructures, a local deposition of material from the gas phase results 
instead of a homogeneous layer. One simple approach to this problem is the applica- 
tion of an aperture at a defined distance from the substrate surface. Because the struc- 
tures are created at the moment of material deposition (and without an etching step) 
this process represents an additive technique. 

Local deposition of directed particles allows the fabrication of structures with very 
small dimensions. This technique applies a shadow mask which contains the shape of 
the final structure as a hole, which is positioned in close proximity to the substrate. A 
material beam with low divergence is required. Because the structure is generated 
below the mask holes, the technique represents a negative process (Fig. 31). 

The structure generated on the substrate can be significantly smaller than the mask 
opening, as long as the distance between mask and substrate is optimal and the ma- 
terial beam is highly focused. Structures of down to 15 nm diameter can be prepared 
using micro beads with a diameter of 1.6 pm as distance mounts and mask openings of 
about 50 nm'). Slit-shaped masks yielded lines of similar dimensions. 

A special shadow-mask process utilizes a small slit created in the cantilever of a 
scanning force microscope (Fig. 32, for scanning probe techniques cf. Section 4.4). 
Using the scanning tip and the laser-based z-axis positioning of the cantilever, the 
cantilever is aligned over the surface, which is scanned in the xy-direction. A particle 
beam of low divergence from an evaporation or ionization source is directed onto the 
cantilever and through the slit onto the substrate surface. The beam diameter has to be 

1 )  M.M. Deshmukh et al. 1999 
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Fig. 31 
through a shadow mask with a small distance to the substrate 

Additive fabrication o f  nanostructures by directed deposition 
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Fig. 32 
shadow masks using a scanning probe cantilever with aperture 

Direct-writing additive fabrication by deposition based on 

less than the lateral cantilever dimensions to shield the beam from the cantilever, 
except for the small part which is shining through the mask opening. The size of 
the projected structure depends on the aperture of the opening in the cantilever’). 
An additional switchable aperture (“beam blanking”) allows any pattern to be created 
on the substrate. This method is ideal for the preparation of some small structures, but 
is problematic for larger areas and longer writing times due to the time requirements 
and the deposition of material on the cantilever, which means that the cantilever prop- 
erties are changed. 

3.3 
Preparation o f  Ultrathin Inorganic Layers and Surface-bound Nanoparticles 

3.3.1 
Ultrathin Layers by Vacuum Deposition Processes 

While the term thin layers describes thicknesses of about 1 pm, the term ultrathin 
layers describes thicknesses in the medium and lower nanometer range. It refers 
in particular to molecular monolayers and stacks of molecular layers, but also de- 
scribes less defined arrangements. 

Ultrathin inorganic layers can be monocrystalline, amorphous-isotropic or polycrys- 
talline and, respectively, amorphous-anisotropic. Inorganic ultrathin layers are pre- 
pared by standard vacuum processes known from the production of thin layers (cf. 
Section 3.2). Preconditions are homogenous, smooth and clean substrate surfaces 
as well as a high homogeneity in the deposition process and in film formation. 

1) R. Liithi et al. 1999 
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Epitaxial deposition techniques allow for the preparation of a highly defined single 
atomic layer on a monocrystalline substrate. Ultrathin layers consisting of several 
.atomic layers normally exhibit atomic steps. These layers, consisting of a few atomic 
layers, can also be prepared by sputter processes. Although this approach yields no 
13rdered monolayers, the precision of the average layer thickness is in this size range 
.and the fabrication of fairly homogenous, closed layers with thicknesses down to the 
sub-nanometer range is possible. 

One application of ultrathin inorganic layers is magnetic multilayer systems. The 
magnetic decoupling of a ferromagnetic layer by ultrathin layers of non-ferromagnetic 
metals yields materials with a high magnetic field coefficient with respect to electrical 
conductivity, with an application as magnetoresistive sensors (GMR sensors). 

Another preparation technique for ultrathin inorganic layers is the CVD process. In 
contrast to the techniques described earlier, all of the precursors for a CVD process are 
-provided in the gas phase, requiring reactive precursors. CVD methods are described 
for a variety of materials in microtechnology. Extra thin layers can be achieved by layer 
deposition induced by external energy sources (PE-CVD), such as HF or microwave 
excitation. The rather inactive educts are transformed into highly reactive particles, 
e. g., by ionization or homolytic bond cleavage with the formation of reactive radi- 
cals. So the control of energy application (e. g., for only a short period of time) leads 
to control of the layer growth. 

Thus a change of gas composition in between periods of energy irradiation allows 
the realization of a stack of different layers. Owing to the influence of the type of 
electronic excitation and the potential distribution near to the substrate on the layer 
deposition, the control of the energy input yields defined layer properties perpendi- 
cular to the surface. The layer elements with, for example, different electrical isolation 
or mechanical stress have thicknesses down to the lower nanometer range. 

3.3.2 
Deposition of Ultrathin Films from the Liquid Phase 

The choice of the type of deposition for ultrathin inorganic materials from the liquid 
phase depends strongly on the material properties. Metal layers can be created by 
electrochemical methods, such as cathodic, or by electroless deposition. A cathodic 
deposition requires a conductive substrate. An even layer formation is required to 
realize homogeneous layers. Surface-controlled processes are preferred, due to the 
occurrence of autoenhancement of inhomogenieties in transport-controlled deposi- 
tion processes. A high quality of the substrate is important for the creation of a homo- 
geneous layer deposited by cathodic ablation. 

Similar requirements are valid for electroless deposited metal layers. The fabrication 
of such layers in the liquid phase represents an electrochemical process. In contrast to 
the cathodic deposition, the electrons required for the reduction of the metal ions are 
provided by a reducing agent and not an external current source. So only a local current 
flow is observed (Fig. 33). 

To achieve the deposition of material on the substrate, spontaneous reactions be- 
tween metal ions and reducing agent have to be avoided. The composition of the me- 
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tallization solution and the deposition protocol have to ensure that the metal seed 
formation occurs only on the surface or even only on selected elements, such as na- 
noparticles or individual molecules. These seeds grow to larger clusters or closed thin 
layers. 

3.3.3 
In Situ Generation o f  Ultrathin Inorganic Films by Chemical Surface Modification 

Ultrathin inorganic films can be prepared by the chemical transformation of layer or 
bulk material on a surface by reaction with reaction partners from the gas or liquid 
phase. A typical example in microtechnology is the surface oxidation of metals and 
semiconductors. Using increased temperature in air or an oxygen atmosphere, and 
possibly with controlled injection of water vapor, thin films of silicon oxide are fab- 
ricated on monocrystalline silicon. This process is widely applied for the formation of 
dielectric layers in microelectronics and microsystem technology. 

Utilizing high-temperature processes in an atmosphere containing the respective 
reaction partner, thin surface films of various thicknesses can be formed on metal 
surfaces. The quality of the surface films is essentially determined by the cleanliness 
and the composition ofthe initial surface. The layer thickness is influenced not only by 
the duration of the process, but also by the mobility of the reaction partners in the 
formed layer, because for the layer growth either particles from the initial layer ma- 
terial diffuse to the free surface, or components of the gas phase have to diffuse to the 
interface between the deposited layer and the initial surface. 

Typical thicknesses are about 1 pm for isolation layers, but significantly less for 
capacitive coupling. Of special interest are spontaneously-grown ultrathin oxide films 
for the fabrication of electronic tunneling contacts, requiring isolation layer thick- 
nesses of about 1-2 nm. They are realized by the deposition of easily oxidizable me- 
tals, which are deposited in a vacuum free of both humidity and oxygen, prior to a short 
incubation period with an increased partial pressure of one of active components such 
as water or oxygen. After removal of the reactive gas and flushing with inert gas, the 
formed very thin oxide or oxidhydratic layer is immediately protected and stabilized by 
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Fig. 34 Generation of isolating or semiconduct- 
ing layers by spontaneous oxidation of metal layers 
on the surface on disruption of the vacuum 

ultra thin oxide film 
(formed by 
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an additional metal layer (Fig. 34). Niobium and aluminum are examples of metals 
suitable for the controlled formation of such ultrathin oxide layers. 

Thin metal oxide, oxidhydrate, hydroxide or salt films can also be prepared on metal 
substrates in liquid phase. Comparable to the galvanic deposition, these processes are 
initiated by an external potential, but in this case in an anodic polarization. The 
strength and duration of the polarization is determined by the electrical potential 
and, in particular, the composition of the electrolyte. Oxide and hydroxide films 
are formed from the aqueous phase or at least with the addition of water to non-aqu- 
eous electrolytes. The preparation of salt-like layers requires the addition of the respec- 
tive anions and occasionally should be carried out under water-free conditions. 

3.3.4 
In Situ Formation o f  Ultrathin Inorganic Layers on Heteroorganic Materials 

Ultrathin inorganic layers are prepared by the transformation of a surface film of or- 
ganic material, when this film contains materials that readily form stable inorganic 
films. This is often the case for metals and semiconductors with stable oxides. 
One example is the formation of very thin oxide films on treating silicon-containing 
polymers with an oxygen plasma or with ion beam radiation in the presence of oxygen. 

The preparation of thin and ultrathin inorganic layers by treatment with an ion beam 
or plasma also works on other heteroorganic materials. Suitable components are read- 
ily covalently integrated into organic layers, and form compounds stable with respect 
to oxygen and humidity at room temperature. In an oxygen plasma, highly stable oxi- 
des are observed. 
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Tab. 2 In situ generation o f  ultrathin Si0,-layers from Si-containing polymers 
I 

Matrix element Oxide Property 

C co gaseous 
co2 gaseous 

H H P  volatile 
0 
Si S i 0  non-volatile 

SiOL stable solid 

- 

3.3.5 
Immobilization of  Nanoparticles 

In addition to the ultrathin layers, nanoparticles are interesting both as materials and 
for nanostructure technology. Nanocomposite materials and nanoparticles are already 
established in materials sciences in several areas. Thus, the special properties relating 
to the small size, such as size-dependent light adsorption or the huge specific surface 
area, are utilized; a large number of particles will be involved. 

In addition, the individual particles are of interest in nanostructure technology. 
Therefore, methods are being developed to manipulate small ensembles and even 
individual nanoparticles. One approach is based on the principle of reducing the di- 
mensions. Nanoparticles are deposited in mono- or submono-layers on planar solid- 
state surfaces, where they bind on the surface in a similar manner to molecules. How- 
ever, larger particles form non-specific bonds when in contact with surfaces, based on 
their relatively large contact area, and these numerous non-specific forces overcome 
the few specific bonds; smaller particles exhibit a greater influence of individual che- 
mical bonds compared with ensembles of weak and non-specific bonds. This enables 
the controlled deposition of nanoparticles onto microstructured areas, resulting in 
microchips with spots covered with nanoparticle monolayers. A prerequisite for 
this specific binding is the existence of complementary-reactive groups on the surface 
of both the nanoparticle and substrate. 

The reactions of nanoparticles with each other is also possible with appropriate 
functionalization of the surface. This extends the surface chemistry with nanoparti- 
cles in solution to synthetic chemistry. The specific hybridization of single-stranded 
DNA can be used for the connection of gold nanoparticles exhibiting thiol-functiona- 
lized oligonucleotides with complementary sequences'). These structures can be de- 
posited as synthetic nanoparticle modules. Analogous operations are possible with 
organic nanoparticles, e. g., polymeric nanoparticles. 

I )  T.A. Taton et al. 2000, C. M. Niemeyer et a1 
2001 
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3.3.6 
In Situ Formation of Inorganic Nanoparticles 

IVanoparticle formation is observed in the initial phase of various layer deposition 
processes. The growth of galvanic, electroless-electrochemical, sputtered or reactive 
deposited layers is usually with seeds statistically distributed over the surface. If 
the deposition process is stopped before coalescence, that is before the merging of 
islands or seeds into a continuous layer, nanoparticle layers are observed. The cover- 
age depends strongly on the ratio of seed formation to growth rate. This ratio is con- 
trolled by deposition rate and surface mobility ofthe deposited particles. The density of 
ihe nanoparticles increases with decreasing surface mobility, so it rises with the inter- 
action energy between the particle and surface, and is inversely proportional to surface 
temperature. 

A local formation of thin layers with immobilized nanoparticles, mono- and sub- 
mono-layers of nanoparticles is possible through deposition and transformation pro- 
cesses. The in situ fabrication of nanoparticles in thin layers uses the segregation of 
compounds in a molecular-disperse system, one example is the recrystallization of 
AgN03 nanoparticles in poly(viny1 alcohol)'). 

3.4 
Structure Generation and Fabrication of Lithographic Masks 

3.4.1 
Adhesive Mask Technique 

The transfer of a small structure onto a substrate or a functional layer is carried out 
with a wide variety of different sources, ranging from 1:l initial images to digital data 
sets. The various techniques applied in this context are combined in the term micro- 
lithography, with photolithography being a widely utilized method2). The larger pro- 
portion of microlithographic techniques apply a resist layer to create adhesion masks 
on the substrate or on the functional layer. 

The adhesion mask technique is a key aspect of planar technology. In this way the 
structure of every functional layer is patterned into a mask layer (the resist) prior to 
pattern transfer in the functional layer. A resistance of the mask layer to the applied 
etch media is required. This requirement often narrows the choice of mask material. 

Resists based on organic polymers are preferred as adhesion masks. These resists 
show a local change in solubility in a certain solvent (developer) due to local exposure to 
electromagnetic radiation. The change to higher or lower solubility differentiates the 
resists into positive and negative ones, respectively (Fig. 3 5 ) .  Steep edges in the resist 
are a prerequisite for the fabrication of small structures and high aspect ratios. There- 

7 )  W. Fritzsche et al. 1998 
2) W.M. Moreau 1988, M.1. Bowden 1994, 

R. Leuschner 2000, G. E. Fuller 2000 
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fore, the resist should exhibit a high gradation, so that a small difference in dose results 
in a larger change in solubility (Fig. 36) .  

The requirement of high gradation is of particular importance in nanotechnology 
due to the proximity effects that are observed. These effects are usually associated with 
external parameters, such as the wavelength of electromagnetic radiation (a proximity 
effect due to diffraction) or the energy of fast particles (a proximity effect due to io- 
nization and X-ray emission). These effects result in a distribution of the locally de- 
posited energy of a structural element instead of a sharp transition along the image 
boundaries. Hence the transformation product, which is generated locally by the ex- 
posure, also exhibits no sharp distributions (Fig. 37). This product dispersion results 
in a lateral gradient of the solution rate, which in turn increases the deviation from the 
upright flanks. This blurring effect decreases with a steeper gradation curve of the 
resist material. 

There is a variety of demands on resist structures. The resist must be stable against 
liquid process media with respect to dissolution and rate of chemical reaction. As well 
as the resist, the interface between the resist and the substrate also has to show a high 
stability. This requirement is not trivial, because the interfaces are usually quite dif- 
ferent from the resist regarding their composition. If the process solution reacts with 

dido 
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chemical groups in finest cracks or dissolves components of the interface, a shift of 
structures or even an undercutting (and therefore a loss of the mask) is observed. 

Adhesive masks should therefore establish a stable bond with the substrate. This is 
achieved by a certain density of strong covalent bonds or by a higher density of co- 
ordinative, dipole-dipole, hydrogen bridge or Van der Waals interactions. As long 
as established bonds are not opened by the process solution, weaker polyvalent 
and unspecific interactions between resist molecules and surface groups of the sub- 
strate can be as efficient as individual strong bonds. Van der Waals interactions be- 
tween polymers and hydrophobic surfaces are very capable of avoiding the intrusion of 
aqueous etch baths between the substrate and resist. 

The stability of the interface is of lesser importance for pattern transfers in the gas 
phase, especially for the case of the interaction of directed particles with the surface. 
On the other hand, this situation requires a higher resistance of the layer to the impact 
of particles on the  surface. This r e q u i r e m e n t  is h a r d  to accommodate,  because t h e  

kinetic energy of the particles exceeds the binding energy of the resist often by 
some orders of magnitude. 

The choice of resist has to fulfill three conditions. 
The first point is the stability of the material with respect to the process that includes 

the pattern transfer. For all lithographic processes that utilize some type of radiation, 
the resist has to be sensitive to this radiation, which means that the exposed part un- 
dergoes a local chemical change, but the remaining area is unaffected. 

Secondly, this local chemical change has to result in the development of a relief in 
the resist. Therefore, the change has to significantly affect the removal rate in an ap- 
propriate development media. In the simplest case, exposed areas are removed com- 
pletely (positive resist) in the development process compared with the preserved re- 
maining parts, or the surface areas without exposure are removed by the development 
and the exposed parts remain (negative resist). 

Thirdly, in subsequent processes the remaining parts have to exhibit a protective 
property with regard to the underlying material, so that the functional layers can 
be etched by dry or wet techniques, or so that the processes for lifting of the layers 
deposited on the adhesion mask are possible. 
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Also the integration of solvent by insoluble structural elements of the adhesion mask 
affects the fabrication of small structures. Swelling results in failed geometries, espe- 
cially in the case of negative resists. Negative resists are usually based on cross-linking 
of linear or slightly branched polymers by an irradiation step. The resulting network in 
the exposed areas significantly decreases the solution rate in a solvent, but the affinity 
of the resist to the solvent is preserved to a large extent. The solvent also diffuses into 
the exposed regions, increases their volume and so deforms the preserved structures. 
Negative resists are therefore in most cases not suitable for the realization of high 
aspect ratios and very small structures. 

The molecular length is significant in the case of the nanotechnological application 
of long-chained polymers. A molecular mass of lo6 results in a length of several mi- 
crometers for an extended molecule, and a length in the upper nanometer range is still 
observed for a molecular mass of lo5. Although the molecules are usually in a coiled 
state, the ends are exposed in the development process and generate a gel-like zone in 
the solvent. This zone also induces a smoothing of the structures and an increase in 
the radius of curvature of the edges. 

The majority of the effects discussed induce a flattening of the resist edges and so a 
decrease in resolution especially for thicker resist layers. Therefore, thinner resist 
layers are preferred for nanostructures. Besides the protective function required in 
particular in plasma processes, there is another negative aspect for an extremely 
thin resist layer. For the typical case of multilayer arrangements, resists must often 
planarize previously structured surfaces or at least cover the edges of the structures in a 
subsequent step. This function requires an adequate resist thickness. 

The so-called reversal processes counteract the effect of flattened resist edges. These 
processes invert the contrast values of the resist. For positive resist processes in par- 
ticular, the common orientation (perpendicular to the substrate) of decreasing locally 
deposited energy and solvent attack can be transformed into opposite processes which 
compensate each other. Positive resist-based reversal processes apply a futation step 
after the masked exposure, so that the exposed regions are stabilized. Then the whole 
substrate is irradiated, so that the previously unexposed regions can be dissolved 
(Fig. 38). In addition to the simple conversion of the contrast values of masks, this 
procedure is ideal for the realization of steep or even overhanging flanks, as is often 
required for dry etch processes or an additive generation of structures. 

The choice of resist thickness is influenced by the level required for sufficient pro- 
tection, the topological relief of the substrate and the expected size of particles from the 
environment. Although media and air are filtered, this cleaning procedure has a cutoff 
and the number of smaller particles is reduced but not negligible. So there is a given 
probability of smaller particles on the substrate. The negative effect of this event in- 
creases with the density of nanostructures and the miniaturization of the structures. 
Although the probability of a defect in a given nanostructure is minimal, for higher 
coverage of substrates with nanostructures the probability of a defect structures in- 
creases. Defects not covered by the resist are usually failures, so a decreased resist 
thickness results in increased malfunctions due to particles. 

I 
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3.4.2 
Role of Resist in Photolithography 

Photolithography is the classical method for the fabrication of reliefs on substrates by 
pattern-transfer processes, and will therefore serve as an example for a discussion of 
the generation and function of adhesion masks. Pattern transfer occurs by light. Light 
transfers the pattern from the original mask, e. g., a shadow mask, onto the substrate 
which incorporates a light sensitive layer. For a photolithographic process, this layer is 
a photoresist, which means it must adsorb at the particular applied wavelength and 
undergo a photochemical reaction. A transfer without optics occurs either in direct 
contact (contact lithography) or in close proximity (proximity lithography) of the 
mask and substrate. The use of an optical system allows the scaled or distorted projec- 
tion of the pattern onto a resist layer. With respect to the optical image transfer, photo- 
lithography corresponds to the principles known from photographic techniques. The 
difference lies in the result, which is a relief and not a change in color or brightness. 
Because photolithographic transfer does not involve single structures but whole 
images or at least groups of structures, photolithography represents a process for 
group transfer (cf. Section 3.4.4). 

Ideal materials for photolithography are resists based on relatively short-chained 
phenol resins (“Novolak). The phenolic OH groups lead to stable networks with 
dyes such as naphtochinondiazid, which release nitrogen under irradiation prior to 
a reaction with water to give carbonic acids. This reaction increases the solubility 
of the resist in weak basic solutions by several orders of magnitude. Moreover, the 
phenolic OH groups can be involved in interactions leading to hydrogen bridges to 
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protic groups on the substrate surfaces, so that substrates with surface OH groups (as 
are often found in inorganic materials) show a good resist binding. Another point is 
the potential for interactions with organic surfaces due to the aliphatic substitutents in 
the phenol cores. The chemical protection of Novolak extends down to very low pH 
values, allowing the use of processes with strong acids. The resist is only unstable in 
the higher pH range. Novolak has advantages in the protection against plasma and 
energetic particles compared with resists based on aliphatic polymers. This stability 
can be explained by the relatively low hydrogen content and the aromatic groups. 

I 

3.4.3 
Serial Pattern Transfer 

The geometrical data of micro- and nanotechnical devices are usually generated in a 
digital format. These data are arranged according to functional layers, similar to the 
principles of planar technology. They represent a set of tables corresponding to two- 
dimensional images. The third dimension is only included indirectly: when consider- 
ing guidelines for the thickness of the respective layer, in the information on process- 
related deviations from the original dimensions and the respective corrections in the 
layouts of the individual layers. These data have to be converted into images. In prin- 
ciple, this process could be carried out by imaging procedures, such as techniques 
based on arrays of lamps, apertures or mirrors. These techniques are rarely ap- 
plied, due to the low lateral resolution and the limited amount of data. This situation 
could change in the future with the latest developments in optoelectronics and micro- 
mechanics, leading to inexpensive integrated luminescence diodes, micro apertures 
and micro mirror arrays. 

A higher density of data and higher resolution can be accomplished through serial 
processes for structure fabrication. Therefore, the images are broken down into indi- 
vidual simple standard elements. These elements are subsequently transferred onto a 
substrate, e. g., into a resist layer. Typically microtechnology applies serial structure 
generation to fabricate an intermediary mask that is applied to fabricate substrates 
in a serial manner. Serial structure generation can also be used for a direct structure 
generation of individual or a number of substrates, in particular to allow for changes in 
the mask design between subsequent processes, as is typically the case in research and 
development. This is one reason for the importance of serial structure generation in 
nanotechnology. Another reason is the higher resolution usually provided by serial 
processes compared with parallel techniques, hence the fabrication of nanostructures 
often requires a serial technique. 

Serial processes have an inherent time requirement. Very short times are also 
needed for one element, and these times add up for large areas. If a square of 1 
pm requires, for example, 10 ps (lo-' seconds), then an area of 70cm2 with 10% 
coverage will take as much as 7000 s (about 2 hours). Through reducing the square 
size down to 0.1 pm the overall time grows to 700 000 s (more than one week), which is 
usually not feasible. 
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Nanotechnology often requires structure sizes below 0.1 pm, which is in principle 
within reach of techniques working with focused beams. However, because of the 
extreme time requirements, a serial- or mass-production of whole substrates is not 
possible. A drastic reduction of the positioning and exposure time per element would 
lie needed. 

Often the required small structures cover only parts of the substrate. Nanotechnical 
structures are often embedded into microtechnical arrangements with lower require- 
ments regarding lateral resolution. The application of a variable beam diameter is 
much more efficient compared with a focused beam. 

Microtechnology is already using shaped beam geometries. In its simplest realiza- 
tion, two apertures generate rectangular areas which are illuminated by the beam 
(Fig. 39). Shifting the apertures varies the dimensions and the size ratio of the shaped 
beam over a wide range, so that complex structures can be put together in a rational 
manner (Fig. 40). This principle is utilized by the optical pattern transfer in a so-called 
pattern generator, with a lateral resolution of only 1-2 pm. Smaller dimensions can be 
realized in a rational way with shaped electron beam procedures. Here the pattern 
increment of the structures is usually between 50-200 nm. 

Fig. 39 Efficiency of shaped beam techniques. 
Ssraled drawing of the areas simultaneously 
exposed by a stamp, f rom a 0.2 ,urn increment 

over a 1 pm2 shaped beam t o  a squared 16 pm2 

shaped beam 
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3.4.4 
Group Transfer Processes 

Parallel transfer processes, also denoted as group transfer, are much more efficient 
than shaped or focused beam processes. When all structures in one plane are repre- 
sented in an image, parts of or even the complete image containing a multitude of 
structures are transferred at once. Photolithography is a typical example of such a 
process (cf. Section 3.4.2). 

Parallel image transfer can be achieved using two principles: the shadow technique 
and the optical projection (Fig. 41). The shadow techniques require the mask and the 
image-receiving layer to be in close proximity, the remaining distance determines the 
diffraction limit of the lateral resolution. Light-optical proximity techniques do not 
address submicrometer or even nanometer structures. However, in the case of direct 
mask-substrate contact (contact lithography), the optically near-field that is utilized 
provides sub-micrometer resolution. The optically near-field is not limited by diffrac- 
tion. However, being optically-near is only realized by distances of less than the wa- 
velength between the aperture and the location of photochemical reaction. Often the 
substrate relief and the resist thickness are limiting, because the relief is in the order of 
the wavelength, and the resist exceeds this value. For substrates with no or veiy low 
relief the resist thickness can be minimized down to about 10 nm, hence enabling 
contact lithography with optically near-field methods. 

The transfer scale of structures for shadow techniques is 1. Optical transfer tech- 
niques allow almost any scale, photolithography usually applies to transfer ratios be- 
tween 1:1 and 1O:l.  The mask and substrate are at a certain distance. The lateral re- 
solution b is determined by the numerical aperture NA and a factor k (with a theoretical 
value of 0.5 and in practice values of some 10% higher): 

The maximum numerical aperture is not only limited by the efforts for the optical 
system, but also by the required depth of focus, which decreases with an increase 
in the aperture. The optimization of both parameters becomes critical when approach- 
ing the specific wavelength. This is why photolithography thrives in the application of 
shorter wavelengths in microelectronic fabrication. Today minimal structure widths of 
130 to 80 nm can be reached by wavelengths that approach vacuum-UV (h < 200 nm). 
So although photolithography covers the lower submicrometer range, it is not clear if 
this principle will also be valid for structures in the lower nanometer range. 

The extreme-UV range (EUV lithography) is under discussion as an alternative mass 
production technology at these dimensions. Group transfer processes are also possible 
with very short electromagnetic radiation, such as X-ray, and with particle beams. 
Hence dimensions in the medium and lower nanometer range can be addressed 
(cf. Section 4.3). However, owing to the requirements of highly sophisticated equip- 
ment and an extraordinary mask technology, they are only applied in special applica- 
tions. One such application is the X-ray deep lithography for structures with high 
aspect ratio, e. g., in the LIGA process (lithography with ionizing radiation and galva- 
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nic forming). LIGA utilizes highly parallel synchrotron radiation (energetic X-rays) to 
overcome focus and diffraction limitations. The radiation writes structures with high 
aspect ratio in thick resist layers. In a subsequent step, these structures are transferred 
by galvanic deposition into metal structures’). 

I 

3.4.5 
Maskless Structure Generation 

Microstructures can be realized without adhesive masks, when a pattern transfer from 
an external source is directly coupled with a local ablation or the removal of a functional 
material. Therefore, high energies have to be applied locally on the substrate surface, 
which is not really possible for larger areas. The primary limitation is not the power of 
the external source, but rather problems with both energy dissipation and the chemical 
temperature plus the stability of the shape of the substrate. These disadvantages usual- 
ly exclude group transfer processes from maskless structure generation. 

A simple implementation for maskless techniques is a local removal process in- 
duced by an intensive beam of either laser, electrons, ions or nanoparticles. Because 
a local removal of material requires high power densities, focused beams are pre- 
ferred. A suitable process is the direct-writing lithographic technique in a serial ap- 
proach. The removal usually occurs as a result of a combination of mechanical impulse 
transfer and local thermal effects. Specific chemical processes play only a minor role. 
As the diameter of the probe and the lateral radius of its expansion determine the 
resolution of direct writing procedures, use of such procedures with particle beams 
can be utilized for the fabrication of nanostructures. For light-optical procedures, e. g., 
by the use of lasers, application is limited to the micrometer and sub-micrometer 
range. 

3.4.6 
Soft Lithography 

Processes for the mask generation by local transfer of minute amounts of material 
(acting as the resist) by stamps of soft material are denoted as “soft lithography”. 
This term includes all procedures without local exposure prior to a subsequent devel- 
opment step. Such techniques are discussed as potential alternatives to conventional 
photolithographic methods. 

“Soft lithography” transfers microstructures by direct mechanical contact, usually of 
elastomeric materials. These materials adapt well to the micro- and nanoroughness of 
the substrate, and have the ability to swell, which can be used as reservoir for the 
transfer of small volumes of liquids. Micro contact printing (pCP) is a technique 
that has been introduced which utilizes elastomeric stamps made of poly dimethyl 
siloxane (PDMS)2). PDMS is applied as a liquid onto a master structure prior to hard- 

1) J .  Vollmer et al. 1993, P. Bley 1993, P. Bley 1991 
2) Y. Xia and G.M. Whitesides 1998 
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Fig. 42 Fabrication o f  microstructured 
stamps formed from a substrate with a preparation of micro 
relief pattern by 

conventional 
micro I it hog rap h y 

deposition and 
stabilization of 
moulding material 

removal of the 
moulded tool 

I ready prepared 
stamp n 

ening as a result of chain extensions and cross-linking. The master structure is usually 
fabricated by conventional lithographic processes (Fig. 42). Natural structures can also 
be replicated by the stamping procedure. Cross-linked PDMS is particularly well suited 
for the intake of low-molecular mass liquids. A well-known example for the application 
of PDMS stamps is the generation of laterally microstructured monolayers of alkyl 
thiols on heavy metal surfaces. One introduced substrate is gold, which yields dense 
layers (Fig. 43). Structure sizes down to 35 nm are attainable through pCP'). In con- 
trast to classical microlithography, pCP is also compatible with curved surfaces by the 
application of complementary curved stamps2). 

Soft lithography exhibits several advantages. I t  is simple and inexpensive, and is easy 
and can be applied quickly. The transfer of three-dimensional structures is easier com- 
pared with conventional lithography, and it is compatible with a wide range of sub- 
strate materials. By the inclusion of curved and more complex substrates, the genera- 
tion of complex three-dimensional microstructures is feasible, e. g., chained tapes and 
rings by stamping on a cylinder surface3). Soft lithography is hampered by an increased 
failure rate, by possible distortion of structures due to elastic properties of the stamps 
and by the missing technology for precise alignment in order to address multi-plane 
structures4). 

1) A. Kumar  and G.M. Whitesides 1993 
2) R.1. lackman et al. 1995 
3) H. Wu et al. 2000 
4) Y. Xia and G.M. Whitesides 1998, H.-C. Scherr 

et al. 1998 
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Fig. 43 
transfer o f  SAM-forming molecules from a reservoir onto a substrate using 
a microstructured elastomeric stamp (Y. Xia and C.M. Whitesides 1998) 
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3.5 
Etching Processes 

3.5.1 
Etching Rate and Selectivity 

Microtechnology is dominated by subtractive processes of structure generation. This 
explains the importance of etching techniques. Etching steps remove locally - usually 
in the apertures of a resist mask - the functional material. Etching techniques are 
divided in wet and dry methods depending on whether the material removed enters 
the liquid or gas phase. All etching processes require that the material removed from 
the surface of a solid-state substrate is transformed into a mobile state. The liquid 
phase requires soluble species; the transfer into the gas phase needs readily evapor- 
able compounds or the effect of strong impulses to remove atoms or clusters from the 
substrate’). Thus most etching processes include a chemical transformation of the 
material. The etching rate is determined by the provision of reaction partners by 

1) M. Kohler 1998 
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the mobile phase, the chemical reaction at the solid state surface, or the removal of 
reaction products, depending on the rate of the individual steps. The etch rate retch is 
defined as ratio of removed thickness detch per unit of time tetch: 

The mass of material removed metch includes the etched area A and the density p: 

Microdevices usually contain several materials, so lithographic processes should ex- 
hibit a selective echting behavior. The etch rate of the material to be removed should be 
significantly higher than the rates of the other materials in this stack of layers. 

This selectivity requirement is dependent on the layer thicknesses. To selectively 
etch a very thin (e. g., d, = 10 nni) on a thicker (d, = 1 pm) layer with a selectivity 
of 10, the loss in thickness of the second layer is only 0.1%, a negligible amount 
in standard processes. In the opposite situation of the selective etching of a thicker 
layer in the presence of a thin layer, a selectivity of at least 200 is needed to preserve 
at least 50% of a 10 nm layer during the process of etching a 1 pm layer. 

Wet-etching processes achieve very high selectivities, where often the material to be 
preserved is fully inert. In dry-etching processes, especially when energetic particles 
are utilized, a certain change or removal of the material may be observed as a result of 
the etching particles. Controlling the changing selectivities is a problem. This can be 
achieved by appropriate selection of the etching procedures, and an arrangement of 
the functional layer according to the technology or a problem-oriented resist-technol- 
OgY. 

3.5.2 
Isotropic and Anisotropic Etching Processes 

4 differentiation of the etching procedures with respect to their spatial effect is of 
particular importance for the generation of small structures. The spatial distribution 
<of the etching results determines (in addition to the mask geometry) to a great extent 
the three-dimensional shape resulting from etching-technical treatment. The spatial 
,efficiency of the etchant depends on the local rate-limiting factor. If a chemical reaction 
on the surface is involved, the local distribution of the limiting material property is 
projected. This is the basis for etching processes applied for the generation of material 
.:extures, e. g., as used in microscopy. The local geometries created for amorphous, 
partially amorphous or polycrystalline materials often only exhibit short characteristic 
:.engths, the orientation of the grains and crystallites and sometimes also their shape 
<'ire distributed irregularly and are therefore not applicable for a controlled shaping 
xocess. On the other hand, anisotropy can be used for shaping in the case of mono- 
crystalline materials. More than three orders of magnitude difference in etching rate 
between different crystal orientations can be controlled by selection of the etch bath 
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Fig. 44 Formation o f  etch geometries for isotropic and anisotropic etching 

composition. One example is the highly reproducible etching of Si(ll1) facets of 
monocrystalline Si. 

When the transport of particles to and from the surface is rate-limiting (rather than 
the surface reaction), the distribution of the direction of this transportation determines 
whether isotropic or anisotropic etching dominates. In the case of frequent strikes 
between particles involved in the etching, which means it is controlled by diffusive 
transportation, their trajectories are isotropic. Therefore, an isotropic etching oc- 
curs, yielding hemispheric profiles under the mask edges. For an isotropic concen- 
tration distribution, the attack of the etchant occurs perpendicular and parallel to 
the substrate plane at the same rate (Fig.44). Isotropic etching is observed for 
many wet etching processes, but also for etching procedures with reactive gases or 
plasmas, as long as the pressure is not too low and the kinetic energies of the particles 
are predominantly in the thermal range. 

3.5.3 
Lithographic Resolution in Etching Processes 

Etching processes transfer atoms or molecules from the solid into a mobile phase. 
Therefore, chemical species are generated, which are moved away from the solid sub- 
strate by transport or diffusion. This connection between chemical transformation and 
the shaping process is an interesting feature of nanotechnology. Etching processes 
achieve high resolution due to the chemical transfer of individual atoms or mole- 
cules. The individual reaction steps involve single molecules, ions or atoms. There- 
fore, materials are removed by their smallest unit. For macromolecular materials, 
etching processes are applied that disintegrate the molecular backbone, resulting 
in groups of atoms being removed. In general, etching processes allow a resolution 
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down to atomic dimensions. Moreover, etching processes can be chemically selective. 
Many etching techniques remove materials of different composition with different 
rates. This is of particular importance for thin mask layers that protect thicker func- 
tional layers. Thin mask layers are essential for many nanolithographic processes with 
high resolution, because the lateral resolution is determined by the thickness of the 
mask layer. Hence a selectivity of the etching process is essential for nanotechnology. 

3.5.4 
Wet Etching Processes 

Wet etching processes include a transfer of the removed solid state material into the 
liquid phase. Therefore, a chemical species is generated that is soluble (and therefore 
mobile) in the liquid phase'). Metals and semiconductors are transformed into cations 
or soluble coordinated compounds of their cations, through the involvement of local 
electrochemical processes. The standard electroless etching process compensates the 
local currents by reduction of oxidizing agents at the metal or semiconductor surface 
(Fig. 45). 

For isotropic wet etching processes, the local removal rate is equal for all spatial 
directions. It is determined by diffusion, and therefore the minimal structure size 
correlates strongly with etching depth. Ideal isotropic transport means equal rates 
of material removal in both the lateral and vertical direction. Underetching of the 
mask edges occurs to the same extent as the layer material is removed in vertical di- 
rection. Therefore, the maximum aspect ratio for structures realized through an open- 
ing in a mask is 0.5 (related to the dimensions of the structure). Individual upright 
structures overcome this limitation in the case of precisely controlled underetching of 
the mask edges on both sides. This process is very sensitive to changes in the process, 
and is therefore barely reproducible. Moreover, such processes are only applicable for 
isolated structures. For periodical arrangements, the distance between two structures 
should be more than twice the etch depth. 

' I )  A.F. Bogenschutz 1967, M. Kohler 1998 
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This disadvantage of isotropic etching processes becomes critical in the case of nan- 
ometer structures in relatively thick layers. Thicknesses of 100 nm, for example, only 
allow structures down to 200 nm width. The limitation is less critical for very thin 
layers, because the lateral etch width (the underetching along the mask edges) is mini- 
mal. The extreme selectivity of wet etching processes therefore allows the application 
of monomolecular layers as a mask. Patterns generated in such masks can be trans- 
ferred with minimal variations into a functional layer, as long as this layer is suffi- 
ciently thin. An alkylthiol mask with a thickness of typically 2 nm, for instance, allows 
wet etching of thin gold layers resulting in etch depths of significantly greater thick- 
ness compared with the mask thickness. An Au-thickness of 10 nm and a desired 
structure width of 40 nm require an alkylthiol mask opening of 20 nm in order to 
compensate for isotropic underetching on both sides. 

Anisotropic wet etching procedures need an isotropy of the etch rate in the material 
to be removed. This effect occurs at wet chemical procedures, which are controlled by 
chemical surface processes instead of diffusion. Such a procedures is utilized in the 
crystallographic etching of monocrystalline semiconductors, especially in silicon mi- 
cromechanics (Fig. 46). 

The basic chemical etch principle, which differentiates between the various crystal- 
lographic planes, can be transferred into nanometer dimensions. A prerequisite is a 
nanostructured mask with sufficient resistance towards the anisotropic etch baths. 

I 

I 

Fig. 46 Anisotropic etched pits in 
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In nanotechnology, wet etching is utilized to structure ultrathin layers in a highly 
selective manner. Isotropic wet etching is not applicable for nano-trenches at thick- 
nesses of several tens of nm, due to underetching on both edges of the dimension 
of the etch depth, so that the final structure has dimensions of a twofold of the 
etch depth. Elevated structures, such as thin lines, are only achieved by isotropic 
wet etching when the distance to neighboring structures is larger than the horizontal 
etch component. So, controlled underetching yields steep edges (Fig. 47). A prerequi- 
site is control of the process time, because underetching is determined by the etch 
time, but not by selectivity. Anisotropic wet chemical etching, e. g., on monocrystal- 
line substrates, allows the realization of nanostructures with greater aspect ratios. 

Wet etching is preferred for the transfer of pre-differentiated structures into a relief. 
Local implantation, electron or ion beam damages change the wet-chemical etch rate 
significantly. Based on this effect, focused particle beams induce a locally (lower nan- 
ometer range) confined implantation or damage prior to removal of the modified re- 
gions by a highly selective etchant (Fig. 48). So the basically isotropic etching combined 
with the previously generated anisotropy yields an anisotropic process for nanofabri- 
cation. 
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3.5.5 
Dry Etching Processes 

Etched nanostructures of higher complexity with aspect ratios larger than 0.5 are rea- 
lized by dry etching. This process transfers the removed material from the surface of a 
solid-state substrate into a gaseous chemical species, e. g., by highly reactive vapors or 
by plasmas'). Therefore, the transport of the etching species to and of the etch product 
from the surface is diffusion-limited. Such processes are (comparable to the isotropic 
wet etching) thus limited by a maximum aspect ratio of 0.5. 
Dry etching procedures with a preferred orientation regarding the removal of ma- 

terial are ofparticular interest in nanotechnology. This effect is realized, when the etch 
rate is determined by the density of particles with higher energy reaching the surface 
in a preferred orientation. 

Non-reactive dry etching methods, such as physical sputtering (PE, physical etching) 
and ion beam etching (IBE) utilizing inert ions, are able to structure any material. Ions 
with a kinetic energy many times that of the binding energy are accelerated onto the 
surface. The local transfer of the mechanical impulse knocks individual atoms or clus- 
ters out of the surface and they are transferred into the gas phase prior to transport by 
convection (Fig. 49). 

Standard sputter etching generates and applies energetic ions in the same reactor 
chamber. Therefore, an inert gas under reduced pressure (typically argon at 1-10 
mtorr) is exposed to a high frequency source, so that a plasma is generated. Because 
of the much higher mobility of electrons compared with cations, spatial charging 

I )  J .A .  Mucha et al. 1994 
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zones are generated, originating from the plasma and reaching the electrodes and the 
walls (sheet zone). Here the cations are accelerated towards the electrodes (and thus 
the substrate to be etched). This so-called self bias effect can be enhanced by an ex- 
ternal DC field. Typical potentials are some hundred volts, so that monovalent cations 
are accelerated to energies of several hundred electron volts. 

As the lines of force of the electrical fields arrive approximately perpendicular to the 
surface of the substrate, the sputtering effect is induced in the same direction. There- 
fore, sputter etching is ideal for anisotropic etching. Upright mask structures can be 
transferred into functional layers with high precision and usually minimal undercut- 
ting. Tilted mask planes are problematic, being enhanced by faceting or leading to the 
reflection of particles into narrow cleft structures and thereby to an underetching with 
bent edge profiles. Because the mask material in sputter etching usually shows non- 
negligible etch rates compared with the etch rates of the functional layer, tilted mask 
edges result in a projection of their angle into the edge angle of the functional layer. 
However, sputter etching is well suited for lithographic masks with steep edges, to 
facilitate small structures with high aspect ratios and are therefore often used for 
the fabrication in the medium nanometer range. 

Sputter etching as well as reactive ion etching are usually conducted in reactors with 
two parallel electrodes. This arrangement ensures a relatively homogeneous distribu- 
tion of the plasma. The ion energy and the density of effective sputtering particles 
depend in particular on the pressure and the introduced power. 

The conditions for etching by energetic particles can be controlled more effectively 
when the ion source is separated from the ion generation. This principle is realized in 
ion beam etching (IBE). An ion source creates and accelerates the ions, and the reactor 
is separated by at least one electrode. Creation, acceleration and the movement of the 
energetic particles onto the target are controlled separately. The spatial separation 
allows for a precise control of the ion energies and a high density of ions being 
achieved without thermal or plasma damage to the substrate. Moreover, the energetic 
ions can be neutralized in order to etch with neutral energetic particles. Ion etching 
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allows any orientation of the target substrate with respect to the direction of the par- 
ticles, so that structures with defined edge angles are possible. 

For lower and medium aspect ratios, the achievable resolution of sputter and ion 
etching is mainly determined by the dimensions and the etch stability of the mask. The 
latter is the key problem in nonreactive dry etching. As a result of the variability of the 
processes, practically all mask materials exhibit a significant removal. This limits in 
particular the application of thin mask layers, resulting in limitations to the lateral 
resolution in the direct lithography of the mask layer. 

Reactive dry etching processes are applied to achieve high etch rates with high ani- 
sotropy but also sufficient selectivity. They are realized either by replacement of the 
noble gases by reactive gases (reactive ion etching - RIE) or by the use of reactive gases 
for the ion generation (reactive ion beam etching - RIBE). Another possibility is the 
insertion of highly energetic inert particles (such as noble gas ions) into the reaction 
zone with the simultaneous delivery of reactive thermalized particles (chemical as- 
sisted ion beam etching - CAIBE). 

I 

3.5.6 
High-resolution Dry Etching Techniques 

Dry etching processes are ideal for the realization of ultra-small structures, due to their 
anisotropic effect on homogeneous and isotropic materials. Thus upright or other 
chosen flank angles can be realized. They are required for higher integrated small 
structures with aspect ratios below 0.5. While wet etch techniques dominate in micro 
mechanics and for structures in the medium and upper micrometer range, dry etching 
becomes interesting with decreasing structure sizes. Therefore, dry etching processes 
play a key role in microelectronics today. They are also the most important group of 
techniques in nanotechnology. The directed acceleration of energetic particles towards 
the substrate surface is required for an anisotropic etch process with a high precision 
of pattern transfer, even for small dimensions. Sputter and ion etching along with the 
respective techniques with reactive gases, RIE and RIBE, are the most important tech- 
niques for the etching of nanometer structures. 

To etch with a high rate and simultaneously achieve a high selectivity of the dry etch 
process with respect to mask and other materials, a reactive etch process above a cer- 
tain gas pressure is required. Thus the non-specific sputter effect is minimized com- 
pared with the reactive removal. Under these conditions, the isotropic component in 
the process is hardly avoidable. It leads to an underetching below the mask edges and 
prevents upright flanks being obtained. To overcome this problem, a reactive etch gas 
with a component that induces a stable chemical passivation of the flanks is applied. 
This passivation by the deposition of a thin and etch-resistant film prevents the lateral 
removal of material. However, the etch parameters have to ensure that this passivation 
layer is limited to the flanks. The flank passivation can be controlled by the composi- 
tion of the etch gas. An increase in the percentage of trifluortrichlorethane in an etch 
gas mixture of SF6 and C2C13F3 from 20% to 27% and then to 32% leads to a trans- 
formation of isotropic to partial anisotropic and to anisotropic etching of silicon. An 
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increase in etching time was needed for the formation of an efficient flank protection'). 
If necessary, a periodic change in etch parameters is required to induce alternating 
etch and protection steps. 

Depending on the material and the required etch depth, ion etching allows the trans- 
fer of very small structures from the mask into functional layers. Hence lines with less 
than 10 nm width were transferred from a PMMA mask into a GaAs substrate in a 
reactive ion etching with an SiCl,/Ar mixture. Using an AuPd mask for a silicon sub- 
strate, individual structures with diameters as low as 7 nm were obtained with a mix- 
ture of SiCl, and CF?). 

In addition to mask-based etching techniques, direct etching methods with focused 
probes are also applied. Ion beams in particular can be well focused and controlled by 
electronic optics. Therefore, focused ion beam (FIB) processes are especially well 
suited for to obtaining small structures by probe-induced etching. Instead of ions, 
molecular cluster and noble gas atoms can also be applied in nanostructure 
fabrication3). Clusters of gas mixtures are ideal, when they or their products are easily 
transferable into the gas phase and when no secondary mask effects occur. The gas 
cluster are created by condensation of the respective atomic or molecular disperse 
gases through expansion, prior to an ionization of the cluster and the beam generation 
using an accelerating electrode with an aperture and additional electrodes if required. 

The clusters usually include some hundreds up to some thousands of atoms or 
individual molecules. Apart from clusters of inert gases such as Ar or mainly inert 
molecules such as N2, N,O or CO,, reactive gas clusters such as SF, or 0, can 
also be utilized4) . 

Damage to the mask or damage of the layers or interfaces below the removed 
material are a problem of etching techniques using energetic particles. This makes 
-the application of monomolecular layers or single supermolecules as the etching 
:mask difficult. Subsequent layers are hit by the energetic particles when the func- 
tional layer is removed. Because of local variation in the layer thickness and etching 
rate, there is no absolute control of the etching process, and the subsequent layer is at 
least partially exposed to the etching process. In the case of sensitive surfaces, RIE and 
KIBE processes result in significant damage or even removal. However, chemically 
rather inert structures, such as inorganic tunneling barriers, are also affected due 
io their lack of thickness. Additionally, the impact of energetic particles results in 
failures of the solid substrate, which can change the electronic properties, such as 
the local conductivity. 

11 V.A. Yunkn et al. 1994 
2) W. Chen and H. Ahmed 1993 
3) A. Gruber et al. 1999 
4) J.  Matsuo et al. 1996 
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Tab. 3 Examples of lithographic masks in nanotechnology 
I 

Method o f  Resist Etch D e f m  Thickness Edge Resolution 
primary material resistance tendency homogeniety steepness 
structure 
generation 

EBL resist 
SAM 
LB film 

FIBL resist 
SAM 
LB film 

XRL resist 
STM SAM 
cond. AFM LB film 
AFM SAM 

LB film 
SNOM photoresist 

good 
partly good 
poor 
good 
partly good 
poor 
good 
partly good 
poor 
partly good 
poor 
very good 

low 
moderate 
high 
low 
moderate 
high 
low 
moderate 
high 
moderate 
high 
low 

good 
very good 
very good 
good 
very good 
very good 
good 
very good 
very good 
very good 
very good 
good 

moderate 
moderate 
moderate 
good 
good 
good 
moderate 
good 
good 
good 
good 
poor 

high 
high 
high 
high 
high 
high 
moderate 
very high 
very high 
moderate 
moderate 
low 

3.5.7 
Choice o f  Mask for Nanolithographic Etching Processes 

For all etching techniques that utilize lithographic masks, the quality of the mask is a 
key factor to the excellence of the structure obtained. In addition to the lithographic 
resolution, which means the minimal structure width in periodic patterns, the etch 
resistance, the defect density or tendency towards defects, the homogeneity in layer 
thickness, the roughness and the steepness of the flanks determine the quality of 
pattern transfer into the functional layer. 

3.6 
Packaging 

Microtechnical structures are part of the technical world with interfaces in the cen- 
timeter to decimeter scale. One main reason for these dimensions is man, who 
can master the manipulation of objects that are 1 cm or larger, but who has difficulties 
with smaller structures. The main part of our technical environment is adapted to 
people - e. g., cars and household equipment, buildings, but also office and computer 
equipment, such as the keyboard buttons that are adapted to the size of the fingertip. 
Therefore microtechnical devices, in addition to the internal interface with dimen- 
sions of the individual microcomponent, but also demonstrate an external interface 
with respect to the exchange of energy and the flow of signals, materials and heat 
between the classical technical dimension and the micro dimension. Because of 
the standardized production of many microtechnical components required for 
mass production, most microsystems are modular. The arrangement of these compo- 
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nents into systems occurs at the millimeter to decimeter scale, necessitating interfaces 
in these dimensions. The integration of microcomponents, their supports and their 
elements into an external technical environment is the purpose of packaging. This 
term describes two aspects: the geometrical and the functional connection. Nanotech- 
nical systems are usually integrated into a microtechnical environment, which is in 
turn coupled to the external technical world. While the microtechnical integration of 
nanostructures is realized by microtechnical methods (chip technology, planar tech- 
niques), the external interfacing into the macroworld is achieved using packaging’). 

Assembling techniques are needed to achieve the transportation, the alignment and 
the connection of parts and devices. A variety of robots and machines exist for the 
transport and the connection of chip elements with each other as well as for the in- 
tegration of chip elements onto substrates. To achieve a high throughput of elements, 
:standardized methods are utilized, e. g., roll systems. For individual elements, a pro- 
grammable pick-and-place instrument is best suited. 

The precision of tables and mechanical robots can be adjusted for small elements for 
nearly every precision necessary. ‘ f ie  classical mechanical techniques allow for ma- 
nipulation in the sub-micrometer range. When translation is coupled with precise 
distance measurements (e. g., laser interferometry), a precision in the lower nan- 
ometer region can be achieved. With the help of piezo actuators, subatomic precision 
in the picometer range is possible. Such techniques are especially suited for standar- 
dized elements, for example, chip elements with thicknesses of between 0.2 and 
1.0 mm and lateral dimensions between 2 mm and S cm, and many robots, and hold- 
ing and transport systems exist for these elements. There are also several techniques 
available for the separation of larger substrates into chip-sized pieces. Examples of 
these are sawing techniques with a precision in the lower micrometer range and 
with sawing gaps of SO-100 pm, but also breaking techniques for microlithographic 
$.ingle crystal- and glass-substrates with resolutions below 100 pm. 

A separation by sawing is always connected with the potential of contamination 
through the rinsing liquid and the creation of particles, which are not acceptable 
for some functional elements, such as sensitive micromechanical structures or micro- 
fluidic channels. Therefore, breaking techniques are applied instead of sawing, facili- 
tated through lithographically created trench structures representing predetermined 
breaking lines. Because the breakage precision is especially high for monocrystalline 
substrates such as silicon wafers, lithographically based breaking techniques lead to, in 
principle, significantly higher precision than sawing. The general application of break- 
ing is hampered by the large mechanical stress to the substrate as a whole. 

Regarding its precision, microtechnical substrate separation techniques are compar- 
able to high-precision mechanical methods, but they are much less precise than the 
lithographic fabrication of microstructures on a chip. The concept of interfaces be- 
tween chips requires, therefore, much higher tolerances than the lithographic micro- 
structures. Here a general technical principle becomes clear: the absolute dimensions 
of objects should not be too far away from their tolerances. The potentially more pre- 

1) D.I. Amey 2000, R.C. Bracken et al. 2000 
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cise dimension has to take into consideration the tolerance of the less precise one. 
Therefore, contact pads or microfluidic connections are lithographically structured 
- but with dimensions representing the tolerances of the separation and assembling 
techniques. What is valid in microtechniques for the interface between the microworld 
(lithographic structures) and the macroworld (chip holder, chip assemblies) can also 
be found in an analogous manner for the interface between micro- and nanostruc- 
tures. To embed nanostructure elements into a microstructure environment, toler- 
ance dimensions have to correspond to the requirements of the surrounding micro- 
world. 

Microstructures are usually fabricated on whole substrates. On the other hand, sys- 
tems consist of individual chips instead of whole substrates. There are sometimes up 
to hundreds, sometimes even thousands, of similar chips on every substrate. 

For certain applications, substrates are connected to other substrates before separa- 
tion into individual chips. This approach is often observed in micromechanical sensor 
applications or in microfluidics, which require a stack of several substrates. Typical 
examples are acceleration sensors or micropumps. Channel structures and reaction 
chambers for microfluidic and micro reactor applications are always assemblies of 
two or more substrates. Therefore, a connection of the substrates before separation 
is much easier than afterwards. However, such stacks of substrates also have to be 
separated into chips. 

The mechanical connection of devices and assemblies is the basic interface between 
systems. It provides a spatial fixation, and assists all other interfaces. Besides a passive 
connection, a mechanical coupling could also fulfill functional tasks, such as the trans- 
fer of mechanical forces by mechanical actuators. There are two classes of methods for 
the connection of chips and other platforms for microtechnical devices and assem- 
blies: (a) techniques which rely on the use of connective materials such as solder 
and adhesives, and (b) connection without such materials. The first class has corre- 
sponding techniques in classical connection systems. In the collecting of microtech- 
nical assemblies, adhesion techniques are much more prominent than mechanical 
connections such as screws and clamps. Adhesives are usually kept as thin as possible 
- typically some ten or even only just a few micrometers. The amount of glue needed 
for each device is often in the microliter range, requiring a special microdispenser. 

When two monocrystalline solids with atomically smooth surfaces without any sur- 
face contaminations are brought into direct contact, they fuse into a single solid. The 
connection of very smooth silicon wafers with chemically clean surfaces is an excellent 
proof of this principle'). The fewer surface failures are observed, the lower the tem- 
perature requirements for such a bonding process. 

However, highly processed surfaces are not always ideal for such direct connections. 
As a result of small failures or particles, direct joining of similar high melting material 
can often also require relatively high temperatures, although only a few atom layers 
have to be moved. A prerequisite for such a process is that the temperature and the 
applied pressure are sufficient to induce a surface movement of the atoms so that the 
two substrates fuse. 

I 

1) Q:Y, Tong et al. 1997 
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An overlay of thermally activated movement of atoms by a second component that 
contributes to the impact of the two bodies in each other provides ideal conditions. The 
anodic bonding of glass with silicon utilizes the migration of alkaline ions of the glass 
in an electrical field to assist the intermingling of the two materials. Typical voltages 
are between 0.3 and 1 kV, and temperatures are usually about 400 "C. Owing to the 
increased process temperature, an adjustment for the different thermal expansion 
coefficients of glass and silicon is required to avoid bending or even destruction of 
the assembly. 

The precision requirements are not critical for merely mechanical connections be- 
tween the chip elements themselves or between the support and devices. The require- 
ments of the electrical connections usually determine the mechanical site. A typical 
range is between one and several micrometers. 

A self-organization principle can be used for the assembly and three-dimensional 
arrangement in the micrometer range. Hence tensed thin film structures, which are 
locally separated from the substrate, can arrange microstructured optical elements in 
the upright position on the wafer into compact optical arrangements with several as- 
semblies and complex optical paths'). Pre-tensed bilayer structures can even create 
closed three-dimensional bodies out of the planes, when the dimensions and the ten- 
sion of the planes are carefully planned*). 

Optical connections call for significantly higher requirements with respect to the 
precision of positioning compared with the mechanical and electrical connections. 
Glass fibers as well as light guides need coupling precisions of better than 1 pm, some- 
times even better than 0.1 pm. Such requirements are usually not within the range of 
mechanical robots or assembly lines. So assisting structures are needed to help with 
the positioning of the chip, or of fibers with respect to a chip or other structures. These 
structures are obtained lithographically to ensure a high precision of the structures as 
well as a high accuracy of the relative positioning of the miniaturized elements in 
relation to the positioning structures. 

A variety of different techniques have been developed for the fabrication of specific 
fiinctional connections. Small series of electrical contacts are preferably achieved 
through wire bonding. This process of welding a wire with an electrically conductive 
thin layer is, for example, based on ultrasonic activation. Owing to their key role in 
signal and energy transfer, electrical connections are important in microelectronic and 
niicro system technology. For processes with small production numbers and large 
tolerances with respect to the positioning of devices, wire bonding is still applied. 
It- requires bondable contact pads on both parts. 

For a large number of contacts between individual chips or between chips and sup- 
ports, the flip-chip technology is applied. Here metal material is arranged in a series of 
contact spots. For a mirror-symmetrical arrangements of the two parts, hundreds and 
up to thousands of electrical contacts and a mechanical fixture are realized after po- 
sitioning and a brief melting of the contact material. 

1) M.C. Wu 1999 
2) E. Smela et al. 1995 
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The importance of strategies for wiring of individual elements based on microstruc- 
tured connections rises with increasing integration, but also with the larger complexity 
and diversity of electronic devices. Microtechnical wiring is therefore also important as 
contact periphery for future generations of nanoelectronic devices’). 

I 

3.7 
Biogenic and Bioanalogue Molecules in Technical Microstructures 

Today, in addition to synthetic molecules, molecules produced by living organisms 
also play a part in technical microstructures. Such molecules are denoted in the fol- 
lowing as “biogenic molecules’’, which means biomolecules in the narrowest sense. 
These are proteins and nucleic acids, and also small molecules such as steroids and 
alkaloids. From a technical point of view, all synthetic molecules that are identical with 
the real biogenic molecule in structure and composition are also included, e. g., nu- 
cleic acids produced by isothermal amplification outside of living cells or synthetic di- 
and oligopeptides. 

“Bioanalogous molecules”, biomolecules in a wider sense, should include molecules 
that are derived with key components, properties, functions and structural parameters 
from biogenic molecules or models based on them, but created synthetically without 
an identical model in nature. These bioanalogous molecules should also include 
synthetically modified biogenic molecules. On the other hand, there are also biomo- 
dified substances. These substances are modified biologically, e. g., by microorgan- 
isms or enzymes, and should not be regarded as biomolecules. 

The arrangement of small molecules in arrays of laterally microstructured mono- 
layers created a novel field in miniaturized combination chemistry. Examples are chip 
arrays of peptides fabricated through light-controlled synthesis, using the photoclea- 
vage of protection groups utilizing photolithographic masks2). 

Biomolecules and small bioactive molecules are screened for pharmaceutical rele- 
vance in large substance libraries. Therefore, microstructured supports are an inter- 
esting alternative to arranging and processing the libraries with minimal amounts of 
substances. A technical solution is the nanotiterplate with integrated sieves on a silicon 
base’). In the meantime, a variety of microreactors has been developed, which allow for 
the processing of chemical substances and biomolecules in small (pl-pl) volumes. 

Since the development of DNA chips, nucleic acids have been introduced into mi- 
crotechnique~~). Synthetic DNA chips consist of a support with a two-dimensional 
microstructured array of oligonucleotide monolayers. The oligonucleotides bind (hy- 
bridize) complementary DNA from the solution, and markers (such as fluorescence 
dyes) visualize the binding location (and thus the sequence). In addition to synthesis, 

I )  M.E. Thomas and R.H. Havemann 2000 
2) M.A. Gallop et al. 1994, E. M. Gordon et al. 1994 
3) J.M. Kohler et al. 1995, G. Mayer et al. 1997, 

4) S. Fodor et al. 1991,1994,1997, U. Maskos et al. 
1992 

1999 
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also stamping or spotting of DNA is utilized for the preparation of microarrays. Such 
arrays are usually less integrated due to the larger spot size'). 

Recent years have witnessed the development of a variety of chip reactors for nucleic 
acids analysis. These reactors are either applied between sample preparation and chip 
incubation or as an alternative to them. Examples are chip thermocyclers2), electro- 
phoresis chips3), and integrated DNA analysis systems4). 

As well as carbohydrates of higher molecular weight, carbohydrate derivatives (such 
as cellulose) and synthetic polymers [such as polyacrylamide, silicon rubber and poly- 
vinyl alcohol], protein layers are utilized in various microsensors for immobilization. 
'Typical examples are alginate, collagen, gelatin and agar5). However, proteins are not 
only used as the immobilization layer, but they are mainly applied as the functional 
layer (e. g., in enzyme sensors). The transduction into electrical signals requires the 
presence of redox active species. Therefore, redox active enzymes are preferred in 
amperometric and potentiometric biosensors. Such enzymes are also important for 
miniaturized detectors based on bioluminescence. 

1) M. Schena et al. 1995 
2) M.A. Northmp et al. 1995, M.U. Kopp et al. 

3) A.T. Woolley and R.A. Mathies 1995, A.T. 

4) A.T. Woolley et al. 1996, M.A. Burns et al. 1996 
5) F. Scheller and F. Schubert 1989 

1998, S. Poser et al. 1997, J .  H. Daniel et al. 1998 

Woolley et al. 1997, C. H. Mastrangelo et al. 
1998 
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Preparation of Nanostructures 

4.1 
Principles of Fabrication 

4.1.1 
Subtractive and Additive Creation of  Nanostructures 

The predominant microtechnique is subtractive fabrication, which removes a depos- 
ited material from certain locations (cf. Section 3.1). Subtractive principles can be 
transferred to nanotechnology. An analogous layer deposition can be used, but 
with reduced thicknesses. However, methods with a high lateral resolution and a 
k.igh precision with respect to positioning are required for fabrication. These require- 
ments exclude standard optical projection methods as applied in photolithography. A 
drastic reduction of exposure wavelength would be necessary. Beam probe techniques 
are particularly well suited for the direct fabrication or transfer at the nanoscale (cf. 
Section 4.3). 

The requirements for the process of removal ofthe functional material depend on its 
thickness. For typical microtechnical layers of 0.1-1 pm thickness, isotropic etching 
processes have to be excluded, because they do not allow aspect ratios larger than 0.5 
and so the lateral dimensions will not reach the nanometer range. However, this does 
not apply for the subtractive patterning of a molecular monolayer or just functional 
groups on a plane solid surface. As a result of the dimensions in or below the lower 
nanometer range, nanometer structures are possible even with small aspect ratios. 
Wet chemical and plasma chemical methods of subtractive patterning, but also iso- 
tropic gas phase processes are suitable for such fabrication steps. In this manner, 
lithographic masks are applied in an analogous way to that known from microtech- 
nical lithography. The ultrathin functional layer is therefore covered by a resist layer 
that is structured by a lithographic process. This pattern is transferred into the ultra- 
thin layer, prior to removal of the mask. 

The subtractive patterning of ultrathin layers is comparable to microtechnical etch- 
ing, because it is also based on a series of individual reactions that remove the layer in 
the apertures of the mask and transfer the material into the gas phase. A significant 
difference exists in the amount of material and the required reaction rate. Because 
process times are in the second to minute range, the removal of ultrathin layers re- 
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local removal of film by oxidation 

Fig. 50 Fabrication of lateral microstructured 
molecular monolayers by a lithographic process 
A, Local oxidation o f  alkylated surfaces in the 
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OH-group rich surface in the windows o f  a mask 

quires only a low rate of removal. The transport of etch-active particles to and the 
removal of reaction products from the surface is usually not critical, in contrast to 
microtechnical etching processes related to thicker films. 

The removal of ultrathin layers sometimes occurs in one single step. This is the case 
for cleavage of a small group of atoms or the local removal of molecules from a mo- 
lecular monolayer (Fig. 50A). This process is not comparable to microtechnical etch- 
ing, and is better described as surface chemistry with a mask-guided process. Such 
nanolocal surface manipulation methods do indeed represent the backbone of nano- 
technology. 

Mask-guided processes of surface chemistry are not limited to the removal of mo- 
lecules or atoms. The binding of new atoms or group of atoms to the surface is also 
possible (Fig. 50B). Because the new material is added, such a synthetic process is an 
additive pattern transfer. In the case of ultrathin layers, and especially for monomo- 
lecular layers, there is no clear dividing line between subtractive and additive pro- 
cesses. 

Such analogous additive processes from microtechnology can be applied in nano- 
technology for structures consisting of several layers of atoms or molecules. As regards 
the subtractive methods, the steepness of the mask edges has to be sufficient in the 
case of thick masks, to facilitate lateral structures in the nanometer range. An example 
i s  galvanic fabrication, which i s  also applicable on the nanometer scale. 
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4.1.2 
Nanostructure Generation by Lift-off Processes 

The so-called lifting is a specific process (Fig. 51). In a similar manner to the additive 
processes, a mask is generated. The functional layer is deposited on top of the mask 
layer, so that the functional material is only in direct contact with the support in the 
mask apertures. In contrast to galvanic methods, where the functional material only 
develops in the aperture, the functional material covers the whole substrate. However, 
after removal of the mask layer, all parts of the functional layer on top of the mask 
material will be removed (“lifted”). From the standpoint of deposition, lifting is 
more a subtractive than an additive process, due to the whole substrate surface being 
covered by the functional material. 

A great advantage of lifting is the independence of the process from the chemical 
solubility of the material that represents its etching behavior. The applied etching bath 
is independent of the functional material, because it only has to remove the masking 
material. Therefore, lifting is a universal process. It has the potential to fabricate very 
small structures with high precision. The quality of the mask edge and the deposition 
clf functional material inside the aperture of the mask material determine the edge 
quality of the final structure in the functional layer. A change in the dimensions 
of the structure and bent or round edges, as is often observed in the case of isotropic 
or partially isotropic etching processes, are minimized. In particular, the fact of pre- 
serving the dimensions makes lifting an ideal process for submicron and nanostruc- 
hres. 

There are some requirements for successful lifting. The mask layer covered by the 
functional layer has to be removed in a certain time frame. So a sufficient number and 
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Fig. 52 Limits of lift-off process 

density of holes in the functional layer are needed to ensure the access of the solvent 
onto the mask layer material. This requirement is met for small lateral dimensions of 
the structures, for densely packed structures and when the functional material does 
not cover the edges of the mask layer (Fig. 52, A and B). 

Lifting can be also applied in the case of nanoporous functional materials, so that the 
solvent and the resulting product can penetrate this layer. In this process intermediate 
structures of layer elements can often be observed, which are free of the substrate but 
still connected laterally. Owing to the mechanical instability of this formation, the 
application of ultrasonic agitation leads to a breaking of these formations and removal 
of the resulting smaller particles from the surface. 

Continuous nanopores are often observed in ultrathin inorganic layers, especially 
after evaporation and sputtering. They are less abundant for epitactic deposition and 
for reactive gas phase deposition than in CVD processes. The density of pores de- 
creases sharply with thicker layers. 

Lifting processes are not applicable for compact layers with thicknesses greater than 
the thickness of the mask layer. They are also problematic for layers with minimum 
pore density for low mask flanks, so that continuous areas of functional material with 
high density are formed above the flanks of the structures, hence access of the solvent 
is hindered. 

Lifting processes are assisted by underetched mask flanks (Fig. 52 C). Also the di- 
rection of impact of the deposited atoms or molecules influences subsequent lifting. 
Through isotropic distribution, mask edges are usually covered, thereby slowing down 
the access of the solvent. 
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Anisotropic deposition in fact yields shadow effects, especially for underetched 
edges, where the solvent will have easy access into the cleft between the mask and 
functional material during the lifting process. 

For thin layers, both the tendency to form nanopores and the low ratio of functional 
to mask layer thickness makes lifting particularly interesting. Hence it has a greater 
importance for nanotechnology compared with the microtechniques. It is often ap- 
plied for specific problems and especially in research and development. For mass 
production, two problems exist. One point is no or incomplete solubility of the func- 
tional material, resulting in particles remaining in the lifting bath. So the bath is sa- 
turated with material from the functional layer, which can lead to defects especially in 
highly integrated structures. Another point is the time necessary for the process, 
.which, even for thin layers and ultrasonic agitation, is still in the range of some min- 
utes, resulting in a low productivity. 

The lifting represents a process that includes aspects of both an additive (deposition 
of functional material inside the windows of a mask layer) and a subtractive (removal 
of undesired material as particles) process. 

The question arises, as to whether - in analogy with the molecular disperse methods 
-- a reverse process of this nanodisperse procedure is possible to achieve an additive 
process. Such an approach would require the transport of nanoparticles from a sus- 
pension and their integration into layers with the formation of bonds. For a sufficient 
number of small particles, such processes are possible, when interparticle bonds occur 
only at the surface. Electrical charges of the particles which are removed that are in 
contact with the substrate stabilize the suspension and also promote futation onto the 
substrate, thereby supporting such a deposition process. 

4.1.3 
Principles o f  Nanotechnical Shape-definition and Construction 

The question of single particles is much more prominent in nanotechnology than in 
microtechnology, even greater than the problem with continuous layers. This promi- 
nence is because of both functional and purely technical reasons. The functional as- 
pect relies on the same scale of functional structures and larger molecules, so that 
these molecules can be considered as individual elementary units themselves. 

The technical aspect for the preferred use of individual particles in nanotechnology 
is explained by the ease of manipulation in this size range. In conventional mechanics 
and construction, the elementary units are large enough to be manipulated by hand or 
with standard tools. In microtechnology, this handling is significantly hampered, 
structures with micrometer dimensions are no longer accessible for manual opera- 
tions, and even machines have difficulties. Therefore, microtechnology developed pla- 
nar technique as a technical platform, enabling the efficient fabrication of microstruc- 
tures but also a functional and material connection (cf. Section 3.1) .  Planar techniques 
normally fabricate and manipulate ensembles of structures, instead of handling the 
individual assemblies. The required changes in the local material arrangement are 
realized by establishment or cleavage of chemical bonds. For each structural element 
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and assembly, a large number of such changes occur. Planar techniques define local 
areas or volumes for these bond changes, without exact definition of the position and 
geometry of single atoms, molecules or bonds. On the contrary, it does not seem likely 
that microparticles are transported and specifically bound by chemical manipulations 
in microtechniques. 

In nanotechnology, the structural dimensions describe not only functional units, but 
also natural units that are accessible for individual manipulations. In particular these 
manipulations concern the material transfer and the specificity of chemical bonds, 
which are significantly more favorable for nanoparticles and molecules than for mi- 
crometer objects. 

It is questionable whether the term technical manipulation of nanoparticles can be 
transferred from classical mechanics to nanotechnology by simple scaling. Such an 
extrapolation ignores the fact that the analogous approach in precision mechanics 
is of no importance, and the reason for this failure increases with the smaller struc- 
ture sizes. I t  is not additional mechanical translations in a nanorobot, but rather new 
and dimension-adapted principles of nanomanipulation that are effective in nanotech- 
niques. These nanomanipulations are assisted by the existence of natural structures 
with the appropriate dimensions on the one hand, and the individual differentiation by 
chemical interactions on the other. 

Besides the forced transportation of particles, other basic construction principles in 
the nanoworld are spontaneous material transport by diffusion, thermally activated 
intramolecular movement and the hierarchy of chemical bond strength. The trick 
of nanotechnology is the limitation and control of the three translational and the three 
rotational degrees of freedom in the spontaneous movement of particles in such a way 
that the desired functional geometry is achieved. Management of the interactions of 
the units, such as nanoparticles, molecules and atoms, has to be achieved. The 
fabrication of some atomic or molecular functional groups that can be still considered 
as solid-state structures is possible in a way that is analogous to microtechnical ap- 
proaches (cf. Sections 3, 4.3 and 4.4). In addition to this rather simple case, one 
has to consider that the geometry and topology of units are not identical. The 
topological context of nanotechnical construction is a required, but not sufficient 
of a prerequisite for shape definition in the nanoworld. The generation of topological 
connections limits the degrees of freedom in movement of the units. Construction in 
the nanoworld means specifically therefore the generation and enforcement of con- 
nections between units. The degree of connectivity determines the geometrical defini- 
tion of a structure. This approach uses a series of limitations of degrees of motional 
freedom by transferring topologies of low connectivity into topologies of higher con- 
nectivity. Above a certain state of topological connectivity, the geometry of a nanoobject 
is clearly defined. T h i s  point of view applies both for the scaling of solid state tech- 
niques and the chemical-synthetic generation of nanostructures. In the first case, the 
motion of the particles on surfaces depends on the kinetic energy in the gas phase and 
the ratio of the surface temperature of the solid to the binding forces, the generation 
and the nanoporousity of clusters, and therefore the particle distribution or layer mor- 
phology reflects the role of the connectivity between particles and the limitation of the 
degrees of freedom in a controlled process regime. In the second case, the strength 

I 
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and density of different chemical bonds is successively introduced into the molecular 
architecture. 

Limitations to the motional degrees of freedom as an approach to nanogeometries 
will at present, and in the foreseeable future, not solely be realized by lithographic or 
chemical processes. Only by the interplay of formation and cleavage of selective bonds 
(“molecular self-organization”) under the constraints of geometries given by litho- 
graphic structures will a nanostmcture technology be achieved. It opens new possi- 

es for shape-generation in the nanoworld, thereby fulfilling the expectations of 
nanotechnology. 

The formation of chemical bonds positions the molecular units, or also nanoparti- 
cles, relative to each other. The unambiguous nature of the geometrical assignment 
depends on number, durability and the spatial position of the formed bonds as well as 
the degrees of motional freedom within the molecular units. A bond formation always 
generates a new topological association. This process is equivalent to processes in 
chemistry. The formation of new bond topologies at conventional chemical processes 
1s independent of the number of molecules involved. 

The arrangement of a functional - which implies technical - system always involves 
a point when only the internal ordered components are integrated into an external 
determined geometry. In nanotechnology, as often in technical processes, the assem- 
bling of units occurs through surface processes. The integration of a mobile unit in an 
area preserving this mobility already represents a first limitation to the degrees of 
motional freedom. The number of possible directions for translations is thereby re- 
duced from three to two. This general technical principle is the first step in a reduction 
of the dimensions in order to manipulate and integrate objects following geometrically 
determined concepts. 

Another restriction to translation requires structures on the surface that interact in 
specific ways with the object. The simplest case is the definition of lines that are used 
i o  position the object. Through this positioning, the second degree of translational 
fkeedom is also suppressed. To facilitate this approach, lines have to be defined. Be- 
cause the lithographic processes with the highest resolution, such as electron or ion 
heam lithography, are limited to about 10 nm resolution, it is difficult to fabricate line 
structures for the positioning of small and medium molecules directly. This is only 
possible for small individual structures by means of scanning probe techniques (cf. 
Section 4.4). 

A confinement in lines could also be realized by a two-fold binding of an object onto 
two adjacent areas (Fig. 53). The generation of a line as a separation between two ad- 
jacent surface areas is a simple method of confining the binding of mobile objects in 
an external geometry. This approach also applies with small dimensions of the objects 
and therefore is suitable for micro- and nanotechnology. Without specific require- 
ments for the miniaturization of the binding areas themselves, only the mutual bound- 
ary of the areas defines the position for the binding of the objects. Hence no particular 
requirements regarding lithographic resolution or projection of small structures are 
needed for such a nanotechnical operation. Only the precision in positioning of the 
boundary line defines the precision of the integration of the mobile objects into the 
solid substrate. 
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Fig. 53 Binding o f  bi-functionalized 
molecules at the borderline between two 
different complementary modified surface 
regions 

The realization of positions by bonds for technical use has to meet two require- 
ments. The binding strength in the areas has to be low, so that no binding occurs. 
The binding strength along the boundary line has to be high, resulting in durable 
bonds. So at least for the duration of the objects being contained in the medium 
(step 1) or of a subsequent rinsing step of the solid substrate (step 2), the ratio of 
binding strength in each area compared with the overall area has to be so small 
that the objects exhibit no binding on the homogeneous areas, but that there is suffi- 
cient interaction with the line. The binding constants I(sfl and k& are determined by 
the ratio of the rate constants for adsorption and desorption klad/kldes and k2ads/k2desr 
respectively. For the binding constants of step 1 the equilibrium state applies: 

&f2 = k2ad/k2des << l / % 2  (area 2, (4.2) 

with Nbi describing the number of binding places in the areas. On the other hand, the 
binding probability on the boundary line KL should be high: 

Kl = klad/kLdes >> %fl (4.3) 

and 

Because the adsorption constants k, for areas and line are comparable, the given re- 
lationships require significant differences in the desorption rates. 

For a selective removal of species adsorbed onto areas whilst preserving the bonds to 
the line, a kinetic strategy can also be applied without equilibrium conditions. In this 
case, the rate constant for desorption has to be sufficiently low. 

The third degree of translational motion can be constrained by the shortening of the 
binding line to a point. With respect to the line, such a point does not require a direct 
lithography with these dimensions. A point could be defined as the crossing point of 
two lines, so that the dimensions of the point are given by the width ofthe edges, which 
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Fig. 54 Restriction o f  rotation ~- 

for an immobilized particle by 
individual bonds 

rotation possible I 
rotation blocked 

are sufficiently small in the case of monomolecular layers. The precision in the po- 
sitioning of the point is determined by the edges. Such a crossing point can only be 
used when compatible binding molecules are provided, which need at least three 
specific binding groups. The binding process and, if necessary, desorption have to 
ensure that not only two but three bonds are established to immoblized binding 
partners, so that only the crossing but not the edges or even the areas are occupied 
by bound objects. 

The binding of mobile molecules on solid substrates introduces constraints between 
the translational and also the rotational degrees of motional freedom. Even a single 
bond suppresses the two rotations parallel to the substrate plane (Fig. 54), so that only 
the rotation perpendicular to the substrate normally remains. If two or more bonds are 
formed, this rotation is also prevented. Hence only the internal degrees of motional 
freedom remain, such as conformational changes and isomerization in so far as they 
do not interfere with the surface-attached binding regions of the molecule. 

A variety of chemical approaches can be utilized for the generation of nanostruc- 
tures. Molecular units can either be pre-synthesized in solution prior to binding onto 
solid surfaces, or they can be added successively to structures growing on the surface. 
Two parameters determine the choice of the procedure: solubility and rigidity of the 
molecular units. In solution pre-synthesized units have to remain in solution, so also 
larger assemblies should be solvatized. This property is a required condition to avoid 
unintended aggregation, the precipitation at interfaces or the condensation into small 
solids or liquid heterophases. The potential for aggregation increases with the com- 
pactness and rigidity of the molecules. 

Highly mobile linear polymers exhibit an extremely high solubility in suitable sol- 
vents. On the other hand, larger molecules with the potential to develop a large num- 
ber of different conformations tend strongly towards nonspecific binding on surfaces, 
through the simultaneous formation of multiple weak bonds to the substrate surface. 
The tendency to adsorption increases drastically with the variety of chemical functional 
groups and subunits in such macromolecules. Hence the multifunctionality of such 
molecules conflicts with the desired, highly specific coupling onto surfaces. Therefore, 
a compromise has to be found for such molecular constructions between variability, 
solubility and rigidity of the molecular units. 
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4.2 
Nanomechanical Structure Generation 

I 

4.2.1 
Scaling Down of Mechanical Processing Techniques 

The scaling down of classical mechanical processes into the nanoworld is not simply a 
reduction in size. While in precision mechanics large numbers of molecules and 
atoms are processed, nanomechanical methods include only limited numbers. So 
the characteristics of such methods approach chemical processes, and the surface 
and interface effects play a dominant role. 

Moreover, the dynamics of the processes are changed. With decreasing dimensions, 
heat is transferred much faster compared with the macro- and microdimensions. This 
is a great advantage for many methods, so that, for example, thermal energy can be 
carried away faster and thermal damage is avoided. 

Another aspect is the sharpness ofthe edges. In the nanometer range, no sharp edge 
is ideal. In the ultimate case, the radius of curvature is the radius of an atom. Macro- 
scopically sharp edges often appear from an ultramicroscopic point of view as moun- 
tain ranges of material, and even the sharpness revealed by light microscopy can con- 
tain hidden areas with sizes of several atom diameters. Therefore, edge quality should 
be described by incorporating the radius of curvature and the distribution of the radii if 
necessary. The sharpness of edges depends on mechanical and chemical stress and 
especially on the mobility of particles in the material itself. Because of attempts of the 
atoms and molecules situated on the surface to increase the number of interactions 
with other particles in order to achieve minimal energy, all materials show a tendency 
towards rounding edges. Surface energies and mechanical relaxation processes influ- 
ence the geometries of nanostructures'). At solid-liquid interfaces, the interaction of 
particles in the liquid phase counteracts this tendency. On the surfaces of gaseous 
phases, only the limitation of the particle mobility on the solid substrate limits the 
rounding of the edges. Because the particle mobility depends greatly on tempera- 
ture, this parameter is decisive for the radius of curvature formed. The rounding 
by spontaneous transport of material is initially relatively fast; the speed decreases 
with increasing radius. However, after a longer duration or thermal stress a further 
increase in radius can be observed. The geometrical stability of nanoscale devices and 
assemblies is determined by the surface mobility of the particles of the applied ma- 
terials and the external activation, such as heat, electrical fields and radiation. 

The mechanical generation of nanostructures by an external tool requires a high 
precision for the relative positioning of the tool and structure. Positioning systems 
are needed with sufficient precision in all translational and rotational degrees of mo- 
tional freedom. Using pre-adjustment, four degrees can be a constraint, so that a 
movement in two directions has to be controlled with nanometer precision. How- 
ever, a freely movable arrangement is preferred. Tables are available that meet the 
nanometer precision requirements for all six axes. Extreme precision is achieved 

1) J.M. Kohler et al. 1991 
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by piezo actuators, but the overall movement is limited. Therefore, combinations of 
classical mechanical with piezo actuators are applied. So a compact six axis table was 
developed for micro- and nanomechanical processes, with a precision of 1.25 nm (x,y) 
and 8.5 nm (2) as well as 0.5 and 0.97 p a d  for the rotational axes’). 

4.2.2 
Local Mechanical Cutting Processes 

Cutting processes are typical for classical mechanical processes. With adequately small 
tools, these principles can be scaled down to the micrometer range. To cut real metals 
requires a tool with an edge sharpness much less than the thickness of the shaving to 
be removed, so that shear forces can overcome the local cohesive forces of the material. 
Therefore, cutting is limited by the edge sharpness of the tool. In principal, tools with 
sufficient edge sharpness and length are possible to generate structures in the med- 
ium nanometer range. Theoretical considerations indicate that shavings as small as 
I nm are possible*’. However, in contrast to the micrometer range, no tools have yet 
been developed with such a high precision. 

In general, cutting methods work in a serial manner, so that they are not suitable for 
highly integrated nanotechnical assemblies. Hence these methods will be limited to 
specific individual or to simple regular structures. 

4.2.3 
Surface Transport Methods 

The local removal of material by a probe is possible with inhomogeneous materials, 
especially in the case of a thin layer with weak interactions to the support. A moderate 
pressure of the tool induces a shifting or removal of parts of the layer. For manipula- 
tions in the nanometer range, scanning probe techniques are preferred due to the 
existence of nanometer tools (the scanning tips) and a positioning system with 
sub-nanometer precision (cf. Section 4.4). 

For additive surface transport processes, the writing probe can be used as reservoir 
for the material to be deposited. The so-called “dip-pen nanolithography” holds sur- 
face-active molecules on the tip of a scanning force microscope. Contact of the tip with 
a substrate which has a high affinity for the adsorbed molecules results in a transfer of 
these molecules via a water meniscus to the surface, and a nanostructure is formed 
according to the x-y movement of the tip relative to the substrate (Fig. 55). A prere- 
quisite is sufficient mobility of the molecules on the tool surface and a high affinity for 
the substrate surface. The latter is given for compounds forming self-assembled 
monolayers (SAM) on surfaces. Examples are alkylthiols such as octadecylthiol on 
a gold substrate, yielding a monolayer of nanometer thickness. Spots of about 

1 )  T. Nomura and R. Suzuki 1992 
2) N. Ikawa et al. 1992 
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Fig. 55 
a substrate surface resulting in nanostructures of a molecular monolayer 
(dip pen lithography) (R.D. Piner et al. 1999) 

Transfer o f  amphiphilic molecules from a scanning probe t ip onto 

15 nm diameter and structures with widths of 50-70 nm were realized with 16-mer- 
captohexanoic acid or octadecanethiol on gold'). 

The principle of transport on surfaces can be scaled down to the atomic range. In- 
stead of mechanical probes, fields can be applied for force transfer. Atoms with a 
tendency towards high electrical polarization, such as neutral alkaline metal atoms, 
are moved by electrical fields on monocrystalline surfaces. In this way the manipula- 
tion of Cs atoms on GaAs surfaces has been demonstrated2). Electrically conductive 
micro- and nanoparticles show an even better surface mobility in the electrical field. 
The speed of electromigration increases with substrate temperature and particle size3). 

4.2.4 
Reshaping Processes 

In contrast to cutting methods, reshaping procedures are much better suited to ma- 
nipulations in the micro- and nanometer range. With decreasing structure sizes, the 
material transport distances with reshaping processes become shorter. Although re- 
shaping requires a precision for the tool geometry better than the precision in the 
resulting structure, there are no special requirements for the tool regarding hardness 
and edge sharpness. Moreover, no ultrathin layers are needed, so that thicker or bulk 
material can also be processed. Thus a polymer layer prepared by spin-off can be na- 
nostructured using imprint processes (Fig. 56). 

Hot embossing of plastics is established in macro- and microtechnology. Therefore, 
the material to be shaped as a raw work piece and the shaping tool are pressed together 
at a temperature above the softening temperature ofthe material. The plastic adjusts to 

1) S. Hong et a% 1999, R. D. Piner et al. 1999 
2)  J.A. Stroscio et al. 1992 
3) T. Ichinokawa et al. 1992 
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Fig. 56 Principle of micro- and nano-mol- 7 1  substrate 
ding in a thermoplastic material using a molding 
tool 

polymer film 7 1  deposited by 
spincoating 

tool for molding 
$. 

molding 
procedure 

removal of 
molding tool t 

the shape of the shaping tool, yielding a three-dimensional replica of the tool. The 
shaping is limited to shapes without underetched edges. 

Hot embossing is of special interest for a cost-efficient mass production of work 
pieces. The process itself is usually very fast (typically below one second). The tool 
can be recycled many times. The temperature depends on the softening behavior 
of the material and is typically in the range of 150-300°C. 

Very small structures can also be hot embossed, so that this technique is well suited 
to the nanometer range. Holes with diameters below 25 nm were structured into a 
PMMA layer (T, 105 C) of 55 rim thickness. PMMA is particularly appropriate, 
due to its good separation from silicon wafer surfaces and its low shrinkage. The poly- 
mer structures were at 200 ?C with a nanolithographically fabricated tool made from a 
structured SiOz layer on a silicon wafer’). Shaping tools for nanoscale hot embossing 
can be prepared, for example, by electron beam lithography and dry etching (Fig. 57). 

Polymer nanostructures created by hot embossing can be applied as masks for the 
lithographic manipulation of the subsequent functional layer. This method belongs to 
the family of soft lithography. This “nano imprint lithography” (NIL) uses resist tech- 
niques similar to those known from organic photo- or beam-resist procedures (cf. 
Section 4.3). The only principal difference is that hot embossing results in residues 
in the aperture of the mask material, which have to be removed before further proces- 
sing. For pure organic mask materials, e. g., silicon-free resists, a short oxygen plasma 
treatment is sufficient. Shaping techniques can be combined with multilayer resist 
technologies. In analogy with optical multilayer techniques (cf. Section 4.3.4), two- 
or three-layer systems are possible. Thus the lowest layer is a planarizing layer to level 
the topographic relief of the substrate’). 

I )  S.Y. Chou et al. 1995 
2 )  X. Sun et al. 1998 
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,-electron beam resist 
--Si02 -layer 
‘-Si-su bstrate 

Fig. 57 Fabrication of continu- 
ous nanostructures by molding 
using an electron-beam fabri- 

electron beam exposition cated tool and subseauent pro- 

1 1 1 1 41 11 and development cessing by time-controlled reac- 
tive ion etching (S Y Chou et al 
1996) 

___ resist pattern (25 nrn) 

pattern transfer into the 
so,-layer by RIE 

obtained molding tool 

thin film of polymer 
(PMMA) 

’ -substrate 

molding of nano pattern 

nanotopography after 

(02 -Plasma) 

nanopattern in PMMA 1 
Ultrasmall structures in different materials are possible through a combination of 

hot embossing with lift-off. So structures with a width of G-10 nm have been realized 
in a metal layer’). 

Molding of nanostructures is not limited to increased temperatures. Also a local 
softening of the substrate material by the solvent allows embossing procedures to 
be used2). The required solvent can be provided by the stamp (Fig. 58). Another ap- 
proach is the use of a liquid as starting material that fills the nanocavity of the stamp 
and is subsequently hardened. The adhesion of the layer on the substrate is enhanced 
when a primer layer is activated on the substrate (Fig. 59). 

1) S.Y. Chou et al. 1997 
2) E. Kim et al. 1997 
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Fig. 58 Principle o f  solvent-as- 
sisted nanomolding stamp 

~ adhesing film of solvent 

. -.-polymer substrate 1 

deformation of polymer 
during contact with stamp 

evaporation of solvent 

molded nano pattern 

4.2.5 
Printing Processes 

Nanomechanical techniques include all processes that incorporate a local transfer of 
material from a tool onto a substrate, when either the tool or the substrate is pre-stmc- 
tured. Soft lithography is well suited to nanostructure fabrication (cf. Section 3.4.6). 
Nanostructured stamps can transfer material from the stamp through a mechanical 
contact onto the substrate; in this way the stamp shows the mirror image ofthe desired 
structure. An important prerequisite for stamping techniques in the nanometer range 
is that the transfer of material takes place in ultrathin layers, molecular monolayer are 
particularly suitable. 

Advantageous for the realization of a high precision is the application of a nanopor- 
ous stamp material to ensure the supply of material for transfer during the contact with 
the substrate surface. An ideal stamp material is poly dimethyl siloxane (PDMS), a 
cross-linked polymer that incorporates different liquids through swelling. More- 
over, its elasticity results in a good mechanical contact with the substrate, thereby 
minimizing wedge errors and problems related to wavy substrates. PDMS stamps 
show excellent transfer behavior for organic liquids. The layer formation can be en- 
hanced in the case of molecules with the potential for self-assembly and subsequent 
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substrate with Fig. 59 Fabrication of nanostructures 
chemical priming from a liquid polymer layer by UV-in- 

duced polymerization through a trans- 

L - u - d  molding tool 

2 4 
layer of reactive 
monomers 

UV-Licht ++++++++ 
r I 
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patterning by contact 
between tool and 
substrate surface 

stabilization by 
UV-irradiation; 
reaction of resist with 
substrate surface 

parent stamp (J. Haisma et al. 1996) 

release of tool 

Tab. 4 Nanolithographical structure generation by mechanical techniques'] 

Method Resolution achieved 

Mechanical nanomachining 
Nanoimprinting 
Nanoimprinhng and lift-off 
Nanoscde replication 
Nan0 contact printing 
Replica shaping 
Solvent-assisted nanoshaping 

100 nm 
25 nm 
6 nm 
50 nm 
35 nm 
30 nm 
60 nm 

Reference 

N.L. Abbott et al. (1994) 
S.Y. Chou et al. (1996) 
S.Y. Chou (1996) 
B.T. Terris et al. (1996) 
A. Kumar et al. (1993) 
Y. Xia et al. (1996) 
E. Kim et al. (1997) 

monolayer formation on suitable substrates, e. g., in the case of alkyl thiols on gold 
substrates*). 

For the formation of closed nanostructured layers through stamping procedures, the 
molecules of the liquid phase have to form stronger bonds to the substrate than to the 
stamp or the solvent. This does not call for strong chemical bonds, as long as the ratio 

I )  Y. Xia and G.M. Whitesides 1998 
2)  A. Kumar and G.M. Whitesides 1993 
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I stamp covered with a film of alkylthloles 

formation of nanopatterned SAMs 
on the cylindric substrate 

metallic nanopattern 

Fig. 60 
of an SAM from a planar stamp onto a cylinder 

Fabrication o f  nanostructures on a spherical surface by pattern transfer 

of lower solvation of the molecules in the stamp material on the one hand and a stron- 
ger adsorption onto the substrate on the other hand is given. Nanostamp techniques 
always rely on a combination of preferred molecular interactions with lateral structure 
generation. 

A nanolocal transfer of material is also possible when the substrate is structured 
instead of the stamp. Then a plane printing tool such as a non-structured roller 
can be used (Fig. GO). For local selective transfer, no relief on the substrate is needed 
if there are surface regions with different chemical activity. So a molecular monolayer 
or nanoparticle can be transferred with plane tools onto micro- and nanospots that 
differ in their binding properties from the remaining substrate. Transfer techniques 
utilizing planar stamps are able to modify and structure even cylindrical surfaces by 
unrolling and printing transfer of the nanostmctured self-assembled monolayer'). 

Because soft-lithographic procedures are not resolution-limited as in photolithogra- 
phy, they are discussed as a replacement technology for the production of integrated 
circuits, which approach critical dimensions below 100 nm. They are also applicable to 
bent surfaces in optical applications2). 

1) R.J. Jackman et al. 1995 
2) Y. Xia et al. 1996 
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4.3 
Nanolithography 

I 

4.3.1 
Structure Transfer by Electromagnetic Radiation 

The fabrication of stable structures requires changes in bonds between atoms of a solid 
or a resist layer. Therefore, the locally introduced energy has to overcome the activation 
barrier of the respective chemical reactions. If this activation relies just on tempera- 
ture, only the total energy or the energy per area and time (power density) are of inter- 
est, but not the energy of the individual particles. Locally introduced thermal energy is 
easily dissipated on the micro- and nanoscale, so the required power density increases 
with the decreasing diameter of a structure of interest. High power densities are rea- 
lized by lasers that are used routinely for structure fabrication in microtechnology. 
However, there are several problems related to the application of lasers in the visible 
or UV range for nanostructure technology: 

a) The required power densities become very high. 
b) The focus size is limited by the wavelength of light. 
c) The heat transfer into the surrounding area broadens the structure. 
d) The material specificity of bond activation is low. 

Therefore, processes with particles each providing sufficient energy for bond activa- 
tion are preferred on the nanoscale rather than methods based on the integral effect of 
many particles. 

Typical bond energies of materials that are stable at room temperature are in the 
order of magnitude of 100 kJ mol-' (about 1 eV per bond). For bond cleavage by in- 
dividual activated particles or photons, these particles have to exhibit at least the same 
energy. To achieve chemically selective effects, the introduction of resonant energy at 
the bond is advisable. This phenomenon is utilized in photochemical processes, but 
their resolution in optical projection is restricted by the diffraction limit. Fabrication 
techniques also apply particles of higher energies, so that one particle is able to cleave a 
group of bonds. 

The energy required for bond cleavage can be provided as photons. To achieve ac- 
tivation energies of about 1 eV, photons of wavelength 1.2 pm and below are needed. 
This energetic reason limits the range of the electromagnetic spectrum that is usable 
in micro- and nanostructure technology to lower wavelengths. For particularly stable 
bonds, the required energies reach the range of 1 M J mol-'. Hence light from the far 
UV into the near vacuum UV is applied. 

Besides the energetic factor, the wave character of light limits the application of 
electromagnetic waves for structure generation in nanotechnology. When photons 
are applied as a free beam or by a projecting optical system, diffraction limits the 
local resolution. 

To fabricate nanostructures with typical dimensions below 100 nm using photons, a 
wavelength below 200 nm is required (for k = 0.5 and NA = 1). Nanotechnology with 
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optical projection requires the use of vacuum UV or even shorter radiation, such as X- 
ray or extreme UV (EUV). Soft X-ray radiation is especially suited for structure fab- 
rication. A wavelength of about 1 nm is sufficient to achieve structures in the medium 
nanometer range for standard apertures without a diffraction limit. The photon energy 
is about the 100- to 1000-fold that of typical bond energies. Thus the activation volume 
of bonds is in the same range as the wavelength. 

The situation changes with the transition to highly energetic radiation, such as hard 
X-ray or y-radiation. For energies in the MeV range, the wavelengths are in the pm 
range, therefore of subatomic dimensions. Millions of bonds are activated by a single 
particle, yielding activation volumes with diameters of 10 nm and more. Secondary 
emission of energetic electrons and hard X-ray radiation lead to the growth of 
such activated regions of up to 1 pm3. Thus, not all bonds in this volume are acti- 
vated, but changes to the bonds distributed in this volume occur. Therefore, an upper 
energetic limit for photons regarding applications in nanotechnology should be de- 
fined. This value can be found in the medium keV range. It is only an estimation, 
due to the complexity of the interactions of energetic particles with the target material 
and the large differences dependent on the composition of the target. Under certain 
conditions, the application of highly energetic photons can be useful for nanostructure 
fabrication (cf. Section 4.3.6). 

One solution to the diffraction limit of resolution is the structure fabrication in the 
optical near field. Near-field processes rely on very small distances between the volume 
element of the target and the light source or light-forming element such as the edges of 
masks, tools or structures. These critical dimensions should be below half of the ap- 
plied wavelength. Optical near-field probes reach distances of 1 nm (cf. Section 4.4). 

A special method of direct-writing structure generation utilizes focused atom beams 
in standing electromagnetic waves. The standing wave acts as a periodic lens for the 
beam, so that the beam is projected with a period of half the wavelength onto a sub- 
strate with a radiation-sensitive layer. Line gratings with a line width of 28 nm and a 
period of 213 nm were fabricated using a light wavelength of 425 nm'). 

Standard pattern generators in microtechnology apply two apertures arranged at an 
.angle to each other. The form of the structural elements is controlled by changing the 
,aperture size and - if possible - the angle. Visible light of shorter wavelengths or UV is 
used to project the aperture onto the light sensitive layer; the resulting diffraction limit 
hampers any application in nanolithography. 

To transfer the principle of the pattern generator for use in nanotechnology, radia- 
tion with shorter wavelengths (such as extreme UV or X-ray) would have to be applied. 
However, no commercial equipment with such parameters is available. 

4.3.2 
Nanolithographic Transfer of Groups of Elements by Optical Projection 

Serial processes are time-consuming and therefore not applicable for a cost-efficient 
and highly productive fabrication of devices with small structures. Therefore, large 

1 1  W.R. Anderson et al. 1999 
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complexes of structures are transferred together in the size of a chip or larger areas. 
Such group transfer processes require a high optical precision and highly homoge- 
neous illumination. Again, the wavelength limits the resolution. 

Mass production of 130 nm integrated solid-state circuits is possible. Assuming a 
minimum structure width at halfwavelength for optical projection, far UV radiation in 
the vacuum UV (190 nm) region would enable structures of below 100 nm width to be 
mass produced. The further development of high resolution and high contrast resists, 
on the one hand, and the introduction of exposition equipment working in the vacuum 
UV will result in structure dimensions considerably below 100 nm in the microelec- 
tronic industry within the next few years. So a process of continuous stepwise improve- 
ment of equipment and technologies ranging from visible through the near, medium 
and far UV to the vacuum UV is leading from a micro- to a true nanotechnology. Such 
a development was unbelievable several years ago. It seems possible, that with the 
extension of optical projection of small structures into the extreme UV range that 
further developments will addresses the medium nanometer range (20-50 nm) 
and so the optical lithography will reach a seamless transition into EUV and X-ray- 
lithography. 

I 

4.3.3 
EUV and X-ray Lithography 

The wavelength of electromagnetic radiation can be decreased until it limits no longer 
the resolution. Extreme UV radiation (EUV) includes the medium nanometer range. 
In recent years, values around 10 nm have also been reached, the region of the transi- 
tion to soft X-rays. The lower nanometer and sub-nanometer range is addressed by X- 
ray lithography (XRL)’’. Using X-rays, sharp local distributions of photoproducts are 
realized for structure dimensions in the medium and lower nanometer range, which 
are not accessible even for multilayer mask processes with UV radiation (Fig. 61). Such 
radiation transfers structures in the medium and lower nanometer range, so that this 
technology is applied for the fabrication of quantum dot contacts2). 

The transition from UV/VIS to EUV and XRL transfers the technological problems 
from the limitations due to diffraction to those for materials. Considering the optical 
aspects, materials with extremely large differences in optical transmission exist -the 
absorption for a nanometer thick metal layer is the same as for a kilometer long glass 
fiber - absorption coefficients in the soft X-ray region exhibit only small differences at 
a maximum two orders of magnitude. The fabrication of transmissive and mechani- 
cally stable lithographic masks is therefore difficult and costly. Also the realization of 
high-resolution optics for lithographic projection systems is difficult. These are the 
reasons that technological breakthroughs in this field are still missing. 

To achieve structures with high aspect ratios, X-ray lithography is already in use. X- 
ray radiation is extremely parallel, especially for synchrotron sources. An exceptionally 
parallel beam and large depth of focus allows the penetration of even thick layers of 

1) N.D. Wittels 1980, I. P. Silverman 2000 
2)  M. Burkhardt et al. 1994 
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Fig. 61 
(left) and diffraction-limited UV-lithography in multilayer resist technology (right) 

Comparison of the principle possibilities for nanostructure generation by X-ray lithography 

resist. Therefore, X-ray radiation is suitable for the direct writing of nanometer struc- 
tures with high aspect ratios into X-ray sensitive material. Using a special plasma 
source with wavelengths of 1.2 and 1.7 nm, columns of 70 nm diameter and an aspect 
ratio of4 have been structured directly into the radiation resist SAL 6011). Aspect ratios 
of up to 13 were achieved for structure widths of 20 nm in PMMA (layer thickness of 
250 nm) or a PMMA/MMA layer (layer thickness of 265 nm) using A u  and W absorp- 
tion layers2). Optimization of dosage allows for even smaller mask structures3). High 
aspect ratios were also reported for the EUV range. For a wavelength of 13.4 nm, line- 
space patterns for 80 nm structure widths have been generated in a resist layer of 
GOO nm4). 

4.3.4 
Multilayer Resists Techniques with Optical Pattern Transfer 

Multilayer resist processes are applied when a single resist layer cannot meet the re- 
quirements for the resist’). One problem is the sharpness of the contours of projec- 
tions into the resist layers of certain thickness, when the thickness cannot be mini- 

1) L. Malmquist et al. 1997 
2)  Y. Chen et al. 1998, G. Simon et al. 1997 
3) K. Fujii et al. 1998 
4) C.W. Gwyn et al. 1998 

5) L.F. Thompson 1994, B. J. Lin and T.H.P. 
Chang 1979, J. M. Moran and D. Maydan 1979, 
C. Li and J.  Richards 1980, R. West and 
B. Grif f ing 1993 
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mized due to the relief on the substrate or protection required against etching pro- 
cesses. Very high numerical apertures are applied for the projective optics to enable 
high resolution, so that the depth of focus is significantly reduced. Even in the sub- 
micrometer range the height of the structures often exceeds the depth of focus, so that 
a high-resolution projection throughout the resist is hampered. Thus either a planar- 
izing step is integrated into the technology or the resist has to fulfill this planarizing 
function for the lithographic process. 

Multilayer resists provide a separation of functions: the actual collection of the op- 
tical image is achieved by a thin layer that is on top of a thicker layer, which both levels 
out the topological relief and protects the struckral elements. Multilayer resist tech- 
nology requires a precise and anisotropic pattern transfer from the primary structure 
of the thin upper layer into this planarizing sublayer, which is usually realized by dry 
etching. Although silicon-containing or other doted organic resist layers were devel- 
oped to make them more resistant to an oxygen plasma, the precision and anisotropy 
of such two-layer resist systems are not sufficient for high quality lithography. 

Therefore, triple-layer systems with an additional thin layer as the transfer mask are 
applied in most cases (Fig. 62). The thin intermediate layer (“transfer layer”) is pre- 
cisely structured under medium selectivity from the projected pattern in the upper 
layer. A material is chosen that allows for a highly selective etching of the planarizing 
layer compared with the transfer layer. Thereby the transfer layer is preserved in the 

substrate with 
I M- topological relief 

- planarizing layer 

,- too resist 
2 

i - 
1 transfer layer 

3 
optical pattern 

~ transfer into top resist 
(low focus depth) 
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Fig. 62 High-resolution photolithogra- 
phy by multilayer resist technology. 
Planarization o f  the topological relief 
(“bottom layer”), projection into a small 
layer volume with low focus depth in a 
plane, thin light-sensitive (“top resist”) 
layer and pattern transfer using an 
etch-selective layer (“transfer layer”) 
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subsequent structure transfer process. Hence precise resist structures with high as- 
pect ratios are realized, which are also applicable for demanding etch processes down 
to the nanometer range. 

4.3.5 
Near-field Optical Structure Techniques with Contact Masks 

Both pattern generation and projecting group transfer processes are resolution-limited 
due to diffraction, as a result of the application of an optical system between the mask/ 
aperture and the collecting resist layer. This limitation does not apply for projections in 
the optical near field. In the case of direct contact of masklaperture and the resist, 
electromagnetic radiation is applicable for lithography in the optical near field 

In principle, even the contact exposure techniques applied early on belong to the 
group of near-field optical processes. Here a mask is pressed against the resist to 
provide for a short light path between the edges of the mask structure and the im- 
age-collecting volume element of the resist. Therefore, both mask and substrate 
must be extremely even, particles capable of acting as spacers have to be excluded 
and the resist layer thickness should be below the wavelength to minimize diffraction 
effects inside the resist layer. Because these three requirements are not usually met for 
most contact exposure techniques as the proximity methods, the resolution of a near- 
field optical projection is not achieved (Fig. 63 B-D). However, ultrathin resist layers 
and a direct contact between the resist and mask enable near-field optical group trans- 
fer processes to occur. They allow the realization of nanostructures, even by use of light 
with a wavelength much greater than the structures obtained (Fig. 63 A). 

near field optical 
lithography by use 
of contact masks 

I '  
applicable in case of 
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mask and resist on 
flat and smooth 
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, 
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B 
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mask and resist layer 

impossible in case of 
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D 
impossible in case of 

A thccker resist films 

Fig. 63 Restrictions of optical near-field lithography in contact exposure processes 
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4.3.6 
Energetic Particles in Nanolithographic Structure Transfer 

I 

In addition to mass-free photons, energetic particles which have a mass can also be 
applied to the generation of nanostructures. They have the advantage of small char- 
acteristic wavelengths h h  (de-Broglie wavelength) of the particle wave function even for 
relatively low energies. The wavelength decreases with increasing mass m,, and in- 
creasing velocity ub of the particles: 

with u,,=J( 2 .  E/ PI,,) (4.6) 

Even for slow or low mass particles, such as low-energy electrons, the wavelength of 
the particles does not limit the lateral resolution (cf. Table 5). 

The possible lateral resolution is determined by the energy of the individual parti- 
cles, influenced by the following factors: 

- penetration depth of the particle 
- diffraction of the particle 
- induced secondary processes 
- reactivity of target material 

The mask processes dominating the microtechnology also play a role in nanotechnol- 
ogy. Additionally, processes with direct structure generation are important for nano- 
structures. As well as division according to the applied projection (mask transfer, writ- 
ing mask, direct-writing), structure-generating processes using energetic particles can 
be divided according to the type of particles. 

The dimensions and scale of probes in the sub-micrometer and nanometer range 
utilized for structure generation are compiled in Fig. 64. Particle beams can be focused 
down to 1 nm, thereby exceeding focused UV beams. Hence they can be applied for 

Tab. 5 Parameters for particles 

Particle in beam Kinetic energy 

Electron e- 1 eV 
10 eV 
1 keV 

10 eV 
1 keV 
1 MeV 

1 keV 
1 MeV 

Proton H' 1 eV 

Argon ion Ar+ 1 eV 

Velocity 

ca. 600km s-' 
ca. 1800km s-' 
ca. 18 000 km s-' 
ca. 14 km s-' 
ca. 44km s-' 
ca. 440 km s-' 
ca. 14 0 0 0 h  5.' 
ca. 2km SC' 

ca. 30km s-' 
ca. 2000km s-' 

Wavelength 

1.2 nm 
0.4 nm 
40 pm 
28 pm 

0.9 pm 
28 fm 
5 fm 
0.16 fm 
0.005 fm 

9 Pm 
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IFig. 64 Size comparison of lithographic probes and natural nanoobjects 

the precise reproduction of complex structures. However, the resolution of a highly 
focused particle beam is limited by the mechanisms of the interactions with the resist 
material. 

4.3.7 
Electron Beam Lithography 

Electron beam techniques apply fast electrons for the generation of structures'). Be- 
cause of their electrical charge, electrons can be easily accelerated and deflected. The 
two-directional deflection of the beam, as is known from cathode tube display tech- 
nology, is also applied in lithography to project structures. The energies of the elec- 
trons are fanvay above the binding energies, so that an individual electron will induce a 
cascade of reactions after hitting the target. The beam voltage is determined by the 
geometrical requirements of the beam, and not by the chemistry of the target materi- 
al. Because a cloud of negatively charged particles creates the beam, a tendency to- 
wards broadening due to the interparticle electrostatic repulsion can be observed. 
High acceleration voltages and focusing only in the proximity of the substrate surface 
minimize this effect. High beam voltages suppress the beam divergence due to the 
short time interval the electrons are at high density. 

An electron beam is always subject to inference by fields from the surrounding 
environment. Accelerated electrons are sensitive both to electric and magnetic (Lor- 

1) N.D. Wittels 1980, N. Saitou 2000 
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entz effect) fields, resulting in complex influences from the environment. The higher 
the beam voltage, the lower the influence of external fields. High voltages result in a 
relatively tight beam. Typical values for the beam voltage are about 20 kV, and some- 
times also 30-40 kV. 

The beam current, that is the number of electrons per time interval, influences the 
quality of the beam. High beam compactness and good focusing are supported by 
lower beam currents, when the local electron density and therefore the interelectron 
repulsions are lower. Low currents lead to longer exposure times and therefore conflict 
with the productivity of the process. Highly sensitive resist materials (facilitating the 
high efficiency of the solubility-changing reaction per penetrated electron) provide the 
means for sufficient writing speed also for low currents. Higher voltages also increase 
productivity, because then the energy per electron is higher and therefore also the 
number of induced secondary reactions. 

The resolution of electron beam lithography (EBL) does not really depend on the 
beam diameter. The mechanisms of the interactions of the energetic electrons 
with the atoms and molecules in the electron-sensitive layer are important. Owing 
to their large energy, the beam electrons do not usually interact with the outer elec- 
trons (which are responsible for chemical reactions), but knock electrons out of the 
inner shells. Because the primary (beam) electrons lose only part of their energy in this 
manner, one primary particle is able to initiate several such ionization processes. The 
removed electrons have a sufficiently high energy to ionize the material in their sur- 
roundings, so that secondary processes can be observed. The direction of these pro- 
cesses may differ from the direction of the primary electron beam. The secondary 
processes lead to a broadening of the area affected by the beam. The range of this 
effect depends strongly on the atomic number of the target material. Elements 
with fewer electrons show smaller interaction cross-sections with respect to the pri- 
mary electrons, and lower energies are required for ionization. This leads to larger 
penetration depths and a lower diversion of the beam effect by creation of secondary 
electrons, compared with heavier atoms. 

More important for the dimensions of the interaction volumes is a second effect: 
after the ionization of target atoms, an electronic relaxation occurs by transfer of elec- 
trons from the outer shells to the free places of the inner shells and an energy emission 
as radiation. Owing to the large differences in energy, X-ray radiation is generated. 
This radiation is readily absorbed by the adjacent material. However, the expansion 
distance is much larger than the diameter of the electron beam. Under the influence of 
direct electronic excitation and the secondary effect of the X-rays, an excitation volume 
element develops in the target material around the impact area of the electron beam, 
which extends to a larger penetration depth and is therefore pear-shaped (Fig. 65). 
Because X-rays induce ionization and therefore chemical reactions, the resist solubi- 
lity in this volume changes. The lithographic resolution of electron beam lithography is 
mainly determined by the dimensions of this excitation pear, which is based on the 
target material and beam parameters (especially the acceleration voltage). The deposi- 
tion of beam energy around the actual beam area causes the so-called proximity effect 
of electron beam lithography. This region can reach dimensions of 0.5-1 pm for low- 
atomic number elements, as in the case of organic resists. 

I 
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Proximity effect by formation of an excitation volume in electron beam 

The proximity effect results in concentration gradients of the exposure product start- 
ing from the center of the region. Instead of a defined area separating regions of high 
to regions with low solubility, a transition region with dimensions for a multitude of 
the beam diameters is observed. Thus the development leads to low edges in the resist 
structure. Without a correction of the dose, small structures receive insufficient doses 
of electrons, resulting in incomplete development of the resist and often the complete 
loss of the structure. So the proximity effect is usually the resolution-limiting factor in 
electron beam lithography. 

Because the excitation pear is much larger than the beam diameter and the precision 
of its positioning, a partial compensation is possible. Therefore, higher doses are de- 
posited at the edges of structures or at small structures, compared with lower doses 
inside extended areas. 

The most important application for electron beam lithography is the generation of 
rnasks for photolithography with critical structure dimensions in the sub-micrometer 
range, extending below 200 nm. However, owing to the size reduction applied in op- 
tical projection lithography, the mask structures are usually much larger than the cri- 
trcal dimensions of this lithographic technique. Mask generation usually utilizes 
shaped beams. Thus the beam is not fully focused, but an area is covered homoge- 
nously. According to the lithographic requirements, this area element can be varied, 
e. g., in a range ofwidths between 0.2 and 6 yrn, yielding a ratio ofthe resulting areas of 
1:900, which clearly shows the potential for the productivity of the electron beam litho- 
graphy with a shaped beam. These stamps are used to assemble structure fields with 
dimensions in the millimeter range of exposure. On a third level of hierarchy, the 
substrate stage is moved, so that the individual structure fields can be used to cover 
areas as large as 300 mm diameter with sub-micrometer structures. A prerequisite is 
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that precision for the mechanical movement is better than the electronic precision. 
This condition is usually realized by an extra system to determine the exact position 
of the stage using laser interferometry, and measurements for corrections to the elec- 
tron beam control. 

For structures in the medium and lower nanometer range, a focused beam is re- 
quired instead of the shaped beam. Moreover, the proximity effect and its conse- 
quences have to be minimized. The local electron dose has to be adjusted, so that 
the proximity effect barely contributes to the exposure, and the local changes in resist 
material are mainly due to primary electrons and the energetic secondary electrons. 
Therefore, only the neck ofthe excitation pear should be used. The nominal local doses 
are higher than for area exposure. The resist composition and development procedure 
has to ensure that the solubility of the volume elements exposed to a dose below a 
certain threshold is low. To realize small structures, resists with a steep gradation 
curves, which means high contrasts, are required (Figs. 66, 67). 

The conditions for working in the neck of the pearl are well accommodated in the 
case of thin freestanding membranes, when the membrane thickness is small com- 
pared with the typical diameter ofthe excitation pear. Thus no backscattering and X-ray 
exposure of material below the resist is possible. A significant reduction in the proxi- 
mity effect is possible through the combination of a small resist thickness with a sup- 
port of heavy elements (Fig. 68). Because the slowing down of the electrons and also 
the transmission of the X-ray radiation depends strongly on the atomic numbers, 
layers of for example gold or platinum reduce the proximity effect. 

Shaped and focused beam techniques are ideal for converting sub-micrometer and 
nanometer structures from digital data sets into 2D-shuctures. For monolayer-resist 
processes, aspect ratios of larger than 1 are also possible (Fig. 69). Both techniques 
require significant time to fill larger areas with small features. Even when a 2D-ele- 
ment of 0.04 Fm2 requires only 1 ps, a whole wafer (100 cm2) would result in 2.5 x lo5 
seconds (nearly 3 days). To overcome this problem, parallel exposure procedures were 

I 
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developed. They apply masks with the desired structure as opening or on a thin mem- 
brane, and achieve in principle sub-micrometer down to nanometer structure sizes. 
However, the requirements of the mask material are very high, and the fabrication of 
freestanding membranes is not yet a routine procedure. Therefore, such techniques 
have no practical relevance. 

While the semiconductor and microsystems industry applies electron beam pro- 
cesses for mask generation rather than for direct structure generation, the electron 
point beam method is a key technology in nanolithography to fabricate small struc- 
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electron beam 

i 
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Fig. 68 
or by freestanding membranes 

Minimization o f  the proximity effect by heavy elements in the target material 



116 4 Preparation of Nanostructurer I 
Fig. 69 Nanometer resist 
structures (negative resist ma-N 
2400, Microresist Technology: 
80 nm lines, aspect ratio 2.25) 
fabricated by electron beam 
lithography (courtesy of 
H. Elsner) 

tures on the substrate directly'). Even by 1981 structures of only 20 nm width had been 
realized in a 30 nm thick PMMA layer. The beam diameter was below 1 nm for an 
energy of 50 keV2). Development of negative resists with high resolution, which 
are chemically related to Novolak-based positive photoresists, enabled the fabrication 
of electron beam lithographically prepared nanostructures with high aspect ratios. 
Acid-induced cross-linking of oligo cresols with tris(hydroxyethy1) benzene and a 
50 kV exposure yielded 80 nm structures with aspect ratios of nearly 43), in the resist 
ZEP520 for a thickness of 50 nm in structures of only 10 nm width4). Under optimized 
conditions, periodic structures can be prepared in thin resist structures with repeati- 
tions down to 20 nrn, e. g., by point beam exposure of line gratings and two-dimen- 
sional arrays in PMMA prior to development in isopropyl alcohol (Fig. 70). These 
structures are transferable in metal films (e. g., Au, AuPd, Pd) by lift-off techni- 
ques'). A highly focused electron beam (diameter below 1 nm) enables the smallest 
structures with extreme aspect ratios to be created, such as structuies of less than 
30 nm width in PMMA of 400 nm thickness, resulting in an aspect ratio of up to 
15"). Similar structural periods and line widths of up to 10 nm were realized in calixa- 
ren-based resists'). Also with negative resist such as XP90166, the fabrication of struc- 
tures with an aspect ratio of 10 and structure widths below 40 nm has been shown'). 
The highly sensitive and chemically enhanced electron beam resist (NEB 22a) was able 
to demonstrate aspect ratios up to 7 for a structure width of 75, and better than 3 for a 
resolution of 36 nm, respectively'). Addition of fullerenes to EBL resists increased the 
thermal stability"). 

Beside organic polymers, metal fluorides such as AlF3, FeF,, CrF,, LaF,, BaF, and 
SrF, are potential inorganic electron beam resists. From this series, aluminum fluor- 

1) R. Catanescu et al. 1996, V. Bogli 1988, D. K. 

2) A.N. Broers 1981 
3) S .  Uchino et al. 1998 
4) K. Kuhihara et al. 1995 
5) H.G. Craighead et al. 1983, 0. Dial et al. 1998 

6 )  A.M. Haghiri-Gosnet et al. 1995 
7) J .  Sone et al. 1999, J. Fujita et al. 1996 
8) S. Tedesco et al. 1998 
9) L.E. Ocola et a]. 1998 

Ferry et al. 1996 

10) T. Ishi et al. 1997 
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ide exhibits a particularly good resolution in combination with the resist stability in 
plasma and an acceptable development method. After exposure, the layers are devel- 
oped in water. Structural periods of down to 50 nm were realized in 50 nm thick layers, 
3 0  that a maximum aspect ratio of 2 was achieved'). 

To avoid large aspect ratios in the lithographic mask, one can - in addition to very 
thin spin-on layers - also apply monomolecular layers as an electron beam resist. On 
metal surfaces, especially on metals with easily polarizable electron shells (e. g., noble 
metals and heavy elements of the Main Groups 111 to V), the spontaneous assembly of 
closed monolayers of alkylthiols and dithiols can be used for such a mask technique. 
On oxidic surfaces, OH groups are created or existing OH groups are used to fabricate 
monolayers to act as a resist via a siloxane coupling, e. g., starting with trichlorosilanes 
or trialkoxysilanes. Also a perfluoroalkyl monolayer can be used as the electron beam 
sensitive mask layer2). Using an octadecylthiol layer on GaAs and an octadecylsiloxane 
layer on SiO,, EBL structures of 25 nm width and 50 nm periodicity were realized and 
transferred by wet etching into the functional layer3). 

Regular structures such as line gratings with a constant periodicity can be realized 
without a mask or position-controlled beam: in analogy with the lithography with elec- 
tromagnetic radiation, EBL can use the interference of electrons for structure genera- 

l )  E. Kratschmer and M. lsaacsin 1987 
2 )  P.M. St. John and H.G. Craighead 1996 
3) M.J. Lercel 1993 
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tion. Applying this approach, gratings with line widths of 0.1 pm were structured into a 
30 nm thick PMMA layer'). 

Because the EBL reaches its limits in the lower nanometer range, a special method 
was developed to fabricate tunneling barriers with critical dimensions of 1-2 nm. An 
EBL nanostmctured shadow mask was positioned in close proximity to the substrate 
surface. A material deposition using a directed beam projected the mask apertures into 
an ultrathin metal layer. During this process, the width of the transferred metal lines 
was determined by the angle of incidence of the material beam. Lines of minimal 
width were realized by optimization of the angle. This technique can provide single 
electron tunneling transistors workmg at room temperature2). 

I 

4.3.8 
Ion Beam Lithography 

In analogy with the use of electrons, ions can also be applied for lithography3). They too 
can be generated as well as accelerated by the electrode arrangements, filtered accord- 
ing to their energy and locally guided by electronic optics. Ion beams are utilized in 
four directions of nanolithography: 

- to fabricate structures in ion beam sensitive resists 
- for local implantation 
- for structure transfer from structured resist layers in functional layer by ion beam 

- to structure directly by local etching using a focused ion beam 
etching 

Only the first point describes ion beam lithography in the narrower sense. 
Comparable to parallel light, parallel ion beams can be applied for proximity litho- 

graphy. In analogy with optical proximity lithography, this process is characterized by 
only a small distance between the mask and substrate; the distance is denoted as a 
proximity distance. A high resolution requires a constant distance between the 
mask and substrate, which means a highly parallel arrangement, and a low beam 
divergence. Because ion beams are virtually not diffraction limited, greater apertures 
can also allow for a high resolution. In addition, combinations of masks are applicable 
due to the highly parallel beam. Although this approach cannot decrease the dimen- 
sions of the periodic structures, small openings can be realized through the application 
of similar but slightly shifted masks (Fig. 71). 

Owing to high resolution on the one hand and the possibility of an optical projection 
(possibly reduction) on the other, the development of projecting ion beam lithography 
is of interest. Ion beam lithographic projection exposure systems consist of a vacuum 
container with an ion source, an ion optical system, an alignment system and table for 
the masks and substrates. Such systems exhibit a much higher productivity for struc- 

1) K. Ogai et al. 1995 
2) S.E. Kubatkin et al. 1998 
3) B.M. Siege1 1987 
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Reduction of line width in ion beam lithographic etching by shadow masks using mask 

tures in the nanometer range than serial writing electron beam systems. An exposure 
rate of 12cm' s-' could be achieved with a MONTEC-system with a resolution of 
100 nm'). 

For the lithographic generation of structures in resists or the direct writing of small 
structures, lithography with a focused ion beam (focused ion beam lithography - FIBL) 
is of special interest2'. Ion beams can be focused, and beam diameters in the lower 
nanometer range can be achieved. The interaction of energetic ions with the target 
material is more favorable than in the case of electron beams, because ion beams 
have only a reduced tendency to induce secondary electrons or X-rays. Therefore, 
the excitation pear is reduced, and the resulting proximity effect minimized. A 
beam of energetic ions can be focused and used for local implantation of foreign 
atoms without the need for masks. Therefore, the atoms to be implanted have to 
be used as the ion beam. With a focused ion beam (FIB), extremely small structures 
can also be realized, such as lines in GaAs of 2-3 nm width3). In addition, wave guides 
and luminescence devices of compound semiconductors can be produced by this ap- 
proach, e. g., laser diodes on the base of GaInAsP/InP4). 

Focused and highly parallel ion beams are ideal for the fabrication of the smallest 
structures by local modification of the substrate material. So Co/Pt multilayers were 
radiated with N' ions through a mask, resulting in an array of magnetic domains'). 

1) G. Gross et al. 1998 
2 )  S. Matsui et al. 1986 
3) G.A.C. Jones et al. 1998 
4) H. Konig et a]. 1998 
5) B.D. Terris et al. 1999 
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4.3.9 
Atomic Beam Lithography 

I 

Instead of beams of energetic ions, atomic beams can be used to induce chemical 
changes in resists or to the structure directly. A disadvantage is the lack of a possibility 
for focusing and guiding by electrical or magnetic fields due to the missing charge. 

However, atomic beams can be focused by intensive light. Standing waves of laser 
light act as an array of convex lenses and focus the atomic beam. So gratings with a 
period of half a wavelength can be realized. For an additive structure generation by 
neutral atomic beams, the atoms are directly projected onto the surface-projected in- 
tensity maxima of a UV radiation. So line gratings of aluminum with a width of 70 nm 
and a distance of 155 nm have been obtained’). Interference patterns that cross allow 
the generation of two-dimensional grating structures2). 

Apart from directly structured deposition, nanotechnical mask techniques are also 
accessible by atomic beams. A proximity radiation through a micro grating succeeded 
in the local removal of a molecular monolayer of helium atoms3), and octadecylsiloxane 
layers on silicon were structured by neutral argon ions in a similar manner4). 

4.3.10 
Molecular and Nanoparticle Beam Lithography 

Instead of electrons and ions of individual atoms, molecular beams and beams of 
clusters or other nanoparticles can also be used for high-resolution lithography. Mo- 
lecular clusters (MC) are nanoparticles consisting of a non-stochiometric larger num- 
ber of molecules, and are held together by bonds weaker than the internal molecular 
bonds. Owing to their kinetic energy, MC beams are able to remove layers. Therefore, 
shadow masks are applied to protect the parts of the functional layer to be preserved. A 
beam of clusters of about 1000 COz molecules each was applied to etch layers of dia- 
monds, silicon and glass. While the resolution of this mask technique is still in the 
micrometer range, it is an individual impact crater with dimensions of 10 nm that is of 
interest in nanolithography’). 

Clusters of volatile materials, such as gas clusters of CO, that are only stable at low 
temperature, are appropriate for etching processes, because they decompose even at 
low activation energies and their products desorb readily from the substrate surface, 
thereby removing any hindrance to the further action of the beam. 

1) J.H. Thywissen et al. 1997 
2) B. Brezger et al. 1997 
3) B. Brezger et al. 1997 
4) S.B. Hill et al. 1999 
5) A. Gruber et al. 1999 
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4.3.1 1 
Direct Writing of  Structures by a Particle Beam 

Particle beams allow the generation of lithographic masks directly from the gas phase 
and without a resist layer. This has been demonstrated by the electron beam induced 
local deposition of a carbon-rich mask layer of polystyrene resulting in 30 nm struc- 
tures and subsequent transfer into GaAs’). 

Particle beams are able to fabricate nanostructures without the generation of a mask. 
The nonreactive subtractive process accelerates particles of high energy focused onto 
the substrate and thus removes particles from the surface. Direct structure techniques 
with a focused ion beam (FIB) fabricate structures in the medium nanometer range. 
Because ofthe high precision regarding beam diameter and positioning, FIB is applied 
in local structure generation in a microtechnical production process, e. g., for the re- 
pair of lithographic masks. 

In analogy with structure fabrication with neutral atomic beams, cluster beams also 
allow additive structure generation. Clusters arriving on a solid surface create layer 
dements with shapes determined by their relaxation behavior, their energy and 
the surface temperature2). 

Particularly suited to direct structure generation of metals is the decomposition of 
oxides and salts by a focused electron or ion beam, as in the case of a platinum oxide or 
palladium acetate layer. Such processes result either in metal structures as electrodes 
embedded in a less conductive metal oxide layer, or the unexposed areas of the layer 
are removed by a selective dissolving process, so that the metal structures remain. 

Electron-induced Direct-writing Processes 
Nanostructures can be written directly through chemical reactions under the influence 
of an electron beam. The material originates either from the substrate, from a layer on 
the substrate (subtractive direct writing) or from the gas phase (additive direct writing). 
In the first two cases, local areas of the substrate surface or the upper layer are mod- 
ified under the electron beam. Thereby, solid-state material is directly transferred into 
the gas phase, e. g., by decomposition into gaseous products, or the material is con- 
verted in situ in such a way that it can be differentiated in a subsequent chemically 
selective etching step (Fig. 72). 

In positive direct-writing processes, the exposed material is more easily dissolved or 
removed (e. g., in a selective plasma process) compared with the material without ex- 
posure. In negative direct writing, the exposed structure elements are conserved after 
the etching step, e. g., for the electron beam induced decomposition of noble metal 
oxide or salt layers such as palladium acetate (Fig. 73). 

The additive direct writing is based on the introduction of the atoms of the generated 
structures in a state of easily decomposable gases into the reaction chamber. The 
so-called electron beam contamination techniques are widely used. Thereby, the 
beam decomposes organic molecules, present in the gas atmosphere and adsorbed 
on the surface. This effect creates surface deposition, which is usually not desired 

1) Y. Ochiai et al. 1993 
2) F.J. Palacios et al. 1999 
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in electron microscopy. This technique readily generates lines below 100 nm widths 
(Fig. 74). 

The development of improved pump oils and oil-free pumps reduced the original 
concentration of contaminants in electron microscopes significantly, so that today 
organic vapors are often introduced on purpose to generate additive structures under 
the electron beam. In addition to the gas phase, organic layers such as photoresist are 
also able to act as sources. An electron beam focused on a small area or even a point 
results in electron beam deposition (EBD) structures ofhigh aspect ratio (Fig. 75). One 
application of such structures are AFM tips’). 

The fabrication of metal structures utilizes preferably metal halogenides, metal oxy- 
halogenides, metal carbonyles and metal alkyls2). Metal organic compounds and car- 
bonyls often yield carbides instead of the metals3). Tungsten and chromium structures 
with sub-micrometer line widths were fabricated by local electron beam induced de- 
composition of WF,, WC1, and Cr(C6H6)2 (Fig. 7G)4). This technique enables the crea- 
tion of nanostructures with extreme aspect ratios, such as 100 nm high tungsten struc- 
tures with a diameter of only 15 11311’). However, even single structures require process 

1) K.I. Schiffmann 1993 
2) K.L. Lee and M. Hatzaks 1989, H. W. K o o p s  et 

3) H.W. K o o p s  et al. 1994 
4) S. Matsui and K. M o r i  1986 

5) S. Matsui 1997 

al. 1994 



124 4 Preparation of Nanostructures I 
I 

electron beam 
induced decomposition 
of organo metallic 

electron beam 

u" 
)I_ 

:r 7 @ electron beam 

substrate 

r 
directly generated 
nano pattern 

Fig. 76 
electron beam induced decomposition of metal-organic compounds 

Direct-writing of metal nanostructures using 

times in the minute range, so that this method is only applicable for individual pre- 
parations. Nanoscale metal structures with extremely high aspect ratios are of special 
interest to the fabrication of field emission sources'). 

Spin-on layers of poly( 3-octylthiophen) yield conductive layers directly from poly- 
mers, because this material is itself conductive. Direct writing with a radiation of 
30 kV and subsequent development in chlorobenzene resulted in polymeric contact 
structures of 50 nm width and 30 nm height2'. Also electron beams emitted by scan- 
ning probes are applicable for structure fabrication. A special technique uses low-en- 
ergetic electrons that are extracted from scanning tunneling microscopy tips3). 

4.3.12 
Single-particle Beam Processes 

In principle, beam techniques can be applied to individual particles. A significant 
removal of material is achieved by the impact of individual particles with very high 
kinetic energy in resist or other sensitive materials. One example of the effect of in- 
dividual particles is the so-called ion track membranes: zones of damage that are gen- 
erated by the penetration of individual particles through a polymer foil can be devel- 
oped by selective dissolving into holes of several hundred manometers. For standard 
particle sources, such as a nuclear reactor or radiating material, the positioned align- 

1) H.W. Koops et al. 1994 
2) M. Persson et al. 1999 
3) N. Li et al. 1999 
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ment of the work piece of nanotechnical interest is difficult. In principle, single ions 
can be activated to high energies in a particle accelerator and diverted with high ac- 
curacy by positioning systems. However, application in nanotechnology is hampered 
by the prohibitive costs. 

In contrast to the subtractive structure generation by high-energy particles, the ma- 
nipulation of charged particles by electrode optics also allows additive structure gene- 
ration. The energy of such particles has to be just the amount required to set it down at 
the desired position. Beam techniques in structure generation usually apply light- 
weight particles, such as electrons and protons, Ions, such as Ar', are rather heavy 
particles for these applications. 

Although the generation of chemical structures out of single atoms does not seem 
applicable, the generation of supermolecular aggregates using beams of larger mole- 
cules is an interesting approach. It could probably be realized by a combination of 
laser-assisted desorption and field-guided transport of molecules in the gas phase. 
Desorption of larger molecules by laser activation has been demonstrated. Using ma- 
trix-assisted laser desorption, even large molecules such as DNA and proteins with 
atomic numbers of some tens of thousands can be transferred into the gas phase 
without damage. Sensible biomolecules are transferred to the gas phase by matrix 
assisted laser desorption/ionization (MALDI) in high vacuum. This method is applied 
to separate the particles during the flight inside the electrical fields according to their 
charge-to-mass ratio. With this time-of-flight (TOF) spectrometry, species with mole- 
cular weights greater than lo4 can be measured with high accuracy'). However, this 
method focuses on the time-ofiflight, and not on the exact positioning. In electron and 
ion beam lithography, energy filters and positioning systems are applied, these handle 
small particles and position them with a precision in the lower nanometer range. So 
the development of additive working single particle deposition techniques for the gen- 
eration of nanostructures seems feasible. If one succeeds in maintaining the distribu- 
tion in both energy and direction of the particles sufficiently small, it should be pos- 
sible (in analogy with ion beam lithography), after desorption, ionization and passing 
through an ion optical system, to achieve a positioning of individual, large molecules 
on solid surfaces (Fig. 77). This approach could open the way to a physically based 
supermolecular construction by use of individual molecules on surfaces in order 
to generate complex molecular structures on a chip. 

4.3.13 
Nanofabrication by Self-structuring Masks 

Besides the application of focused beam probes to achieve local structures, mask ma- 
terial that spontaneously generate nanostructures can also be utilized in nanofabrica- 
tion, using a homogeneous structure transfer method to transfer the pattern into a 
functional layer. Such a self-structuring mask is either applied as an adhesion or 
near-field mask directly onto the functional mask, or it is projected on it. Such masks 
are applicable for subtractive (etching mask) and additive (deposition mask) processes. 

1) K. Tang et al. 1995 
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assisted desorption and ion optical deposition 

Scheme o f  an instrument with direct-writing of larger molecules by laser- 

Regular gratings of hexagonal points and rings are easily prepared by densely packed 
nanospheres of similar diameters. Such monodisperse nanoparticles are available as 
metal (gold) or polymeric material. For structure generation, regular gaps between 
hexagonal densely packed spheres are used (hcp layers). Latex nanoparticles with dia- 
meters of 140 nm were spun-on as a monolayer and applied as a monolayer in a lift-off 
process after evaporation of the gold, yielding gold structures of about 100 nm in re- 
gular hexagonal arrangements. In addition to the direct projection of the gaps, hexa- 
gonal gratings created by ring-shaped structures were also observed. Such gold rings 
with a line width of 17 nm were generated by latex particles of 895 nm diameter. Com- 
binations of ring and gap-dot structures are accessible through this approach'). 

4.4 
Nanofabrication by Scanning Probe Techniques 

4.4.1 
Scanning Force Probes 

Scanning probe techniques, such as scanning force or scanning tunneling micro- 
scopy, are important ultramicroscopic methods due to their ease of application and 
extremely high resolution (especially perpendicular to the surface plane). This high 
resolution made them attractive for nanotechnology*). Besides the microscopic aspect 
(measurement and characterization of small structures), these techniques are also 
interesting as fabrication methods. 

1) M. Winzer et al. 1996 
2)  R. Wiesendanger 1995 
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~ 

Fig. 78 
(R. Wiesendanger 1995) 

Lithography with the scannlng force microscope 

Scanning force microscopy (SFM) generates a signal by interaction of the scanning tip 
with the object, which is used for the generation of a map of surface topography or 
surface interactions. The force between the tip and substrate can be used for visualiza- 
tion of the substrate topography, but also for the induced movement of weakly bound 
particles on the surface or for scratching into the upper substrate layer. 

Structure generation takes place in analogy with imaging: the probe tip and sub- 
strate approach towards each other in the z-direction, while the distance or interaction 
hrce is regulated usually based on a light pointer (Fig. 78). Movement of the substrate 
in the x- and y-directions results in structures that are generated at the contact point of 
the tip with the surface. 

An ultrathin resist layer can be utilized as a mask for SFM-based structure genera- 
tion. A highly diluted commercial photoresist was spun on an Si/Si02 substrate re- 
sulting in a thickness of 5.4 nm, prior to writing a pattern using the probe tip and a wet 
etching-based transfer of this pattern in the substrate, yielding line widths of between 
25 and 40 nm'). 

In addition to mechanical manipulation of the layer material, individual cluster and 
nanoparticle are also addressed by SFM operations. Thus 50 nm gold nanoparticles 
were pushed, by directed movement of the scanning tip, into a gap between two mi- 
crostructured electrodes, so that the arrangement exhibited single electron tunneling 
effects in a subsequent electrical characterization2). Besides metal nanoparticles, na- 
norods and nanotubes are other examples of scanning probe manipulations, such as is 
demonstrated in the probe-based manipulation of single wall carbon nanotubes 
(SWNT) between nanoelectrode stmctures3). 

1 )  B. Klehn and U. Kunze 1999 
2) T. Junno et al. 1998 
3)  C.L. Cheung et al. 2000 
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Fig. 79 
substrates: transfer o f  CO onto a Cu substrate (G. Meyer et al. 1998) 

Scanning probe-based manipulation of single molecules on solid 

SFM is also able to dissect very small individual objects adsorbed onto surfaces. So a 
single DNA-plasmid could be cut into pieces down to dimensions of 20 nm'). 

The family of SFM-based structure generation also includes dip-pen nanolithogra- 
phy (DPN)'). Here molecules are transferred from the scanning tip to the surface 
during the scanning process. 

4.4.2 
Particle Manipulation With a Scanning Tunneling Microscope (STM) 

STM is not only a microscopic method for highest (e. g., atomic) resolution, but also a 
tool for manipulations of very small structures, which had already been applied before 
the introduction of the SFM3). 

The manipulation of single atoms and small molecules with a scanning tunneling 
probe is achieved by tuning the interaction between the tip and the atorn/molecule on 
the one hand and between the atom/molecule and the surface on the other. Prefer- 
ential treatment of one or the other interaction is achieved by adjustment of the STM 
potential in Combination with the distance between the tip and surface. Thus single Cu 
atoms were moved or CO molecules were picked up and transferred by the STM tip on 
a crystalline Cu surface (Fig. 79)41). In an analogous experiment, Si atoms were moved 
on an Si(OO1) surface and arranged into lines, resulting in trench structures of 3 nm 
width and 2-3 nm depth'). 

1) B. Geisler et al. 1999 
2) S. Hong et al. 1999 
3) R. Wiesendanger 1994 and 1995 
4) G. Meyer et al. 1998 
5) C.T. Salling 1996 
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Experiments at 4 K showed the feasibility of manipulating individual atoms and 
arranging them into structures. On crystalline Ni, adsorbed Xe atoms were assembled 
by the STM tip into an IBM logo in an area of 5 nm x 16 nm'). The information density 
of such structures is about 1 bit n M 2 ,  which corresponds to 100 n i t  cm-2. However, 
the deposition and manipulation of individual atoms and small molecules, and there- 
fore also the generation of structures with atomic resolution is still limited to isolated 
demonstrations in basic research. Therefore, the patterns created by individual noble 
gas atoms on crystalline surfaces at low temperatures represent milestones in the 
exploitation of the ultimate limits of nanostructure technology, but they do not exhibit 
direct practical relevance for the fabrication of nanotechnical devices. 

4.4.3 
Therrno-mechanical Writing of  Nanostructures 

Scanning force microscopy is also used for thermally based shaping of materials. Thus 
the advantage of local heat transfer over small dimensions is combined with the small 
probe diameter. High resolution is realized for systems of a deformable material with 
fairly low heat transfer of a substrate that is rather heat conductive, e. g., a thin PMMA 
layer on an Si wafer. The energy of a heated tip in contact with the PMMA layer is 
transferred and leads to a local softening of the material, so that the geometry of 
the tip is transferred into the surfhce topography of the resist layer. The adjacent re- 
gions of the resist are not affected, because the heat is efficiently carried off by the Si 
substrate, so that a steep lateral temperature gradient is realized. The pixel distances 
achieved of 40 nm in a PMMA layer of 40 nm thickness result in pixel densities with 
an interesting potential for future memory applications in the 400 Gbit cm-2 range2). 

A related method uses the tunneling current of an STM tip to locally melt glassy 
metal alloy material with spot diameters between 10 and 40 n m  in Co,,Tb,, and 
IZh,,Tr,, 'I. 

4.4.4 

Electrically Induced Structure Generation by Scanning Probe Techniques 

Electrically induced structure generation utilizes an electrical current to change 
the local surface state of the material. Often metals or semiconductors are 
transformed into their oxides, using the surface humidity layer or the ambient oxygen 
as a reaction partner (Fig. 80). The scanning tip positioning is realized by either force 
sensing (SFM) or is based on the tunneling current (STM). The latter uses the 
tunneling current for both distance control and local electrochemical transformation 
of the surface. 

1 )  D.M. Eigler and E.K. Schweizer 1990 
2) G. Binnig et al. 1999, P. Vettiger et al. 1999 
3)  R. Wiesendanger 1992 and 1995 
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Electrochemical processes during the anodic manipulation of metals and 

Electrical Structure Generation by SFM 
Nanostructure generation by anodic oxidation with an SFM tip prefers materials with a 
tendency towards stable oxide surface layers. This is the case for Si, Al, and several 
transition metals. Thus the substrate is used as the anode. Voltages in the range be- 
tween 2 and 30 V are used; this is because they have to overcome the oxidation po- 
tential of the substrate, and often voltage drops between the substrate and tip or as a 
result of resistive surface layers on the scanning tip. 

Conductive SFM has been applied to form thin layers of Ti into line electrode struc- 
tures of 75 nm width in isolated surroundings'). A GaSb/AlGaSb/InAs structure for 
single electron tunneling processes was realized by local oxidation of CaSb/AlGaSb at 
30 V prior to the selective removal of the oxidized regions in an acetic acid etching 
bath2). Structures in InAs/AlGaSb were fabricated at 3-8 V3). The properties of certain 
metals for the excellent local oxidation by SFM are utilized for SFM mask processes. 
Thus sub-micrometer structures in Si have been generated by an A1 mask that was 
patterned by the local oxidation of a thin A1 mask layer prior to anisotropic pattern 
transfer by an RIE process, using a combination of laser and SFM lithography4). 

Also thin dielectric layers are accessible for conductive SFM structure generation. 
Therefore, the local current transforms the materia1 into a state that is selectively re- 
movable. So dielectric layers are usable as resist material for nanolithography, when 
the underlying material is electrically conductive and used as the anode. A 100 nm 
thick spin-on glass layer (polysiloxane) has been structured at 70-100 V into line width 
of 100 nm'). Also organosilane monolayers are used as high-resolution resists in SFM- 

1) R.J.M. Vullers et al. 1999 
2) S. Sasa et al. 1999a 
3) S. Sasa et al. 199913 
4) A. Boisen et al. 1998, G. Abadal et al. 1999 
5) S.W. Park et al. 1995 
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tip induced local oxidation. Trimethylsilyl layers yielded resolutions down to 20 nm 
and maximum writing speeds of up to 5 mm s-' 'I. 

As well as inorganic or Si-organic layers, pure organic layers are also applicable. 
Even a monolayer can act as a resist, when the subsequent process has a high selec- 
tivity*). Trenches of 100 nm width were fabricated in Si monocrystals using a multi- 
layer resist process by local anodic oxidation of an octadecylsilyl monolayer using an 
SFM tip, and a subsequent transfer ofthis pattern into a thin SiOz layer, which acts as a 
transfer mask for an anisotropic wet etching of the Si substrate by a TMAH (tetra- 
methylammonium hydroxide) solution3). 

Scanning probe lithography is seriously hampered by the low writing speed. The 
speed can be increased by electronic control of the current during the scan and by 
the application of a parallel arrangement of several tips4). However, highly productive 
systems are not yet available. 

Electrical Structure Generation by STM 
Nanofabrication by STM relies on several mechanisms, depending on parameters 
such as material, potential, current, continuous or pulsed mode. Besides a local in- 
crease in temperature, they also include activation of surface diffusion for adsorbed 
particles, electromigration, field ionization and electrochemical reactions'). 

STM allows the modification of a mono molecular or even mono atomic adsorbate 
layers on the substrates. These processes are particularly efficient when the adsorbates 
readily transfer into the gas phase. So special Si-H layers on monocrystalline Si are 
accessible for ultimate lithography6). At negative tip bias, a passivating H layer was 
removed under UHV conditions fiom a monocrystalline Si surface. In this way, areas 
of 20 nm squares as well as line gratings with a period of only 3 nm were achieved 
(1 nm lines with 2 nm distances). 'These adsorbate-free areas oxidize in the presence of 
oxygen and create an oxide layer, so that the structures could be transferred in a more 
robust nanostructured surface by incubation with ammonia7). Nanostructured H 
layers on Si surfaces can be also used to inhibit surface selective reactive deposition 
processes. Thus a CVD deposition of A1 layers from a dimethylaluminum hydride 
occurs on H-free surfaces only, and STM-written structures can be additively trans- 
formed into alumina structures with line widths below 3 nm'). STM-generated areas 
with low H concentration in H-rich and less reactive surroundings can be applied for 
the selective deposition of organic molecules in nanostruct~~res~)). 

In analogy with conductive SFM, STM is also able to structure easily oxidizable 
metals and semiconductors in an anodic process"). Thus lines of 100nm width 
were structured in 30-50 nm thick chromium layers (Fig. 81)"). Also for STM-in- 
duced local oxidation, a simple electrochemical model includes a thin aqueous adsor- 

1) H. Sugimara and N. Nakagiri 1995 and 1997 
2) J. Hartwich et al. 1999 
3) H. Sugimura et al. 1999 
4) K. Wilder et al. 1999 
5 )  R. Koning 1997 
6 )  M. Schwartzkopff et al. 1996, ] .A.  Dagata et al. 

7) J.W: Lyding et al. 1994 
8) T. Mitsni et al. 1999 
9) G.C. Abeln et al. 1998 

10) J.A. van Kan et al. 2000 
11) H.1. Song et al. 1994 

1990, N. Kramer et al. 1995 
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bate layer as the electrolyte, the tip as the cathode and the substrate as the anode'). 
Anodic oxidation of silicon yields SiO, lines and meanders of high quality with 
line widths below 100 nm. 

The tunneling tip also allows for a potential-controlled manipulation of individual 
atoms and small clusters, e. g., the extraction, transfer and deposition of Si on a sub- 
strate surface2). Extremely plane surfaces are required for reproducible manipulations 
of atoms and molecules. This requirement is met by crystalline surfaces, such as 
monocrystalline Cu. 

Electrical pulses allow the transfer of groups of atoms from the probe tip onto the 
substrate surface (Fig. 82). Larger clusters of about 100 nm diameter are created in the 
case of tungsten or aluminium tips. Line gratings with a periodicity of 100 nm were 
fabricated by an equidistant arrangement of deposited A1 clusters3). Voltage pulse-in- 
duced material transfer from a gold tunneling tip creates gold islands of 10-40 nm 
diameter4). A W-tip wrote lines of only 0.8 nm width on a Ge monocrystalline surface'). 

An additive writing process of metal structures can be realized based on the supply 
of easily cleavable gases. To create noble metal structures, an electrically induced local 
decomposition of organometallic gases can be applied (Fig. 83) .  Dots of only 30 nm 
diameter were so realized with gold [dimethyl-gold~~r~)-trifluoroacetylacetonate] and 
platinum [cyclopentadienyl-trimethylplatin (IV)] compounds in an STM CVD pro- 
cess6). A local STM-induced deposition from a dimethylcadmium atmosphere re- 

1) H. Sugimura and N. Nakagiri 1995 
2 )  M. Aono et al. 1993 
3) X. Hu and P. Blanckenhagen 1999 
4) H.J. Mamin et al. 1990 and 1991, X. Hu et al. 

5) R.S. Becker et al. 1987 
6) H. Briickl et al. 1999 

1999 
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Fig. 82 
probe t ip using an electrical pulse 

Preparation of aluminium nanostructures by transfer from a scanning 

Fig. 83 
probe-induced decomposition of metal organic compounds (STM-CVD) 
(H. Bruckl e t  al. 1999) 

Direct-writing anodic preparation o f  metal nanostructures by scanning 

sulted in 20 nm cadmium structures'). Another process for the generation of nano- 
structures relies on the local chemical reactions of molecular layers induced by the 
tunneling current*). The decomposition of an adsorbed layer of ferrocene by the 
STM tip resulted in line structures with a width of 3 nm3). Layers of trimethyl alumi- 

1) E.E. Ehrichs et al. 1988, R.M.  Silver et al. 1987 
2) J.S. Foster et al. 1988 
3) F. Thibaudau et al. 1994 
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nium on graphite substrates yielded tip-induced structures of 20 nm width, some- 
times even holes of 2.7 nm diameter'). 

Local tip-based oxidation of monomolecular alkyl layers results in areas with high 
densities of reactive OH groups in a matrix of chemically fairly inert alkyl residues. 
Using the OH groups, secondary coupling reactions are applicable in order to generate 
more complex molecular layers or to build up supramolecular architectures, e. g., 
using a siloxane linker (Fig. 84)*). 

An STM can be used for the local generation of electron beams. Because the elec- 
trons are adequately generated and accelerated only in the small gap between the tip 
and substrate, the effect is fairly localized. With respect to its effect on the substrate 
(e. g., thin layers of radiation-sensitive material), this process is related to the electron 
beam lithographical techniques and can be used for the exposition of typical electron 
beam resists with structure widths of about 15 nm being achieved3). Direct structure 
generation with a low energy electron beam (LEEB) uses a beam extracted from the 
STM tip (cathode) with electron energies of 30-160 eV and beam currents of 1 nA-1 
PA. At substrate temperatures of 600-700 "C, oxide films on Si substrates were locally 
decomposed, yielding structure dimensions of below 50 nm4). In addition to the ultra- 

I )  S.T. Yau et al. 1990 
2) R. Maoz et al. 1999 
3) C.R.K. Marrian et al. 1990, A. Archer et al. 1994 
4) N. Li et al. 1999a and 1999b, K. Kragler et al. 

1996 
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thin layers of standard electron beam resists, also Langmuir-Blodgett-films (LB-films) 
are applicable as resist layers'). Structures written with STM in LB-films were trans- 
ferred into aluminium by wet etching2). 

All procedures regarding the application of STM for structure generation are still in 
development and are not yet comparable with traditional approaches in lithography. 
They are usually applied to individual or a small number of structures. Writing times 
for larger areas are prohibitive. Considering the technical development and the tech- 
nical maturity, electron beam lithography and focused ion beam lithography are much 
more advanced compared with STM lithography. On the other hand, STM accesses the 
ultimate limit of single atom manipulations, which is not possible for the conventional 
lithographical techniques. Moreover, STM is cost-efficient compared with electron and 
ion beam systems. Therefore, STM structure generation processes are interesting and 
important tools for nanostructure research. 

4.4.5 
Chemical Electroless Induced Scanning Probe Structure Generation 

Changes in binding states on surfaces are not only induced by electrical processes. 
Near-field probes are able to induce chemical processes without electron transfers, 
or they can initiate electrodeless redox processes. One possibility is the structure gene- 

1) C.R.K. Marrian et al. 1990 
2) M.A. McCord and R.F.W. Pease 1986 
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ration by a scanning tip of a catalpcally active material in thin films of reactive mo- 
lecules or functional groups. In the absence of the probe material, the surface layer is 
stable. The approach of the tip induces a local transformation or decomposition of the 
surface layer. An example is the catalytic transformation of an alkyl azide surface layer 
into an alkyl amine layer by a Pt probe in a hydrogen-saturated atmosphere of isopro- 
panol'). 

Another approach to nanofabrication generations is the local incubation of the sur- 
face with a corrosive solution using a nanopipette. This procedure requires a precise 
alignment between the pipette and substrate, which can be provided by scanning 
probe technology. Using quartz pipettes of 10 nm outer and 3 nm inner diameter, 
respectively, a solution of hexancyanoferrate(ir1) induced lines of 100 nm width in a 
chromium layer2). 

An interesting approach to chemically based probe-induced structure generation, 
which also tolerates higher aspect ratios, includes the application of a carbon nano- 
tube, which acts as a tip on a tip between a standard tip and a chemically functionalized 
upper region (Fig. 85). Therefore, the carbon nanotubes are functionalized at the ends. 
In contrast to the carbon atoms along the tube, which are saturated due to the aromatic 
bonds in the rings, the carbon atoms at the ends exhibit free valences. They can be 
addressed for oxidizing processes leading to hydroxyl, carboxyl or peptide groups, 
which are used for the coupling of different molecules3). This process results in che- 
mically selective acting scanning tips with the dimensions of a small single molecule. 

l 

4.4.6 
Nanostructure Generation by Optical Near-field Probes 

Light can be applied for the generation of nanostructures by scanning probe techni- 
ques, because these techniques work in the near field, so that the resolution of optically 
induced structures is not diffraction-limited. Such processes require that the influence 
of the light quanta occurs at a small distance between a quantum-emitting probe and a 
light-sensitive surface in a local process. 

The structure generation can be based on photochemistry or on simple ablative 
processes (non-reactive transfer of layer material into the gas phase). Photochemical 
scanning probe lithography in the optical near field can be based on photo resists 
similar to those in standard optical lithography. The only important difference is 
the limited thickness of the resist layer, to ensure that the whole layer is in the optical 
near field (below 100 nm). Therefore, the resist viscosity has to be low, and substrate 
topography should be minimal to achieve a spin-on coating without significant thick- 
ness inhomogenities. This low resist thickness demands a high absorption by the 
photo active component, enabling work to be performed with high dye concentrations 
in the layer and with dyes of very high extinction coefficients. As in standard photo- 
lithography, surface regions to be developed require an adequate dose, either by short 

I )  W. Muller et al. 1995 
2)  A. Lewis et al. 1999 
3) S . S .  Wong et al. 1998 
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Fig. 86 Coated fiber probe for 
near-field optical structure gen- 
eration in metal layers by laser 
ablation (S. Nolte et al. 1999) 
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exposure with high intensity or longer exposure with lower intensity. For the dose 
determination, the part of the dose that is diffracted by adjacent regions has to be 
taken into account. Because of the serial character of the probe technique, the expo- 
sure times for an area should be not too long in order to achieve reasonable process 
times. 

For a physical ablation, a high local energy density is required to achieve evaporation 
of the material. Hence the locally deposited energy density per time interval has to be 
sufficient, and thus the intensity ofthe optical excitation. On the other hand, the mean 
intensity has to be limited to avoid an extensive material decomposition beyond the 
desired area, resulting in line broadening. Therefore pulsed lasers are applied. Using a 
metal-coated hollow fiber as a near-field probe and laser pulses, holes were structured 
by ablation into thin chromium oxide layers on chromium substrates (Fig. 86) ,  prior to 
a pattern transfer of the created mask into the chromium'). 

1) S. Nolte et al. 1999 
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5 

Nanotec h nical Structures 

5.1 
Inorganic Solids 

5.1.1 
Influence of Material Morphology on Nanoscale Pattern Processes 

Material properties are determined by the elementary composition and the morpho- 
logy. The size of standard nanotechnical devices is above that of the atomic scale, so 
that the elementary composition appears as an integral property of the material. 

This is in contrast to the morphology, where for example larger inhomogeneities 
lead to problems even on the rnacroscopic scale. Apart from such failures, most 
bulk materials exhibit inherent morphological structures with dimensions between 
a few nanometers and several micrometers. These values cover the range relevant 
to nanotechnology. Crystallites and grains, phase and grain boundaries appear in 
macroscopic structures as material properties. However, in nano- and sometimes 
in microstructures, they become discrete features that do not act in an integral man- 
ner on the function of the devices, but which influence as individual structures the 
individual function of an individual element. 

The relationship of the material-inherent morphological dimensions to the dimen- 
sions of nanotechnical structures is a basic requirement in nanotechnology. From the 
standpoint of material science, only monocrystalline and ideal glassy materials are not 
problematic. In other cases, including nano- and partially crystalline, and also crystal- 
line domains, grain and column structures, the effects of subdomains on the indivi- 
dual device have to be considered. 

5.1.2 
Inorganic Dielectrics 

Microtechnology utilizes a wide range of inorganic materials that includes the majority 
of elements in quite different compositions. Although nanotechnology relies more on 
molecular construction than microtechnology, organic compounds are thus impor- 
tant, and also the number of applied inorganic compounds increases. 

Nanotechnology. Edited by M. Kohler, W. Fritzsche 
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In addition to conductive materials, which are particularly important for nanoelec- 
tronics, crystalline and glassy solid materials are applied as dielectric layers and struc- 
tural elements. Of specific interest is the application of slat-like materials such as AlF, 
and CaF, as mask material in the lower nanometer range. Aluminum fluoride is espe- 
cially well suited for pattern generation by ion and electron beams'). Therefore, thin 
layers of A1F3 are thermally deposited on a plane substrate. After exposure, the stmc- 
tures are developed by simple rinsing with water into topography. As a result of high 
resistance towards beam etching processes, such AlF3 nanostructures are well suited 
as high-resolution ion beam resists. For very high doses, the material reacts as a self- 
developing positive resist, which means that the exposed regions are removed by local 
sputter and evaporation processes. Low exposure by Ga' results in a decrease in so- 
lubility and therefore in a negative contrast after development with water. Particularly 
narrow structures are possible through a combination of both effects. It is possible to 
project edges as lines, similar to solarization in classical photography. Therefore, a 
broader structure is exposed to high doses, so that the structure is removed due to 
self-development; but the edges are preserved because they were subjected to lower 
doses. This region is doted with Ga ions, so that it is preserved in a subsequent se- 
lective wet-etching development. This development removes the AlF, in the surround- 
ing, unexposed areas, and structures with dimension down to 10-20 nm are pre- 
served,). 

Self-organized local deposition of material on single-crystalline substrates yields 
structures in the lower nanometer range with the following requirements. The sub- 
strate has to present terraces on its surface, and the lattice parameter of substrate and 
deposited material has to be similar. Silicon substrates etched at a low angle with 
respect to the (111) plane are thus patterned with regular parallel stripes of CaF,. 
Line gratings with widths of 1-15 nm and periodicities of, for example, 20 nm 
were prepared according to this approach and applied as a mask for the deposition 
of one-dimensional molecular electronic confinement3). 

Also inorganic materials with a tendency towards spontaneous creation of structures 
at the nano- to micrometer scale are taken into consideration in nanotechnology. Mor- 
phologically interesting dielectric materials are layered silicates with helical structures 
that are created from 0.5-1 pm crystal block screw structures with ca. 4 pm diameter 
and 5 pm pitch height4). 

I 

5.1.3 
Metals 

High-resolution structures in metals are usually fabricated through the combination of 
electron beam techniques and high-resolution etching or lift-off techniques. This lift- 
off process applies a high-resolution resist - usually PMMA or a related material - 
1) A. Murray et al. 1984, E. Kratschmer and 

M. Isaacson 1987 
2) J. Gierak et al. 1997 
3) J. Viernow et al. 1999, H. Rauscher et al. 1999 
4) Y. Akiyama et al. 1999 
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onto the substrate prior to exposure and development. Then the functional metal layer 
is deposited on the resist mask, prior to removal of the mask which includes the cover- 
ing metal. By 1981, a similar approach had yielded Pd structures of 16 nm with width 
distances of 53 nm'). The combination of electron beam exposure and the lift-off tech- 
nique is also applicable for the fabrication of freestanding membranes (Fig. 87). Using 
the lift-off technique, nickel structures of only 20 nm width and a thickness of 35 nm 
were prepared, resulting in an aspect ratio larger than 12). 

Arrays of Ti structures with 35 nm diameter and 75 nm periodicity were fabricated 
using a lift-off technique and a fullerene-doped electron beam resist3). Weak-link struc- 
tures of 10 nm broad layer elements of Nb were realized by a combination of electron 
beam lithography, RIE and lift-off technique for the fabrication of niob S-N-S Joseph- 
son contacts4). Deposition of copper in prestructured trenches prior to chemi- 
cal-mechanical polishing (CMP) resulted in 50nm broad Cu contact pads in an 
Si02 layer'). A nanolithographic process (NIL) was utilized for the fabrication of na- 
nostructures in nickel and cobalt, which are interesting as structures for high-density 
magnetic storage. Using a molded PMMA-mask, holes were structured in Si02 by 
reactive ion etching prior to deposition of the metal either galavanically or by vacuum 

1) S.P. Beaumont et al. 1981 
2 )  S.Y. Chou et al. 1996 
3) T.1shii et al. 1998 
4) N.  Hirose et al. 1997 
5 )  Y. Hsu et al. 1998 
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evaporation. A memory density of up to 30 Gbit i f 2  (about 5 Gbit cm-2) could be 
achieved with Co structures of 25 nm x 75 nm'). 

Additive structure generation in the nanometer range also leads to high aspect ra- 
tios. For metals, such structures can be achieved by local galvanic deposition in the 
windows of a nanolithographic mask. This approach yielded, e. g., nickel columns of 
75 nm diameter and 700 nm height, leading to an aspect ratio of 9.3*). 

Exceptionally small structures are made by scanning tunneling lithography (cf. Sec- 
tion 4.4), such as lines of only 3 nm width and a depth of 0.3 nm in Ag,Se films3). The 
controlled transfer of Au from a scanning tip onto a gold or platinum substrate yields 
gold spots of only 3 nm diameter in various patterns4). Interactions of a W tip with 
germanium single crystals resulted in particularly small structures of 0.8 nm for 
both height and width'). Structures of Cd with 20nm width were written by an 
STM tip in an adsorbate layer of dimethyl cadmium'). Thin Cr structures down to 
20 nm thickness were prepared by anodic oxidation using an AFM tip7). These exam- 
ples show the possibilities for the preparation of nanometer structures in metals. In 
particular, the fine structures possible through STM are still at an early stage of la- 
boratory development, so that the production of highly integrated metal devices in 
the lower and medium nanometer range has not yet been achieved. 

I 

5.1.4 
Semiconductors 

Because of the significance of nanotechnology in optoelectronics and the fabrication of 
quantum devices, nanolithography of semiconductors (especially of compound semi- 
conductors) and stacks of the layers is of great importance. Very narrow structures 
have been fabricated through a combination of electron beam lithography with reac- 
tive ion etching *) and ion beam etching or lift-off techniques, yielding, for example, 
GaAs lines of 10 nm')). Silicon structures with high aspect ratios (up to 7) were fab- 
ricated by masking Si surfaces with gold nanoparticles and subsequent reactive ion 
etching in an Sic& plasma. Using 15 nm diameter particles, an Si column with a 
height of up to 100 nm could be achieved. Particles as small as 2 nm were still efficient 
etching masks"). 

Si needles with extremely high aspect ratios and very small tip diameters were fab- 
ricated by a combination of the so-called vapor liquid solid ( V U )  techniques with ion 
beam etching. Initially, silicon needles several micrometers in length but only a few 
micrometers in diameter were created by catalytic deposition on Si from an SiC1,/H2 
gas mixture. In a second step, these needles were sharpened using Ar or N ions at 30 
keV, resulting in tip radii as low as 2 nm"). Comparable values were realized by de- 

1) W. Wu et al. 1998 
2 )  S.Y. Chou et al. 1996 
3) Y. Utsugi et al. 1992 
4) H.J. Mamin et al. 1990 and 1991 
5 )  R.S. Becker et al. 1987 
6)  E.E. Ehrichs et al. 1988, R. M. Silver et al. 1987 

7) D. Wang et al. 1995 
8) T. Sakamoto et al. 1997 
9) H.G. Craighead et al. 1983 

10) P.A. Lewis 1998 
11) I.W. Rangelow et al. 1998 
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position of gold particles on single silicon crystals prior to catalFc silicon wafer 
growth'). 

Silicon has been subjected to a variety of scanning probe nanolithography experi- 
ments. The preferred approach was the oxidation of Si-H surfaces or the direct oxida- 
tion of Si into the oxide for local structure fabrication2). Another approach applies the 
direct extraction or deposition of silicon atoms3). The width of STM-based, anodically 
oxidized lines in silicon increases with voltage, tip current or exposure time4). 

Similar to metals, nanostructured semiconductor materials are of interest for the 
fabrication of single electron tunneling devices. Thus free-standing nanobars of 
highly-doped silicon with a length of 800nm and a cross-section of 24nm x 
80 nm have been fabricated'). A combination of EBL, RIE and lift-off resulted in 
7 nm x 7 nm gate structures. These dimensions are of interest to single electron 
memory devices at room temperature'). 

Exceptionally fine structures were fabricated in GaAs through implantation using 
Ga' ions. Highly focused exposure produced lines of only 2-3 nm width in a GaAs 
surface, prior to STM visualization of these lines based on their increased electrical 
conductivity'). For the fabrication of nanometer field effect transistors, a WSi,/Si sys- 
tem with an extremely thin SiO, gate film was used in a combination of electron beam 
direct exposure with etching in a high-density plasma, resulting in a gate stack with 
dimensions of 60 nm and 170 nm for lateral extension and height, respectively'). 

Nanometer structures of semiconductor and metal materials that exhibit different 
etching behavior to the pure elements can be achieved by in situ lithography (which 
means without resists) for compound formation with local activation. This can be 
achieved, for example, by interdiffusion and reaction of platinum and silicon by local 
activation utilizing a focused ion beam. So platinum silicide structures of 50 nm width 
were prepared by applying selective plasma etching or wet etching to the separation 
from the substrate material'). 

Very small Si structures embedded in silicon oxide can be fabricated on chips start- 
ing with small Si structures such as stamps, etc., and their oxidation. The size of the 
remaining Si-core is controlled by the extent and the parameters of the oxidation. 
Based on starting structures of 10-45 nm diameter, embedded Si cores of 
5-30 nm have been demonstrated"). 

5.1.5 
Carbon 

Nanoobjects of carbon are of particular interest in nanotechnology. They include Buck- 
minster-fullerenes and carbon nanotubes. While the regular, spherical Buckminster- 
fullerenes (e. g., CbO) exhibit properties of individual single molecules with dimensions 

1) E.I. GiVaTgiZOW et al. 2000 
2) J.A. Dagate et a1.1990 
3 )  M. Aono et al. 1993 
4) N. Kramer et al. 1995 
5 )  A. Tilke et al. 2000 

6) L. Guo et al. 1997 
7) G.A.C. Jones et al. 1998 
8)  D. Tennant et al. 1997 
9) D. Drouin et al. 1997 

10) C. Single et al. 1998 
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in the lower nanometer range, the carbon nanotubes represent a class of nanoobjects 
that combine properties of molecules with those of solid substrates, and cover a range 
of dimensions from several micrometers (length) down to a few nanometers (dia- 
meter). Therefore, carbon nanotubes exhibit properties of both the mesoscopic 
world, such as controlled single electron transport'), with access to manipulations 
typical for micro objects. Tne fabrication of larger quantities of carbon nanotubes 
has been demonstrated*). 

Carbon nanotubes are often complex structures. Multi-walled tubes reach diameters 
above 100 nm with hierarchies of several orders of helical structures. Beside contin- 
uous walls, spiral cross-sections are also observed3). Such tubes with a certain rigidity 
and length are interesting objects for nanomechanics. One application is their use as 
ultrathin tips for scanning force microscopy that can be enhanced by subsequent che- 
mical modification for chemical affinity scanning force microscopy4). 

Fullerenes are not only interesting as individual nanoobjects, but also as material for 
structures in the medium nanometer range. So regular structures in this dimension 
can be realized by a self-organization process during the thermal activation of fullerene 
crystals. Single crystals of CG0 exhibit a photon-induced surface reconstruction that 
leads to periodic structures with dimensions of 30-40 nm'). 

I 

5.2 
Organic Solids and Layer Structures 

5.2.1 
Solids Composed of  Smaller Molecules 

Solids that are made from smaller molecules usually exhibit a regular internal arrange- 
ment and a fairly low melting point. Size and structure of the molecule, but also purity 
of the material and the preparation method, and in particular the speed of transforma- 
tion from the mobile into the solid phase determine whether the material is fairly 
amorphous or crystalline. Pure materials of small molecules that slowly solidify 
from the melt or are gradually deposited from solution often result in crystals. On 
the other hand, larger molecules, mixtures of materials and fast cooling from the 
melt usually yield amorphous solids. 

Organic molecules with low vapor pressure can also be transferred into glassy layers, 
e. g., by sublimation or deposition from solution. Mixtures of small molecules and 
polymers can be used to fabricate stable amorphous layers from solutions. Thin ca- 
lixaren layers were applied to generate lines with widths of 10 nm using focused elec- 
tron beam writing'). 

I )  M. Bockrath et al. 1997 
2)  T.W. Ebbesen and P.M. Ajayan 1992 
3) S. Iijima 1991 
4) S.S. Wong et al. 1998a, b 
5) L. Jiang et al. 1999 

6)  J. Fujita et al. 199613 
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5.2.2 
Organic Monolayer and Multilayer Stacks 

Organic molecular monolayers and multilayer stacks on solid substrates are accessible 
lithographic methods for the generation of lateral nanostructures. SAMs as well as LB 
films are suitable substrates (cf. Sections 5.3.1 and 5.3.2). Nanostructures are fabri- 
cated either by direct writing (in the case of layers susceptible to electron, ion and 
X-ray radiation or where they can be manipulated by scanning probe techniques) 
or by the use of a transfer mask. Monolayers of alkyl thiols on gold substrates are 
,especially suitable for the direct fabrication by scanning probes. STM-based nanofab- 
rication has been applied to prepare holes of 10 nm diameter'). 

The use of LB films as high-resolution electron beam resists has been investigated. 
Adequate sensitivity and high resolution were found. However, the high defect density of 
such layers hampers routine application. SAMs exhibit fewer defects. They are applicable 
as resists when the functional layer supports the creation ofa defect-free monolayer, such 
as in the case ofoctadecyl monolayers on GaAs substrates. Exposure ofthese monolayers 
to an electronbeam (50 keV, positive resist mode) prior to transfer ofthe written structure 
by wet-etching in an NH,0H/H,02/H,0 mixture into the semiconductor material 
yielded GaAs structures of 50nm width2). For lower electron doses, an SAM can 
be applied as a negative resist. The electron beam induces a cross-linking of molecules 
inside the monolayer in the case of l,l-biphenyl-4-thiol with 50 eV3). 

1) J .  Harhwch et al. 1999 
2) R.C. Tiberio et al. 1993 
3) W. Geyer et al. 1999 
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Electron beam exposure of resist monolayers allows both modes of operations: a 
positive process occurs in the case of direct desorption of the resist material under 
the electron beam (Fig. 88, left). A negative process results when adjacent molecules 
of the monolayer cross-link under the influence of the electron beam. The exposed 
regions of the layer are thereby stabilized and stay on the substrate, even during 
the subsequent removal of the unexposed regions of the layer in an etching step 
(Fig. 88, right). 

LB as well as SAM layers are susceptible to interactions with electrons from a tun- 
neling tip, and can be locally modified or desorbed. This procedure yielded lines of 
20 nm width in an SAM of the benzyl chloride based material CMPTS'). Structures of 
10 nm were the result of STM-based modification of docosanic acid. For a molecular 
length of about 3 nm in such an LB layer, the structure constructed represents an 
aspect ratio of 0.321. 

I 

5.2.3 
Synthetic Organic Polymers 

Polymers represent an important technical construction material, and also play a sig- 
nificant role in microtechnology. They are a key matrix material for lithographic resists 
in micro- and nanotechnology. Radiation-sensitive polymers on a polyacrylate base are 
the preferred resists in electron beam, ion beam and X-ray lithography. The Novolaks, 
which are applied as resins in positive photoresists, consist of relatively short mole- 
cular chains and exhibit only slight swelling during development. This fact and the 
susceptibility to electron beams means they are suitable for nanostructure fabrica- 
tion. The minimum structure size correlates with the molecular weight of the poly- 
meric resist. For a polystyrene resist, weights of 17 500 Da yielded 21 nm structures, 
but with short-chain polymers with molecular weights of about 1100 Da, structures 
down to 11 nm were feasible. The structure width increase due to larger doses corre- 
late with the molecular weights of the resists3). 

In electron beam lithography, the best lithographic resolution is achieved with 
PMMA or other such beam resists. Structure widths between 50 and 100 nm are stan- 
dard, but dimensions below 10 nm are accessible. Scanning probe techniques can also 
be applied for the nanofabrication of organic polymers. Thus low-energy electrons 
applied by a scanning tip resulted in line structures of 20 nm width in a urethane 
diacetylene polymer4). 

Structures in the sub-micrometer and the medium nanometer range can be trans- 
ferred by oxygen plasmas in virtually all types of organic polymer layers by using a 
structured transfer layer that is resistant to an oxygen plasma. A variety of organic 
polymers were studied with respect to their suitability in a three layer resist system 
when applying transfer layers of Si, SiO,, Si,N, or metals (preferably Cr and Ti)'). 

1) C.R.K. Marrian et al. 1994 
2) M.A. McCord and R.F.W. Pease 1986 
3) S. Manako et al. 1997 
4) C.R.K. Marrian et a1.1990 

5) M. Mora and D. Maydan 1979, E. Bassous et al. 
1983, H. Gokan et al. 1984 
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Even molecular monolayers of polymers can be applied as resists. To demonstrate 
this alkyl- and oligoglucol-substituted polythiophenes were spread in a Langmuir 
trough, compressed and collapsed. The resulting polymer filaments were transferred 
onto a solid substrate. They were electrically conductive due to their conjugated 
%-electron systems. Dimensions of GO nm and 15 nm for width and height, respec- 
tively, were measured using AFM’). 

Self-assembly processes in polymers can also probably be used for the generation of 
nanostructures. Block polymers are suitable candidates for this approach. Of special 
interest are highly ordered structures with electron-conduction islands embedded into 
a non-conductive matrix. Such structures of 12 nm length could be demonstrated in a 
PMMA-polyparaphenylen (PPP) block polymer2). 

Nanoobjects of organic polymers are also possible by a so-called template synthesis. 
‘h is  approach uses existing cavities with nanometer dimensions for polymerization. 
Tube-like objects are accessible through polymerization inside the cylindrical pores. 
Hence nuclear track membranes were utilized as a polymerization matrix in order to 
fabricate nanotubes of polyheterocycles with about 0.5 pm diameter and wall thick- 
nesses of about 0.1 pm3). 

1 )  T. Bjornholm et al. 1999 
2 )  Ph. Leclere et al. 1998 
3) C.R. Martin 1991 
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Inorganic assisting materials are also applied to nanostructure fabrication in planar 
technology. Thus ultrathin inorganic wall structures in microstructured thin layers 
were transferred by overlay techniques, back etching and subsequent selective etching 
into trench structures with dimensions in the lower nanometer range (Fig. 89)’). 

Recent years have witnessed a growing interest of micro- and nanotechnology into 
the physical-functional properties of polymer molecules. So polymers with conjugated 
double bonds provide the basis for organic conductors, semiconductors or even na- 
nowire applications. Optoelectronic applications are envisioned for, e. g., polymers 
exhibiting electroluminescence behavior. Electrooptically active polymers can be ap- 
plied in organic photodiodes or luminescence diodes2). 

I 

5.2.4 
Biopolymers 

Besides synthetic organic polymers, films of biopolymers are also in the focus of in- 
terest of biosensoric applications, molecular nanotechnology and biochips3). In prin- 
ciple, such biogenic materials can be manipulated (in analogy with synthetic materials) 
with scanning probes or beam lithography. Biopolymers are usually more sensitive 
with respect to their composition and structure, compared with synthetic poly- 
mers. So the removal rates in reactive plasma processes for thin carbohydrate layers 
(e. g., cellulose, starch) are higher than the rates for aliphatic polymers containing less 
oxygen, and clearly higher than the rates for aromatic polymers. Protein layer in par- 
ticular are highly sensitive with respect to thermal and chemical effects, resulting in 
damage in lithographic processes. Therefore, protein structures are preferably pre- 
pared by patterning a binding layer on the surface prior to adsorption of the protein 
on this structure. Hence the adverse effects of lithographic processes on the protein 
layer are avoided. 

Biopolymers and analogous synthetic structures, such as polypeptides, exhibit three 
advantages which make them very interesting for future technical applications: such 
molecules are created by nature for the interaction with functional supramolecular 
systems, so that they often exhibit the capacity for the spontaneous generation of pre- 
determined three-dimensional geometries4). This capacity is encoded in the binding 
topology of such molecules. Molecules with an inherent self-organization potential will 
play an increasing role in future technical solutions. 

On the other hand, a whole toolbox of highly specific working enzymes for the ma- 
nipulation of these macromolecules exists. An additional factor is the possibility of 
degrading such materials biologically and without toxic byproducts, so that their ap- 
plication would ease the growing waste disposal problem. 

1) J.N. Randell et al. 1994 
2) N.C. Greenham et al. 1993, J.  J.M. Halls et al. 

1995, R. H. Friend et al. 1999, H. Sirringhaus 
et al. 1999, P. K.H. Ho et al. 20003) 

F. Scheller and F. Schubert 1989, W. Gopel 1995 

4) D. Pum et al. 1993, U. B. Sleytr et al. 1999 
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5.3 
Molecular Monolayer and Layer Architectures 

5.3.1 
Langmuir-Blodgett Films 

Amphiphilic molecules can be enriched, oriented and compressed on a liquid-gas 
interface (cf. Section 5.4.6). This can be achieved in a Langmuir trough by spreading 
the molecules on a fluid surface and compressing the surface area with a movable 
mechanical barrier (Fig. 90). A compression of the molecular film results in a measur- 
able pressure. This pressure increases with decreasing area until a condensed niono- 
layer is generated. Then, only the onset of multilayer generation leads to a pressure 
jump'). 

In the state of the compressed monolayer, a chain interaction leads to a stabilizing 
influence. Thus the generated film can be transferred onto a solid substrate. There- 
fore, the substrate has to be inserted before film generation in the trough, and must be 
carefully removed afterwards. For a reversed orientation of the molecules with respect 
to the substrate, it must be inserted in the trough after the monolayer formation. 

This simple approach allows the transfer of molecular monolayers of nearly all am- 
phiphilic substances onto solid substrates. Repeated insertion and retraction of the 
substrate yield multilayer arrangements (Fig. 91). 

I) A Ulman 1991, page 101 
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Fig. 91 
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A major problem of Langmuir-Blodgett films is the existence of a significant num- 
ber of failures (holes). So these films are suited for proof of principle studies, but not 
yet for integrated systems. 

5.3.2 
Self-assembled Surface Films 

Several amphiphilic substances cA-o form ordered layers on solid substrates. A pre- 
requisite for such behavior is an adsorption of these molecules onto the surface, 
an intramolecular mobility and intermolecular stabilizing interactions. Typical exam- 
ples are the n-aliphatic tail-groups with medium chain length (8-30 carbon atoms) 
connected to a hydrophilic polar - or easily polarizable - head group that can react 
with the substrate surface, and with end-groups that do not react with the sub- 
strate. In the case of head-groups bound on the surface in a high density, the end- 
groups stabilize each other by van der Waals interactions. So a cooperative effect 
of layer stabilization can be observed, which results in two-dimensional highly or- 
dered monolayers. These arrangements are denoted as self-assembled monolayers 
(SAM). In addition to aliphatic SAMs, SAMs with aryl groups have also been de- 
scribed (Fig. 92). 
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The formation of a compact monolayer occurs spontaneously. This is different from 
LB films on liquid surfaces, which require compression for the generation of a mono- 
iayer. Organic thiols, sulfides and disulfides, phosphonic acid, phosphines and isocya- 
nates exhibit the ability to generate SAMs. Suitable substrates are relatively noble me- 
rals with easily polarizable shells (metals) that form poorly dissolvable sulfides, such as 
.4u, Ag, Cu, Pd, GaAs, InP, or Pt'). 

The property of self-assembly is not limited to gold (or other metal) surfaces and 
rhiols. However, noble metals are preferable, because under ambient conditions 
they exhibit clean metal surfaces. This is in contrast to less noble metals that are usual- 
ly covered with oxide films and therefore prohibit the direct interaction of the head- 
group with the metal surface. For such cases, reactions of thiol vapor with a cleaned 
surface in a water-free atmosphere can be utilized. In principle, other functional 
groups are also able to form SAMs, when the head-group reacts with the solid sub- 
:;trates, and the adjacent chains interact stabilizingly, but not immobilizingly. Direct 
covalent coupling does not provide the required remaining mobility in the case of 
hydroxyl or amino groups, but in the case of hydrogen binding. 

Although ultrathin, SAM films are usually sufficiently dense to act as etch masks for 
wet etching processes of underlying metal layers. A straightfonvard approach is the 
formation of such a layer on gold using alkyl thiols with chain lengths of between a few 
carbon atoms (propane thiols) and several tens carbon atoms. The C-18 thiol (octadecyl 
thiol) is often preferred. Besides the n-alkyl thiols, also branched thiols or multiple 
functionalized thiols are utilized. 

1) Y. Xia and G.M. Whitesides 1998, Table 4 
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5.3.3 
Binding of  Molecules on Solid Substrate Surfaces 

I 

The fabrication of ordered dense molecular films on substrate surfaces requires self- 
assembly principles, such as in the case of SAMs or LB films. Many nanotechnical 
applications need only a functionalized layer with a certain density of functional 
groups, with the requirement of high order or exact thickness. The layers should 
be free from larger holes, so that the level of statistical failures in the distribution 
of the molecules should be significantly below the smallest lateral dimension of 
the layer. 

When there is a sufficient density of binding functional groups on the surface, dense 
molecular films form without ordered layer generation. The density depends on the 
density of binding surface groups on the one hand and the reaction probability on the 
other. The latter is not only influenced by the reactivity of the reaction partners in their 
original state, but is strongly affected by neighborhood effects such as screening. Si- 
milar to SAM, additional lateral interactions between the immobilized molecules re- 
sult in additional stabilization of the layer. 

The formation of a monolayer or sub-monolayer requires that the first layer satu- 
rates all free valences on the substrate surface and generates no additional free va- 
lences for binding of molecules from the liquid phase. Therefore, the film-forming 
molecules should not react with each other, otherwise films of several molecular 
layers with local inhomogeneous thickness distribution occur. Similar to solid phase 
coupled synthesizes, a defined multi-step formation of a molecular monolayer re- 
quires a protection of secondary functional groups in the first assembly step prior 
to a subsequent activation. 

In a wide variety of applied materials, Si, SiOz and glass play the leading roles as 
substrates and functional materials in micro- and nanotechnology. Apart from their 
availability and their well-established technology, in particular their outstanding phy- 
sical and chemical properties contribute to this position. Therefore, binding of mo- 
lecules on these substrates is of particular interest. 

The Si atoms are in a tetrahedral arrangement in both SiO, and glass. This geometry 
is disturbed on the surface, and can be rearranged either by double bonds between Si 
and 0, or the second free valence of an Si-0 bond is occupied by another element. 
Under ambient conditions and after reactions in aqueous solutions, the surfaces 
usually exhibit a certain level of hydrogen, resulting in OH groups. Additionally, metal 
atoms can be found, originating from the glass or from the process media. 

For elementary silicon, the surface is always covered by a thin film of oxide and so 
(under humid conditions) O= and OH groups are predominant. After wet etching 
steps and plasma treatments, the surface valences are also filled by hydrogen 
(Si-H) or other elements from the process media (e. g., Si-F, Si-Cl). 

The Si-OH groups represent a suitable platform for covalent surface coupling ap- 
proaches, because the Si-0 bond exhibits a stable interaction with the solid and - at 
the same time - the -OH group represents a reactive binding group. When there is an 
insufficient density of Si-OH groups on the surface, an activation step has to be ap- 
plied. Also Si surfaces can be functionalized to contain a high density of binding 
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groups by such an activation procedure. The efficiency of this procedure can be mon- 
itored by measurement of the wetting angle of water using contact angle measure- 
ments. A small angle points to a high density of OH groups. 

There are several approaches to the coupling of molecules on Si-OH groups on the 
surface. It is favorable to include the formation of Si-0 bonds in the coupling scheme, 
because such binding reactions show a high efficiency and yield a stable bond. Alkyl- 
halogenide silanes or alkylalkoxy silanes (in particular the three-fold functionalized 
silanes) are preferred: 

R-Si(-X), + 3(=Si-OH) + R-Si(-0-Si=), + HX (5.1) 

Or 

R-Si(-OR’)3 + 3(=Si-OH) + R-Si(-O-Si=), + ~ R ’ O H  (5.4 

In both cases water acts cases as an efficient competitor of the surface OH groups, this 
therefore demands that water and air are excluded for high binding group densities. 

In analogy to Si, SiOz and water, also metals that form stable bonds to oxygen (such 
as highly passivating metals) can be modified via surface OH groups with organic 
monolayers. This applies especially to metals that exhibit passivating layers under 
ambient or aqueous conditions, e. g., the following metals that are important for mi- 
cro- and nanotechnology: Ti, Cr, Ni, Nb, Mo and Al. 

Sometimes, metal oxide surfaces act as substrates for SAMs, e. g., by binding of 
carboxylic acids, hydroxyl amides or phosphonic acids on zirconium oxide or indium 
tin oxide (ITO) surfaces’). 

Surfaces of organic polymers show the whole repertoire of organic coupling chem- 
istry. So a variety of approaches exist for the coupling of molecular monolayers onto 
such surfaces. Owing to the high stability of the C- 0 bond, but also because of tech- 
nical reasons, coupling via oxygen bridges is a convenient approach. 

Some micro- and nanotechnical materials already contain inherent OH groups that 
are usable for the coupling: the resins of positive photo resists with phenolic OH 
groups, or the poly(viny1 alcohols) with aliphatic OH groups. In analogy with inorgan- 
ic coupling chemistry, silicon chemistry can yield molecular monolayers. A technique 
that has already been applied for adhesion enhancement and in dry-developed resists 
replaces the hydroxyl hydrogen by alkyl silyl groups, e. g., by reaction with hexamethyl- 
disilazan (HMDS): 

2R-OH + [(CH,),Si],NH i ZR-O-Si(CH,), + NH, (5.3) 

However, both longer and secondary functionalized organic molecules can also be 
addressed by this approach: 

R-Si-OR’ + 3(-R-OH) i R-Si(-0-R-), + 3R’OH 

1) Y. Xia and G.M. Whitesides 1998, Table 4 

(5.4) 
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Polymer surfaces without OH groups can be activated by an oxygen plasma or by 
oxidizing baths, so that the coupling approach can be universally applied. In analogy 
to the natural importance of peptides, the peptide bond (which is the coupling of car- 
boxyl with amino groups) plays an important role in the immobilization of organic 
molecules. However, a variety of other approaches also exits. 

I 

5.3.4 
Secondary Coupling of  Molecular Monolayers 

Molecular functions required on surfaces are often not generated in just one step. 
Frequently further construction steps are required after the primary coupling. 
Such a system of reactions can be required for several reasons: 

- due to the synthesis strategy, which means as a result of the compatibility of the 

- the introduction of spacers 
- special layer geometries 
- integration of guest molecules into host layers 
- control of binding density in the case of sub-monolayer coverage 
- construction of local nanoarchitectures 
- combinational synthesis on micro- or nanospots 

functional groups 

Fig. 93 Scheme for the interconnections in molecular layers 
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In contrast to polymerization reactions, the creation of layer arrangements are con- 
ducted in analogy with solid phase synthesis. Thereby, the number and type of mo- 
lecules that bind on the surface are defined, and there is no statistical growth. A dis- 
advantage of this approach is that several steps are required to achieve thicker layers. 
The application of just one, bifunctional molecular unit is not possible. Either a pro- 
tection group chemistry with alternative introduction of protected groups and subse- 
quent deprotection and activation of these groups in order to realize the next layer, or at 
least two units with two different (and complementary in only one direction) coupling 
groups are necessary. 

From the point of view of synthetic chemistry, the defined assembly of molecular 
layered architectures is rather a synthesis of bio-analogue sequence molecules than 
one of synthetic polymers. A combination of both approaches seems possible, e. g., 
by a layered immobilization of pre-synthesized oligomers with coupling groups on 
both ends. So layers with a fairly high density can be realized while preserving the 
internal architecture in a limited number of synthetic steps. 

5.3.5 
Categories o f  Molecular Layers 

Monolayers can be stabilized by the formation of strong bonds between adjacent mo- 
lecules. Cross-linking is possible in the case of layers of olefins or condensable groups, 
and is usually induced by thermal or photochemical activation after layer deposition. 

Such arrangements differ from polymer layers of similar thickness generated by 
spin-on or casting in their significantly increased regularity of the binding topo- 
logy. These architectures are of particular importance, when functional molecules 
are integrated in a directed fashion into layers, when layers are subjected to nanos- 
tructuring processes, or when molecular nanoarchitectures are constructed. Layer ar- 
chitectures are interesting options for the control of optical-anisotropic layer properties 
or specfic optoelectric characteristics. 

Independent of their chemical composition, some basic categories of molecular 
monolayers and layer stacks can be differentiated due to their layer geometry and 
binding topology. For a system based on the strength of bonds in the x-, y- and z- 
directions, the following categories can be distinguished (Fig. 93): 

Assembled homogenous monolayer 
Strong, usually covalent bonds perpendicular to the substrate plane, weak bonds of 
the molecules in the lateral direction 
Cross-linked homogenous monolayer 
Layers with a cross-linked structure, which implies strong bonds in all three 
directions 
Assembled heterogeneous multilayer 
Strong, usually covalent bonds perpendicular to the substrate; in the lateral 
direction, areas of both stronger and weaker bonds are found 
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d) Assembled homogenous multilayer 
I 

Stack of layers with strong bonds perpendicular to the substrate plane inside the 
layers but only weak interactions between layers or in the lateral direction 

Stack of layers with each layer exhibiting strong bonds in all three directions, 
but only weak bonds between the layers 

Stack of layers with alternating areas with weak and strong bonds of the layer- 
generating molecules in the lateral direction, and with weak interactions between 
the layers 

Stack of layers with alternating areas of weaker and of stronger bonds of the layer- 
generating molecules in the lateral direction, and alternating areas ofweaker and of 
stronger bonds between the individual layers 

e) Cross-linked homogenous multilayer 

f) Assembled heterogeneous multilayer 

g) Partial cross-linked heterogeneous multilayer 

Besides the complete layers and stack of layers, layers with synthetic surface relief are 
also of interest in nanotechnology. A relief is formed when the surface coverage is 
changed in a stack of layers or in a series of coupling reactions. Quasi relief structures 
can be generated or removed by a change of the process media, through a certain 
surface mobility of parts of a molecular organized surface in combination with a fixed 
connection to the solid substrate. 

The generation of a molecular monolayer often happens in a series of synthesis 
steps. Even spacers are sometimes constructed out of units instead of being intro- 
duced as pre-synthesized units. Every time bi-functional molecules are provided in 
sufficient density and efficiency, a layer of linear molecules is generated that covers 

1 

2 

3 

regular layer-like growth 

1 

3 

stochastic growth 

- 

Fig. 94 
synthesis (left), stochastic growth in analogy with polymerization processes 
(right) 

Generation of immobilized dendrites: stepwise supermolecular 
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the surface and grows with every synthesis step. The stepwise increase in film thick- 
ness by synthetic coupling of molecular units is based on protocols using protecting 
groups. This behavior is found in classical solid-phase protein synthesis (after Merri- 
field) and in biochip synthesis'). 

Instead of bi-functionalized units, also molecules with multiple coupling sites are 
applicable for the establishment of layer architectures. In this case, a branching of the 
rnolecular structures on the surface is observed. Depending on the sequential or sto- 
chastic coupling steps, either regular layered or dendritic increasing bond topologies 
are the result (Fig. 94). 

Besides chain-like molecules, spherical molecules can also form molecular mono- 
layers and colloids, and also such films can be secondary functionalized. Synthetic and 
naturally occurring high molecular weight polymers as well as sequential biopolymers 
create globular shapes. Owing to the space requirement for this folding, such mole- 
cules need either to be immobilized at a lower density prior to folding or have to be pre- 
synthesized in solution in order to be immobilized only after folding. 

In monolayers of globular molecules, a three-fold hierarchy of bonds is observed: 

a) strong, usually covalent bonds in the backbone (primary structure) of the molecules 

11) weaker bonds stabilizing the secondary and tertiary structure of the folded macro- 

c )  weak interactions between the folded macromolecules 

and in the coupling to the substrate 

molecule 

The stability of molecular monolayers is determined by the adhesion of the molecules 
to the substrate and the interactions between the molecules ofthe layer. Ifthe adhesion 
is rather low, cross-links between the molecules also stabilize the adhesion due to 
assistance of the cooperative effect of weak bonds to the surface. 

5.3.6 
Molecular Coupling Components (Linkers) and Distance Components (Spacers) 

Established techniques for the generation of molecular monolayers, layer stacks and 
single molecule-architectures often apply principles that include molecular coupling 
components and distance components in addition to the primary coupling group on 
the substrate and a functional component (Fig. 95). The linker should provide at least 
two functional units, one able to bind to chemical functions on the surface, the other 
able to couple to the functional component directly or to a spacer. 

Couplings onto OH surfaces are often mediated by methoxy silanes. In particular 
glycidoxypropyl trimethoxy silane (GOPS) is utilized to functionalize surfaces with 
epoxy groups. To realize amino-terminated surfaces, amino propyl trimethoxy silane 

1) S.P.A. Fodor 1997, C. M. Niemeyer and D. 
Blohm 1999 
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(APTES) is used. To generate such amino surfaces on metals that bind thiols, amino 
propyl thiol is applied as the linker. 

Linker molecules should not react with each other. This non-complementary beha- 
vior should be achieved without protection groups, so that linkers differ from the 
standard units of successive solid phase synthesis, as in combination chemistry. Lin- 
kers need a high affinity towards surface groups in order to achieve a complete reac- 
tion. The secondary coupling groups should not react with the surface, but with the 
functional element or a spacer in a highly efficient manner. 

The functions of immobilized molecular units are usually determined by their direct 
molecular environment and by their mobility. Often simple futation is not sufficient, 
but a certain density, surface distance and degree of mobility is required. These para- 
meters can be realized by distancing components (spacers) that provide density, length 
and internal mobility to fulfill the requirements. 

Spacers are usually of defined length. Hence polymer molecules are not particularly 
suitable, so monodisperse oligomers or sequential molecules are applied. They should 
be long enough to reach through a surface monolayer of inert molecules. 

Apart from the length, rigidity of the spacer is a second important parameter. For 
many applications, spacers with a certain mobility are required, usually molecules with 
a chain of bonds that can be freely rotated. This is the case for a simple aliphatic spacer 
or polyether. Such spacers are usually utilized for solvated functional groups, when the 
spacer mobility does not lead to unspecific immobilization. 

The mobility of spacers is determined to a great extent by their tendency towards 
solvation. So the application of spacers has to consider the physicochemical condi- 
tions. 

Oligonucleotides represent spacers of special interest, due to their high solvation in 
an aqueous environment, because they can be readily obtained through sequential 
synthesis in a monodisperse form and because of their capacity for internal stabiliza- 
tion due to the choice of base sequences (by loops or double strand formation). 

I 

spacer 

Fig. 95 
surfaces 

Typical arrangement for the immobilization offunctional molecules on 
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Tab. 6 Examples of spacers 

Spacer Length lnternal mobility Chemical stability 

Alkyl chains up to 3 nm high high 
Oligoethylene glycole up to 20 nm high high 
Oligonucleotides up to 100 nm considerable or low considerable 

- 

As with a linker, the spacer also requires at least two functional groups to be con- 
nected to both the linker and the functional group. Often the coupling function is 
adjusted to the substrate part, by choice of linker and choice of the coupling group 
between the spacer and functional component. If possible, the spacer could also be 
directly coupled to the functional groups of the substrate. Then the spacer takes 
over the tasks of the linker, so that no additional linker is needed. 

5 3.7 
Definition of Binding Spots on Solid Substrates 

Lithographic methods have not yet been successful in the generation of individual, 
technically usable functional groups on solid substrates with nanometer precision. 
EIowever, it is possible to modify small surface areas within the lithographic resolu- 
tion in order to achieve selective binding of larger molecules only in the predefined 
areas. The dimensions of the areas determine the precision of the binding. A higher 
precision is only possible by secondary relative positioning of units, which are con- 

molecular recognition: 
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rotation possible 
oscillation possible 

rotation not possible 
oscillation possible completely 

Fig. 97 
double or triple coupling to the surface 

Degrees of  freedom for the mobility of immobilized molecules for single, 

nected to predefined positions inside the molecule. The geometric precision of such 
binding is determined by the specificity of the bonds and the rigidity of the molecule 
(Fig. 96). 

Coupling groups of lithographically defined binding areas are either similar or con- 
sist of a statistical mixture of two or more types of binding groups. If only one bond is 
formed between the surface and the immobilized molecule, the molecule can rotate 
freely as long as adjacent molecules or the surface topography does not lead to steric 
hindrance. Two or more bonds secure the molecule against rotations; three bonds will 
also limit oscillations with respect to the substrate surface (Fig. 97). Thus a coupling is 
always associated with a break in the symmetry at right angles to the substrate surface. 
A statistical distribution of the binding groups on the substrate surface preserves ran- 
dom orientations of the immobilized molecules. For regular arrangements of the bind- 
ing groups on the surface and for their reference lines to be futed in an external co- 
ordination system, only discrete orientations of the immobilized molecules are pos- 
sible. The number of these orientations is determined by the interchangeability of the 
coupling groups of the immobilized molecule. Only for a minimum of two coupling 
groups from the molecule and substrate, each with high geometrical definition, or the 
formation of a non-rotating bond (e. g., double bond), can a well defined orientation of 
the coupled molecules be found. 
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5.4 
Architectures With Single Molecules 

5.4.1 
Single Molecules as Nanostructures 

As the dimensions of technical structures approach molecular dimensions, a point can 
be reached where an individual molecule could be identical to a nanostructure. For 
today's nanotechnical structures, this point is not yet in the dimension of small mo- 
lecules (sub-nanometer range). However, there are classes of molecules that provide a 
link to small lithographic structures by exhibiting dimensions in the medium and 
lower nanometer range. Moreover, natural chain-like molecules with lengths above 
10 pm exceed, at least in this dimension, standard lithographic resolution. One exam- 
ple of such molecules is the DNA ofthe lambda phage, which has a length of 1G pm in 
its extended state. 

The overlapping of the length of large molecules with minimal lithographic struc- 
ture widths represents no real problem to nanotechnology (Fig. 98). However, a genu- 
ine problem is the precision of the integration of such molecules into lithographic 
structures. This problem can be considered from two aspects: 

a) the precision of lithographic structures on the solid substrate surface and 
b) the precision with respect to the position of molecular binding. 

gold nanoparticles ' 

small cell 250 nrn I 

J 

standard lithography 

Fig. 98 
lithographic structures 

Size comparison of a cell, stretched DNA molecule, gold nanoparticle and typical 
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The first aspect requires a nanolocal chemical activation of substrate surfaces. In prin- 
ciple, the required resolution is provided by today’s lithographic techniques. However, 
these techniques are not yet standard procedures, e. g., the microlithographic techni- 
ques. The second aspect requires a position-selective reactivity of molecules that are 
sufficiently long to be integrated into microstructures. These conditions are only ful- 
filled by a few classes of molecules such as DNA, or are limited to a handful of loca- 
tions along a large molecule. 

The position-defined coupling of large molecules onto surfaces is restricted by the 
internal mobility of the molecules. Even when a large molecule exhibits several ad- 
dressable coupling groups that are arranged in a defined pattern, this topological de- 
finition does not imply a geometrical definition. In particular, large molecules can 
show a variety of quite different geometries, which are only limited when in addition 
to the primary structure of stronger bonds, a three-dimensional geometry (e.g., 
through covalent or coordinative ring closures or through weaker bonds such as hy- 
drogen bonds) is overlaid. 

Long-chain molecules with a multiplicity of freely rotating bonds, such as in many 
synthetic polymers with high molecular weight, allow a large numbers of possible 
conformations that are energetically comparable. The probability of conformations 
that have certain positions along the molecule that are screened by other parts of 
the molecule (so that no binding occurs) increases with chain length. 

Rigidmolecules are therefore preferred forthe construction ofmolecular architectures 
on solid substrates. In addition to the topological correlation ofparts ofthe molecule due 
to the order of the bonds, molecules show a fairly fixed geometry. Hence not only their 
binding topology, but also their structural geometry is well defined. Therefore it is 
advisable to pre-synthesize fairly stiff units in solution prior to coupling on the surface. 

An extended pre-synthesis of complex architectures is usually restricted by the de- 
creased solubility. Flexible molecules are often significantly better solvated compared 
with rigid ones, and show only a low tendency towards aggregation. A prerequisite for 
the stabilization of larger and more rigid molecular constructs in the liquid phase is a 
strong interaction between the molecule and the solvent. In an aqueous phase, the 
following factors contribute to stabilization in solution: 

I 

- similar surface charges 
- strong local dipole moments inside the molecule 
- ability to form many hydrogen bonds 

These factors show that the conditions in an aqueous environment depend signifi- 
cantly on charge distribution and ionic components. Because charged groups, local 
dipole moments and hydrogen bonds are usually found in combination with free elec- 
tron pairs (non-binding electrons), such molecules are often interesting electron do- 
nors that can act as ligands with respect to metal cations. In addition to pH value and 
ionic strength, also the type of metal ion involved determines the stability of solutions 
of large rigid molecules, which in turn influences their reactivity. 

In nature, aqueous phases are predominant. However, technical approaches are not 
restricted to aqueous conditions, and also the construction of nanostmctures can be 
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conducted under other conditions. The exclusion of water and air leads to a significant 
gain in the variability of synthetic chemical approaches to nanoconstruction. Water 
and oxygen represent highly reactive small molecules, which readily react with 
many groups, so that such groups, including water and/or oxygen, have to be excluded 
from synthesis strategies. Also, nature utilizes regions with decreased water contents 
and the exclusion of oxygen for the formation of complex living systems. Thus the 
hydrophobic interactions of certain protein domains or inside lipid double layers 
are used for the generation of membrane functions. Oxygen exclusion is essential 
for a whole class of organisms, the anaerobic microorganisms. Their chemical and 
biochemical processes are tuned to the absence of oxygen. 

On increasing the size of a rigid molecule, the probability of a certain position along 
the molecule coming into contact with the surface prior to a reaction decreases. More- 
over, with increasing molecular size, the frequency of the rotations of the whole mo- 
lecule and the rate of translational movements also increase. So even in the case of 
soluble large units, it is not advisable to rely on a coupling involving only individual 
groups. More effective is the generation of larger complexes through the successive 
coupling of fairly small units on the solid surface. 

With the coupling of a molecule on a substrate surface, the problem of solubility 
transforms into a problem concerned with the surface reactivity. Each molecular build- 
ing unit has to have (as well as the specific coupling group) additional coupling groups 
for further coupling reactions. The topologically well defined assignment of coupling 
locations and additional reaction partners from solution is required but is not suffi- 
cient. Again, flexible parts of the molecules should not screen the coupling groups. 
Under certain conditions, a long but very thin and flexible chain is sufficient to screen 
large parts of the surface. This is the case when the characteristic time for molecular 
movement (e. g., the rotational period) is smaller than the time required by a coupling 
molecule to penetrate, by diffusion, into the coordination sphere of coupling surface 
groups prior to binding. When two or more coupling groups are required, the first 
bond should not induce a steric hindrance for additional bonds. Finally, symmetry 
conditions should be fulfilled in order to generate a defined geometry. 

Large molecules (macromolecules) should be optimal to bridge the gap between 
molecular dimensions and lithographic accessible size range. Molecular size itself 
is a fairly poor criterion for the classification of particles. The macromolecules con- 
structed should include molecules consisting of a greater number of molecular units. 
Suchmacromoleculesarethereforemodularobjectswithmorethan 10Omolecularunits. 

A simple class of macromolecules consists of only one type of unit (homopolymer). 
A linear arrangement leads to the linear homopolymers. In copolymers, two or more 
types of building units are used. They are denoted as block-copolymers when they 
consist of alternating groups of the same units. These three types of macromolecules 
are technically produced with a certain distribution in molecular weight and also ofthe 
order of the units (usually a statistically random distribution). For a conventional tech- 
nical application, neither the exact molecular weight nor the exact positions ofthe units 
are important. 

Also biopolymers such as cellulose and starch represent chain-like homopolymers 
with various distributions as regards the molecular weight. There are other natural 
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macromolecules (proteins and nucleic acids), which exhibit a very high molecular 
weight and a chain-like primary structure, but that differ significantly from the syn- 
thetic copolymers in the following two parameters: their chain length and molecular 
weight are defined exactly, and the arrangement of the units in the chain is fixed. 

Supramolecules in a narrow sense describe molecules with atoms or groups of 
atoms connected by reversible, non-covalent interactions. 

Supramolecules are aggregates consisting of several molecules. The atoms inside 
the individual molecules are held together by strong (e. g., covalent) bonds; the mo- 
lecules are connected, at least temporarily, by weaker interactions, such as di- 
pole-dipole effects, coordinative van der Waals or hydrogen bond interactions. The 
interactions are often influenced by a change in solvent or an increase in ionic 
strength or pH'). 

The term nanoobject reaches far beyond supramolecules. It includes single mole- 
cules, but also metal colloids and vesicles. Supermolecular nanoobject also include 
objects that consist of a greater number of molecular units, defined in a way that 
considers their size and shape. 

To distinguish the various types of macro- and supermolecular nanoobjects, two 
groups of parameters are important for nanoconstruction purposes (Fig. 99). The first 
group includes the chemical definition that covers the elementary composition, the 
number and arrangement of low molecular units or groups of atoms and the topology 
of strong directed bonds. The second group describes the geometrical definition. It 
includes the internal flexibility (which means the density and number of groups 

1) J.-M. Lehn 1988, 1995 
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that can rotate and vibrate), the tendency to form very different conformers, the density 
of strong bonds and thereby also the extent of cross-linking. Supramolecules show a 
high level of specificity of the composition and binding topology. However, the term 
also includes particles with less defined geometries, e. g., particles able to form quite 
different shaped conformers. Individual molecules of linear synthetic polymers, and 
also copolymers and block-copolymers in solution are nanoobjects with respect to their 
dimensions, but are not particularly specific in their geometry and exhibit a varying 
composition. A higher degree of determination is observed in the case of colloidal 
particles, with a higher value for nanoparticles compared with vesicles. 

5.4.2 
Strategies of  Molecular Construction 

Molecular construction is a branch of synthetic chemistry. It differs in two aspects 
from traditional synthetic approaches. In a single molecule (and not just in the crys- 
tal), both the specified binding topology and molecular geometry should be preserved. 
Another point is that the macromolecular units are defined by molecular weight and 
structure and exhibit specific binding groups that in subsequent construction steps 
serve as binding sites. As long as there are no autonomous nanosystems, the aim 
of nanotechnical construction is an integration of the molecular constructions in pla- 
nar technological environments. Surface reactions are therefore not only supporting 
tools, but are also required with respect to function. The synthesis strategy determines 
in what state the molecular units are pre-synthesized and when the subsequent con- 
struction will proceed better on the surface. Both surface processes and reactions in 
solution are spontaneous molecular interactions driven by the laws of molecular dy- 
namics. The generation of structures is driven by self-assembly in combination with 
chemical synthesis, which is only supported on solid surfaces (as a planar substrate or 
as a nanoparticle). The processes are determined by molecular stochastics. The con- 
struction of molecular architectures is more based on the laws of chemical thermo- 
dynamics and kinetics than on the rules of microsystem technology and planar-tech- 
nical nanolithography. 

A modular approach is required to manage the synthetic efforts necessary for the 
construction of highly defined and stable macromolecules. The modules have to en- 
able the application of the principles of molecular recognition in combination with 
long-term stable bonds to be made. These requirements include a certain contradic- 
tion. Molecular recognition requires at least intermediary weaker bonds that can open 
again to give way to the recognized stronger bonds and the related coupling compo- 
nent. Hence the bonds forming the basis of the molecular recognition should be weak 
enough to be replaced later, or the recognition process with weaker bonds has to be 
complemented by a second step that leads to more stable bonds on the recognition site. 

Nature provides beautiful examples of complex arrangements through spontaneous 
self-organization. It is based on a hierarchical system, which requires only a fairly 
small number of associations of elements at every level of organization. Thus, defined 
monomolecular geometries are embedded in environments that act as ensembles and 
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are independent of the specific position of an individual molecule. This dual principle 
includes determined complexes (such as protein complexes) but also statistically based 
structures such as lipid bilayers. Liquid and liquid-crystalline phases and micelles 
represent an outer environment for the supermolecular complexes of biological 
macromolecules'). Of particular importance is the reduction in the degrees of free- 
dom of mobility of molecular systems by the integration into layers. A futation of 
the layer including the molecular architecture can even result in a complete restriction 
of the mobility, e. g. by cross-linking. 

A specific molecular recognition is a required condition for the construction of mo- 
lecular aggregates from subunits. Natural proteins that are integrated into complex 
aggregates typically exhibit several recognition sites for coupling to adjacent 
groups. For unrestricted three-dimensional mobility of the molecules, the probability 
that some molecules meet with their recognition site by chance is rather low. This 
requires an adjustment of not only the translation, but also the rotation of each mo- 
lecule involved. Through the restricted surface portion responsible for coupling, many 
binary combinations of molecular orientations are possible that will not lead to a cou- 
pling. If the two molecules are on a membrane or at an interface their rotational mo- 
bility is significantly decreased. The pre-orientation of two binding partners at the 
interface or on a membrane eliminates 2 x 2 = 4 rotational degrees of freedom of 
mobility. The complementary recognition and binding reactions are arranged relative 
to the surface plane or perpendicular to it. The rotation around the remaining axis will 
often lead to recognition and binding. 

The generation of three-dimensional structures is both goal and method. The con- 
structions should be sufficiently stable to resist changes in the environment or re- 
moval of the liquid phase. Spatially connected binding topologies restrict the internal 
flexibility of molecules to avoid collapse, so that intramolecular cavities are preserved 
even in the case of changes to the surroundings and functional groups preserve both 
reactivity and positions. A certain density of connections inside molecular construc- 
tions is required to ensure that for every linear unit not more than one structure cap- 
able of rotation exists, so that no more than two bonds able to rotate exist between 
them. 

The conditions for complex molecular architectures are either a highly precise sort- 
ing principle separating all byproducts of the individual reaction steps or a series of 
synthesis steps with virtually complete efficiency (which means reaction probabilities 
approaching 1). The latter seems to be more practicable. Because every individual step 
requires a selectivity, it is advisable to work with pairs of coupling groups that are 
independent of each other. The greater the number of non-interfering coupling 
pairs, the larger the possibilities with respect to the design of synthetic architec- 
tures. Just one pair yields no structures that are defined in length and structure, 
only after the introduction of protection group chemistry is an indirect second che- 
mical function represented. Using two coupling pairs facilitates both chain-like 
and branched structures of exact defined structure and shape. 

1) cf Section5.4.6 

I 
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Cyclization is required to increase the rigidity of molecular architectures. In prin- 
ciple, all two- or multi-fold functionalized units can be used for cyclization and the 
fabrication of chains. The tools of supramolecular chemistry are applied therefore. 
Processes of molecular cyclizatiorl are assisted by low concentrations and the inter- 
mediate formation of coordination compounds. Electron pairs or n-electrons are uti- 
lized, so that the chain surrounds the metal ion like a chelate ligand. For rings with 
greater diameter, one metal ion is not sufficient, because stable coordination bonds 
require certain distances. Cluster ions or metal ions (bridged by bifunctional ligands or 
using metal organics) could assist by providing extended core structures for coordi- 
native compounds, so that further extended ring structures are also supported. For the 
construction of larger rings, the use of multiple core complexes that have an internal 
(central ring formed by a mutual ligand and additionally included outside ligands con- 
nected by a group of other metal ions is possible. 

Regarding the bond strength, a double strategy is required. Complex architectures 
require strong and specific bonds in the utilized coupling scheme. In contrast, weaker 
bonds are used for molecular recognition, using cooperative effects of polyvalent 
bonds, so that stable connections are only formed if the desired number of coupling 
groups of two complementary partners is involved. So positions for coupling reactions 
can be defined that are connected by a local presence of two or more binding groups in 
close proximity. The occurrence of one of the binding groups has no effect. This tech- 
nique is of particular importance for the immobilization of pre-synthesized structures 
on surfaces. 

A complex of molecular architectures could be defined that presents not a functional 
unit on its own but serves only as a framework or positioning tool. The functional 
(dements could be molecular functional units connected to this architecture, so 
that the original passive construction becomes active. In addition to individual mole- 
cules, other structures are also possible for this purpose, e. g., ultrathin layers or na- 
noparticles. There are two requirernents: a wide variety of highly defined geometries is 
desirable, and the binding locations should be precisely defined. 

In the following sections some examples of geometries of molecular-constructive 
architectures are discussed focusing particularly on objects that are not accessible 
by conventional lithographic techniques. The initial interest for nanotechnology be- 
gins with linear objects of defined length. In addition to compact cylindrical struc- 
tures, flexible cylinders and hollow tubes of defined dimensions are required. Small 
areas, dash and spot gratings with periodicities in the medium and lower nanometer 
range are of interest, but also complex geometric objects such as circles and ellipses, 
regular and irregular polygons and combinations of these. Besides closed objects, 
geometries with defined pores and grating structures or with combinations of ring 
geometries with movable bar-shaped units have been proposed and investigated'). 
Free-standing structures with nanometer dimensions, spacers and presentation struc- 
tures that bind functional components with high precision with respect to location, 
and allow for spatial access that is necessary for the mobility or diffusion of reaction 
iartners, are other interesting examples. 

'I) V. Balzani et al. 2000 



168 5 Nanotechnical Structures 

A second complex includes architectures that combine constructive and functional 
aspects: electron-, ion-, phonon-, exciton- and plasmon-guides, photon acceptors and 
emitters, switches, logic components, memory elements and others. The integration 
of such molecular functional components is a great challenge for nanotechnology: 
individual functions have already been realized in smaller molecules. The control 
and the readout of these elements requires only a limited number of connections 
to planar technical structures. The size of these connections and the positioning re- 
quires a lithographic resolution with the dimension of the molecules used, which 
means in the lower nanometer range or below. In practice, such small functional 
elements are addressed as ensembles and not as individual molecules. The ensemble 
size depends largely on the lithographic precision. The problem of functional connec- 
tion between single molecules and lithographic periphery is worsened in future devel- 
opments of a variety of molecular functions integrated in such structures. 

An alternative is the vision of a molecular architectures that conducts complex tasks 
in its interior, and only a few channels are required for communication with the out- 
side world. One could envisage small memory and processor units that communicate 
via a serial channel with a microtechnical periphery. In such subsystems, the channel 
could even be in the nanolithographically accessible medium nanometer range. How- 
ever, the construction of such a complex system through only chemical synthesis using 
self-organization is not clear. For the further development of nanotechnology, it would 
be helpful to realize individual molecular functions in a model application and inte- 
grate these with a large connecting channel in a planar-technical periphery. With the 
progress of modular supermolecular synthesis, more and more functions could be 
integrated into this model application of a molecular self-organized system, until mo- 
lecular nanosystems are achieved with significant functional advantages compared 
with conventional systems'). 

I 

5.4.3 
Biogenic and Bio-analogous Nanoarchitectures 

A defined arrangement, shape stability, solubility and position-specific reactivity are 
important conditions for the construction of molecular architectures. Linear macro- 
molecules that do not form defined secondary structures are less suited to molecular 
nanostructures. Complex copolymers and systems with fairly interesting nanophases 
in solids are also not particularly helpful, because the complex geometries are not 
freely adjustable. Restricting factors that are missing or not defined are positions 
of binding locations, a high translational symmetry in the linear chain or chain sec- 
tions, a rather high flexibility in the chain and definitions of branching or connecting 
points to create position-specific spatial connections. Synthetic polymers often exhibit 
a distribution with respect to their molecular weight; copolymers show a statistical 
distribution of monomer units and blocks. A multiplicity of rotating bonds leads 

I )  B.C. Crandell and J .  Lewis 1989, K. E. Drechsler 
1992 
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to a huge number of thermodynamically similarly preferred conformations in solution 
or in the melt. 

Some biological macromolecules show similar properties compared with the syn- 
thetic molecules. Starch and sugar have a broad distribution of molecular mass, and a 
high degree of translational symmetry in the binding topology. On the other side, 
nature does provide classes of molecules that fulfill the above-mentioned require- 
ments: proteins and nucleic acids. 

Proteins are interesting for nanotechnology both as construction material and as 
molecular tools. Proteins are already being used by mankind in both fields, such 
as natural fibers for textiles or enzymes for food and in the washing powder indus- 
try. In these fields, proteins are applied in large quantities. However, their molecular 
properties and functions are only used in large ensembles. 

There have been attempts to integrate biomolecules or bio-analogous molecules into 
technical nanostructures or to apply them directly for nanostructuring. Two-dimen- 
sional gratings with periodicities in the medium nanometer range can be prepared 
by assembling an ordered protein layer on top of a functional layer prior to using 
the protein layer as an etch mask. Such two-dimensional protein crystals can be found 
for example in the membranes of microorganisms, e. g., the so-called S-layer in the 
bacterium Sulfolobus acidocaldarius. After transfer of such S-layers onto TiO, surfaces, 
the protein aggregates were used as etch masks in an Ar ion sputtering step (2 keV), 
resulting in two-dimensional grating structures with about 22 nm periodicity in tita- 
nium oxide'). In addition to a direct transfer of the layers, a self-assembly approach of 
isolated and purified proteins was also demonstrated. An S-layer can be used for the 
preparation of two-dimensional gratings with periodicities in the lower nanometer 
range, e. g., for quantum dot arrays, by utilizing the protein layer as a mask or as 
a template for metal deposition2). 

The integration of proteins in artificial nanostructured environments enables the 
use of functions of individual biogenic functional molecules. However, the applica- 
tion of proteins in nanotechnology is hampered by their natural adaptation into 
the biological environment. These complex molecules were optimized by natural evo- 
lution with respect to their functions in living cells or in their immediate environment. 
'Technical environments, as used for chip or microsensor production, differ signifi- 
cantly from these biological surroundings. Even standard biological requirements, 
such as the presence of a liquid phase or prevention of elevated temperatures, are 
wen problematic for technical standard processes. Therefore, the integration of mo- 
lecular-functional proteins in chip arrangements is usually aimed at a connection of 
protein-compatible settings with solid substrates. Therefore, the biosensor field pro- 
vides numerous approaches, such as the immobilization in a planar monolayer or the 
integration into thin polymer or gel layers. Typically, immobilization is connected with 
21 loss in activity. On the other hand, the use of proteins as materials is usually much 
easier because often no aqueous environment is needed. 

1) J.T. Moore 1997 
2 )  U.B. Sleytr et al. 1999 
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Selected classes of macromolecules exhibit dimensions of a few tens up to a few 
hundreds of nanometers. One has to consider the flexibility of parts of the molecule 
in the immobilization and orientation of such large molecules. Flexible linear mole- 
cules can be extended by stretching in a hydrodynamic flow. For charged or polarizable 
molecules, the orientation in an electrical field can be used. These approaches do not 
create stable geometries, because after reduction of the applied forces, the molecules 
then relax again. So the molecules have to be futed after positioning, stretching and 
orientation. This implies that at least two coupling groups are involved in the substrate 
binding. 

Large individual molecules and supermolecular objects are not only of interest as 
geometrical arrangements, for spatial architecture or mechanical connections. The 
application of macro- and supermolecules with specific functions is particularly attrac- 
tive, e. g., chemical, electronic, optoelectronic or chemo-mechanical properties. In ana- 
logy with enzymes and natural protein complexes, such molecules can be used as 
molecular nanotools and nanomachines. 

Nanotools have to fulfill the requirements of an individual tool or to serve several 
complex functions. They have to: 

I 

1) be activated by certain assisting substances, 
2) recognize their work piece, the substrate molecule, 
3) process the substrate molecule, 
4) release the product, and 
5) emerge fully functional from this process. 

Similar to protein receptors in biological systems, supermolecular objects are able to 
act as general recognition structures or to hold such structures. In analogy with bio- 
logical structures, oligovalent ligands or macro-ring shapes are particularly well suited 
to the specific recognition of ions or small molecules. Because of their coordinative 
properties, rings with ether, thioether or secondary amines between small aliphatic or 
aromatic groups are appropriate. The geometry and so also the size of the target mo- 
lecule can be controlled by the number and size of the groups in the ring. The relation- 
ships and the distance of the -NH-, -0- and -S- bridges control the coordinative 
properties of the ligands. The number and arrangement of aliphatic and aromatic 
rings determines the flexibility of the recognition structure. The introduction of func- 
tional and ionic groups into the outer regions of the rings results in the solvation and 
surface binding properties of the complexes. 

The functionalization of side-chains of substrate-recognizing macrocycles by suita- 
ble steric arrangements assists significantly in the transfer of atoms (or group of 
atoms) onto the substrate. In this way some macrocycles act as specific catalysts, 
with a substrate specificity realized by the binding properties of the recognition 
ring and the reaction specificity realized by the side chain. Examples are cationic re- 
ceptor molecules with dihydropyridyl side chains that show increased rates of hydro- 
gen transfer onto smaller molecule'). 

1) J.M. Lehn 1988 
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The chemically activated mobility of proteins is utilized by nature in complexes of 
several protein units to fabricate machine-like supermolecules working on a nan- 
ometer scale. Both rotational and translational arrangements are achieved. The sys- 
tems actin/myosin (muscles) and kinesinltubulin (cytoplasm) are examples of natural 
translation systems. ATP synthetase is an example of a rotational system, consisting of 
rotor and stator similar to technical systems. The propulsion is realized by a pH gra- 
dient (proton flux)'). Comparable synthetic systems are not yet available, although 
supramolecular chemistry shows some promising developments*). Also the adapta- 
tion of the biogenic supermolecular motors to technical requirements, e. g., by sub- 
stitution of amino acids or the introduction of more robust molecular modules into 
these functional protein architectures, remains for future research. 

5.4.4 
DNA Nanoarchitectures 

The modular construction principle for complex molecular architectures has been 
already developed as supermolecular synthetic chemistry for nucleic acids3). This mo- 
lecule class is particularly well suited due to the existence of a variety of enzymes for 
construction and manipulation. Most of the reported work was done in homogenous 
liquid phases, but the underlying principles are also applicable for solid-state surfaces. 

The general principle of molecular construction is not limited to nucleic acids. How- 
ever, these molecules show several properties that make them particularly suitable for 
the construction o f  complex molecular architectures. A modular construction princi- 
ple has already been realized at the lowest level due to only four basic units (four 
nucleotides with the bases adenine, thymine, cytosine and guanine) connected in a 
linear manner by identical complementary bonds (sugar-phosphate bonds). The pri- 
mary modular arrangement leads to a linear and thereby sequential structure, with 
properties determined by the sequence of the bases in the molecular chain. As a result 
of the base arrangement, an antiparallel association of two molecules can occur based 
on attractive interactions of two (thymine/adenine) or three (guanine/cytosine) hydro- 
gen bonds for each base pairing. Because hydrogen bonds are (in contrast to electro- 
static interactions) highly oriented, the individual bonds are only formed in the case of 
fitting geometry, so that in the environment of a complementary base pair, further 
complementary base pairs are present. Owing to the relatively low energy of hydrogen 
bonds, the association is only stable at room temperature for about 30-40 simulta- 
neous bonds. This leads to a requirement of about 10-20 subsequent complementary 
bases without a non-complementary insert to induce such a double-stranded complex. 
A strand with a given sequence shows a significantly increased binding affinity to- 
wards its complementary strand compared with other strands (even when only one 
or two bases are changed) and a precise assignment of one strand to another with 

1) D. Sabbert et al. 1996, W. Junge et al. 1997, 
D. Stock et al. 1999 

2) V. Balzani et al. 2000 
3) N.C. Seeman 1991 and 1998 
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a principal variability V is given by the length of the section n and the number of 
possible unit types k:  

I 

V =  k” (5.5) 

This value amounts to 4” to 420, depending on the sequence length of n = I O  ... 20. Thus 
DNA is a tool in a system of one kind of molecular material to achieve the connection 
of subunits in a highly specific manner. For practical nanotechnical applications, this 
huge number of possibilities will probably not be fully used, due to differences in the 
stability of base pairs (two or three hydrogen bonds), the occurrence of competing 
intramolecular base pairing (such as hairpin or loop structures), and maybe to low 
concentrations of one strand. However, there is a great variety of different usable se- 
quences resulting in numerous possibilities to specifically address self-assembling 
double-stranded hybrids. 

Apart from this specificity, the formation of double strands also results in a signif- 
icant mechanical stability of the whole system. Instead of a flexible linear chain con- 
nected by freely rotating bonds in the sugar-phosphate backbone of the single strand, 
the double strand exhibits the structure of a double helix with anti-parallel su- 
gar-phosphate chains cross-linked and stabilized by hydrogen bonds. So a relatively 
rigid complex with restricted degrees of freedom of mobility is achieved as a suitable 
construction unit for more complex architectures. 

Except under strongly acidic conditions, a DNA double strand represents a polyionic 
complex, because the two-fold substituted phosphoric acid residues donate their third 
proton so that the DNA represents a polyanion. In strongly polar and in protic sur- 
roundings such as water, even larger DNA molecules are strongly charged and sol- 
vated, resulting in a high solubility. 

Hybridization of single strands yields not only double strands, but also a variety of 
secondary structures. Single strands with partial self-complementary sequences show 
back folding, multiple antiparallel sections leading to cloverleaf-like structures as 
found in natural t-RNA. Larger loops of unpaired sections of such partial self-hybri- 
dized DNA can be additionally hybridized with other complementary single strands. 

A combination of paired and unpaired sequence parts is also possible in the case of 
linear molecules, and is the foundation of a simple system to create complex modular 
architectures. Overhanging unpaired sequences of partial double-stranded DNA cre- 
ates so-called “sticky ends” that are able to react with another single-strand or the sticky 
end of another double strand (Fig. 100). The formation of the sugar-phosphate bond 
between the originally separated units by the enzyme ligase results in a significant 
stabilization of such aggregates. Such a ligation is also important to suppress the clea- 
vage of this bond in subsequent binding steps. To increase the selectivity of hybridiza- 
tion, and in particular to avoid undesired hybridization of only a few complementary 
base pairs or under inclusion of non-complementary pairs (mismatches), the hybri- 
dization process is started at elevated temperatures, and the hybrids are formed during 
cooling of the reaction mixture. Non-ligated double strands with a limited number of 
base pairs (and especially A-T-rich sequences) show a tendency to dissociate at ele- 
vated temperatures. 
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Fig. 100 Elementary structure motifs for molecular construction with DNA 

If one or both ends of the double strand exhibit two non-complementary overhan- 
ging residues, more molecules can bind so that branched structures are formed. With 
these structures the possibilities of two- or three-dimensional architectures emerge. If 
several construction steps are required, a ligation of the backbone is essential, so that 
constructs already formed cannot dissociate later on. A condition for determined struc- 
tures is that the coupling sequences are well-defined, and ambiguities (which could 
lead to a mixture of products) are prevented. 

The variety of natural and technical tools for a sequence-specific manipulation and 
analytical sequencing makes DNA the molecule of choice for practical reasons. Se- 
quence-specific restriction enzymes enable the double strand to be cut at defined posi- 
tions, usually resulting again in sticky complementary ends that can be utilized in 
subsequent coupling reactions. The polymerase chain reaction (PCR) allows for a se- 
quence-specific amplification of very small concentrations of DNA for analytical pur- 
poses or synthetic applications'). Longer sequencing is also a standard technology. The 
synthesis of oligonucleotides with a wide range of lengths as well as of oligonucleotides 
with various substitutes is possible and is commercially available. 

To achieve stable two- and three-dimensional DNA architectures on surfaces even 
after air-drying, a stabilization of the complexes is required. Early experiments demon- 
strated the successful transfer of DNA architectures assembled in a homogeneous 
liquid phase onto substrate surfaces. Although these complexes are not yet coupled 
specifically to the surface, they are an important step towards the combination of DNA 
nanotechnology with planar technology. 

DNA can be utilized to integrate molecular aggregates into planar technical stmc- 
tures. Molecules of DNA can be immobilized and oriented, so that an association is 

1) K.B. Mullis et al. 1994 
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created between the highly precise positioning inside the molecule and the location of 
the molecule on the chip surface. An orientation is assisted by electrostatic fields, 
based on the negative charges along the DNA backbone. Another method applies 
shear forces in a fluid flow to achieve the preferred orientation of the molecules. 

I 
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Fig. 101 
(simple ring structure) (C.M. Niemeyer et al. 1999) 

AFM image of streptavidin-DNA complex 

0.0 nM 

Fig. 102 
(connected ring structure) (C.M. Niemeyer 2000) 

AFM image of streptavidin-DNA complex 
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Nucleic acids provide excellent properties for the construction of complex hybrid 
structures using other macromolecules. Thus DNA has been utilized to form adducts 
of beads-on-a-string structures of DNA-protein complexes based on bio- 
tin-streptavidin coupling prior to adsorption and imaging on substrate surfaces’). De- 
pending on the size of the DNA and the number of streptavidin molecules included, 
supermolecular complexes with dimensions of 100-200 nm were formed (Figs. 101 
and 102). 

The principle ofbase pairing between complementary strands is not limited to DNA. 
Other classes of compounds, such as RNA, also show this potential. Future develop- 
ments of compounds with this same potential but which are more suitable for mo- 
lecular construction than DNA are anticipated. At present synthetic chemistry does not 
provide the required tools, such as strategies for the combination of the unique en- 
zymatic tools known from DNA biology. So sequence specific cutting (restriction en- 
zymes), template-dependent strand extension (polymerases) or the connection of 
strand ends (ligases) are addressed for nucleic acids, these being types of molecules 
found in nature, but have not yet been realized for synthetic systems. Today’s ap- 
proaches for synthetic strand-pairing systems are based on the examples in nature. 
Thus pyranosyl RNA molecules utilize the connection of phosphate residues with 
sugar and N-hetereocycles, as is known from natural nucleic acids. For this system 
it was shown, that - in addition to hydrogen bonds - steric arrangements contribute 
substantially to the pairing of strands2). 

5.4.5 
Synthetic Supramolecules 

The majority of synthesized supramolecules are fairly small aggregates with a small 
number of atoms compared with the examples in nature. Similar to polymer chem- 
istry, supramolecular synthetic chemistry applies the properties of some low molecu- 
lar weight units to form two or more bonds. Moreover, a strong principle of spatial 
order is applied. Thus binding topologies are created that extend into two- and three- 
dimensions in order to realize spatially defined architectures. 

There are several strategies for achieving three-dimensional defined geometries. 
One approach is based on dendrimer synthesis (Fig. 103). As a result of branches, 
relatively large molecules are formed in a limited number of reaction steps by using 
a protection chemistry or alternating coupling groups, as known from solid phase 
synthesis (Figs. 104 and 105). Dendrimers are much more compact than the usually 
coiled and flexible linear polymers, but their side chains are still flexible. 

Based on a complexed central ion, two- or three-dimensional ring structures with 
diameters of two or more binding length are accessible (Fig. 106). Simple rings are 
found in the crown compounds (coronands), e. g., the crown ethers. Bridged rings 
lead to spherical structures, the so-called cryptands. The ring structures of crown 

1 )  C.M. Niemeyer 2000, C. M. Niemeyer et al. 1999 
2) Ch. Hamon et al. 1999 
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Fig. 103 Scheme for stepwise synthesis o f  dendritic molecules 
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Fig. 104 Control of the stepwise synthesis of dendridic molecules by protection groups 

ethers or cryptands can hold ions or smaller molecules. Metal-catalyzed coupling of 
halogen-substituted bisalkyl aromatics or gas phase pyrolysis of reactive multiple-ring 
structures leads to macrocycles without a heteroatom, the so-called spherands. Stable 
or intermediary metal complexes that induce the formation of two or even three ring 
structures can also result in covalent not coupled but interlocked rings, the so-called 
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catenanes'). Ring-shaped methylene-bridged phenols are described with various sub- 
stitutes and various ring sizes, such as 4, 5 and G units. These so-called calixarenes are 
interesting host molecules for exactly fitting smaller molecules, e. g., for sensory ap- 
plications. Crown compounds, cryptands and catenanes are all - similar to the natural 
porphyrins - connected by covalent bonds. 

The modular connection of bridged units allows the formation of even large mo- 
lecules with high rigidity (Fig. 107)2). Multiple-bridged three-dimensional structures 
with larger cavities surrounded by bridges are interesting as hosts for intercalation 
compounds and are applied for chemosen~ors~), but can also be utilized in molecular 
construction technology (Fig. 108). 

While the long-term stable covalent bonds are preferably used for the formation of 
chemically stable basic molecular modules, the spectrum of bonds aimed at assem- 
bling these modules into larger aggregates is much wider. In addition to reaction and 
activation enthalpies, the binding and the conformational entropy determine the for- 
mation and the stability of such aggregates. The following binding types are observed4): 

- reversible covalent bonds, e. g., disulfide bonds or vanadate and borate ester 
- coordinative bonds 
- hydrogen bonds 
- ionic bonds 
- electrostatic bonds between permanent dipoles 
- charge-transfer interactions 
- n-interactions in stacked aromatic groups 
- hydrophobic interactions between amphiphilic molecules 
- van der Waals interactions such as in crystalline or partially crystalline n-alkanes 

Defined complex structures have already been generated using very simple structural 
motifs. So poly phenylene compounds represent a class that leads to regular linear, 
two-dimensional or band structures, with individual molecules being formed by a few 
up to several hundreds of rings. Typical diameters of rings and the widths of bands 
correspond to 3-8 phenyl rings (1.5-4 nm). Depending on the type of connection, 
either flexible or rigid structures are obtained. Polymeric linear arrangements orga- 
nize, for example, in helical secondary structures, disk-shaped molecules aggregate 
often into stacked layers forming hexagonal columnss). 

Supramolecular structures can be formed by macrorings due to the restriction of the 
degrees of freedom of mobility by the ring shape. Chemical structure, shape and dia- 
meter of the rings can vary widely. Additional bridges over the rings yield extra sta- 
bility, as do substituents on the outside of the rings and charges or aromatic states. 
They contribute to the rigidity as well as to solvation, depending on the solvent. Of 
particular importance is the relation of cavity size and form to the possibility of bind- 
ing to a central ion or molecule. Such host-guest interactions are often essential for the 
synthesis of the macrorings, but also assist in molecular recognition')). 

1 )  F. Vogtle 1992 
2 )  K.A. Jollife et al. 1999 
3) L.R. MacCillivray and J.L. Atwood 1990 

4) G.M. Whitesides et al. 1991 
5) A.J. Berresheim et al. 1999 
6)  J.M. Lehn 1988 
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Fig. 106 Examples for simple 
macrocycles: crown ethers and 
calixaren 

2a X = CH,(rn-C6H,)CH2 
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Fig. 107 
modular synthesis (K.A. Joliffe et ai. 1999) 

Example o f  the synthesis of a multiple-Interconnected, rigid, supermolecular structure by 
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c 

Fig. 108 Examples of synthetic molecular cage architectures (L.R. MacCillivray and J.L. Atwood 1999) 

Macroring compounds such as calixarenes are not simply recognition structures for 
small molecules. Assisted by hydrogen bonds, larger aggregates are formed, when 
sterically defined units in the shape of a U or L, with restricted internal flexibility, 
are present. When such molecules, which are complementary due to hydrogen 
bonds, approach, coordinative or E-interactions between each other result in assem- 
blage of larger units or chain-like aggregates. Typical diameters of rod-like supermo- 
lecules are 3-5 nm, with a tendency to form two-dimensional arrays and three-dimen- 
sional stacks'). More complex three-dimensional structures are realized by synthetic 
aggregation of calixarenes with melamines*). Multicenter Ni complexes with chelating 
ligands form multiple planar rings, which stack spontaneously in aqueous solution 
into multiple tubes with inner diameters of about 1 nm and outer diameters of 
3-6 nm3). Formation of non-covalent bonds yields chiral architectures out of small 
rnolecular components4). 

While compound classes are the primary ordering principle in classical synthetic 
chemistry, synthesis strategies for supramolecular architecture focus on geometrical 
and mechanical characteristics and less on the chemical nature. Thus, supramolecular 
synthesis moves away from a purely chemical approach towards engineering princi- 
ples. So, for example, a systematic approach based on regular polyhedrons can be 

1) L.H. Prins etal. 1998, K.A. Joliffeetal. 1999, H.- 
A. Klok et al. 1999 

2) L.H. Prins et al. 1998 

3) H.J. Choi et al. 1999 
4) L.E. Prins et al. 1999 and 2000 
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Fig. 109 Disk-shaped adduct consisting of 6 molecules (W. Yang et al. 1999) 

applied. Such components are accessible through pure organic ring architectures, but 
also through polyoxoanions, coordinative compounds and Si organic or metal organic 
molecules'). Functionalization by polar or ionic groups leads to stable spheroids, such 
as the Buckminsterfullerenes into supramolecular aggregation. In addition to nano- 
vesicles, nanotubes with diameters of several tens of nanometers and lengths of up to 
several micrometers were also observed'). Also, classes of molecules different from the 
biogenic molecules can form synthetic nanostructures through non-covalent interac- 
tions. The analogy with biogenic supramolecules is limited to a certain rigidity in the 
elementary units and the capacity for self-organization of molecular basic units, e. g., 
by groups of complementary hydrogen bonds. The regular aggregation of smaller 
molecules into more complex but ordered units is a basic economic principle3). 

Self-assembling structures of dodecyloxybencyliden-pyrimidintrion and aminodido- 
decylamino-triazine are micelle-like but result in a well-defined supramolecular stmc- 
ture (Fig. 109). Three molecules of each component form the supramolecular aggre- 
gate of a nucleus containing aromatic rings held together by hydrogen bonds, and alkyl 
chains screen this nucleus from the outside. These aggregates assemble into long 
filaments with diameters of a few nanometer and lengths of several micrometers. 
The aggregation of these filaments yields supercoils with dimensions of 10 pm 

1) L.R. MacGillivray and J.L. Atwood 1999 
2)  A.M. Cassell et al. 1999 
3) G.M. Whitesides et al. 1991 
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and 2 pm for length and diameter, respectively. These supercoils rely on the following 
hierarchical structure: 
(4) supercoils bundle of filaments 
(3)  filaments stacks of low-molecular assemblages 
(2) aggregates complexes of several (in this example 2 x 3)  molecules stabilized by 

(1) molecules consisting of a rigid core with H-bond active groups and long-chain 
hydrogen bonds 

aliphatic residues 

%is system unites aspects of macromolecular synthesis, supramolecular chemistry 
and the chemistry of nanoparticles. 

5'.4.6 
Nanoparticles and Nanocompartments 

From the point of view of chemistry with huge numbers of particle, there are two 
approaches to the architecture of individual molecules. The first approach restricts 
the number of particles by decreasing the concentration and the reaction volume. 
The second relies on subdivision of the reaction volume, so that it is not the overall 
particle numbers but the quantity of particles in each portion that is decreased. One 
straightforward technique reduces the number of dimensions in integer steps, from 
the volume onto the surface and finally ending up in boundaries on the surface, which 
are utilized for the immobilization of the molecules prior to reactions. Another meth- 
od is the use of fractal dimensions by subdivision of the three-dimensional volume, 
yielding micro- and nano-heterogeneous systems. A third possibility is based on do- 
rnain boundaries, determined by local changes in the ordering state. These boundaries 
are planes in space where the orientation or ordering of the particle changes. 

Such local changes of the ordering state often occurs in solids and can be observed in 
the liquid-crystalline phase. Analogous states can be found in molecular monolayers 
and stacks of molecular films. Here both rigid systems (comparable to the solid state 
and therefore comparable to polycrystalline conditions) and flexible systems (compar- 
able to the liquid state) are observed. 

To facilitate highly complex biochemical processes in cells, compartmenting (the 
creation of subdivided reaction volumes) is an essential principle. It enables highly 
structured cells for the formation of highly specialized tissues and organisms to ex- 
ist. Membranes, consisting of a double layer of amphiphilic molecules, subdivide the 
reaction volumes. Moreover, they ensure the defined transport of charges and particles 
between the compartments. Proteins inserted in the bilayer typically control this trans- 
port. Properties of such systems have already been demonstrated with synthetic struc- 
tures in artificial membranes. So cation channels could be obtained by aggregates of 
oligothiophenes integrated into a membrane and bridged as ligands in a coordinative 
manner by metal ions'). 

1) M.M. Tedesco et al. 1999 
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amphiphilic molecules 

Fig. 110 
of amphiphilic molecules into micelles (cross-section of a spherical micelle) 

Formation of simple supermolecular structures by the assembly 

In a broader context, supermolecular nanoobjects also include solid-like nanopar- 
ticles. Nanoparticles exhibit a three-dimensional binding network. The density of 
bonds is high, so that moderate changes to the external parameters do not change 
their shape. Nanoparticles are stable with respect to both internal bond topology 
and outer shape. The variety of nanoparticles is huge, ranging from species defined 
by stochiometry and both number and arrangement of the bonds to non-stochiometric 
particles with a certain distribution in parameters, such as size, etc. 

Nanoparticles exhibit different types and numbers of reactive surface groups, and 
they can be connected in specific ways. These are a prerequisite for complex architec- 
tures. Solid nanoparticles are accessible for secondary functionalization. The functio- 
nalization of different groups on defined surface regions of one nanoparticle is more 
difficult. To facilitate highly defined supermolecular construction based on nanopar- 
ticles, techniques for differentiated chemical modifications of surface regions are re- 
quired. 

A wide variety of elementary, inorganic and organic nanoparticles have been devel- 
oped. Particles with periodic arrangements of the atoms (crystal-analogues) or amor- 
phous (glassy) structure have been described. 

Solid nanoparticles are related to the metal clusters. While nanoparticle do not ty- 
pically exhibit an exact number of atoms or distribution of the particle size, clusters 
exhibit a defined number of atoms and represent, therefore, molecules. Large inor- 
ganic architectures have been created using substituted metal clusters. Based on se- 
lenium and triethylphosphine substituents, molecules such as Cu,,Se,,( PEt3)22 or 
Au5,(PPh3)&16 have been synthesized'). The ligand periphery stabilizes the cluster 
and accomplishes the solubility by surface charges or solvatable organic groups simul- 
taneously. 

Supramolecular aggregates of small molecules with the character of nanoparticles 
are generated when the molecules interact with each other through forces slightly 

I )  D. Fenske and H. Krautscheid 1990, G. Schon 
and U. Simon 1995 
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stronger than the solvent interactions. This case occurs typically for molecules with 
iwo parts that have quite different solubility properties. It is clearly visible with am- 
phiphilic compounds: they form lipophilic bonds such as van der Waals interactions 
using the larger, nonpolar portion, and a smaller polar and often protic portion for 
ionic or hydrogen bonds. The classical structure of an amphiphilic molecule contains 
;I hydrophilic head and a lipophilic tail (Fig. 110). Typical examples are fatty acids and 
their anions, but also alcohols of longer chain lengths and amines. 

These molecules show a tendency to enrich on interfaces. They occupy the fluid 
surface due to the minimization of the surface energy, and liquid-liquid inter- 
faces. If amphiphiles are mixed with other solutions, a homogenous distribution 
in the volume phase is observed below a critical concentration. At higher concentra- 
tions, spontaneous aggregation of the amphiphilic molecules in the liquid phase is 
observed. Microscopically small internal phases, micelles, are formed. Therefore, 
the critical concentration is denoted as the micelle concentration. Depending on 
the mixture, the micelle phase shows various shapes and extensions, such as 
spheres, rods or layered micelles. Under specific conditions highly complex struc- 
tures are formed. 

5.5 
Combination of Molecular Architectures and Nanoparticles With Planar Technical 
Structures 

A basic challenge for molecular nanotechnology consists of the connection of the inner 
symmetry of molecules with external (accessible through lithographic micro- and na- 
notechnology) coordination systems. This challenge includes the extension to the six 
degrees of freedom in space: the three translation directions for positioning, and the 
three possible rotational axes for orientation. All six parameters have to achieve a posi- 
tion to realize fully functional hybrids between the planar technology and the mole- 
cular architecture. Lesser requirements apply when the molecule can be assumed to be 
a compact symmetrical object. However, the precision of the connection to the planar 
environment has to be at least the same as the largest extension of the molecules. The 
case when the connection of planar technology requires a certain location on the mo- 
lecule is more complicated, so a precision down to atomic dimensions could be 
needed. 

The resolution of the best lithographic techniques is not sufficient in such cases. 
Although manipulations of atoms are possible for specific systems, it requires huge 
efforts and is not a standard technique. Electron and ion beam lithography as well as 
scanning probe techniques reach resolutions in the medium nanometer range, but 
lower nanometer dimensions are problematic (cf. Section 4.3). So molecular techni- 
ques are required not only for the provision ofthe molecular units, but also in assisting 
with the positioning and orientation of molecular units in nanotechnical environ- 
ments, covering the lower and medium nanometer range. 

Rigid units are required for a molecular base with a sturdy geometry and geome- 
trically defined connections between the solid substrate and molecular architectures. 
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They have to exhibit a chemical-topological and geometrical stability, also with respect 
to moderate changes in the environment, such as changes in temperature, pressure, 
pH, and solvent. In addition to geometry and molecular function, process compatibil- 
ity and robustness are also important parameters. Even the proteins, which are suc- 
cessful systems in nature, do not fulfill all of these requirements. They are typically 
sensitive to changes in temperature and the surroundings, and react through denatur- 
ing, a process that degrades the three-dimensional structure necessary for biological 
functions. Fortunately, nature demonstrates how certain proteins also function at ele- 
vated temperatures in proteins from cells living under extreme conditions, such as in 
hot springs. This example also motivates the design of more robust bioanalogous mo- 
lecules to increase the stability of sensitive molecular systems found in nature. 

The fabrication of complex molecular-nanotechnical structures often requires the 
generation of molecular aggregates on surfaces or in a homogenous phase prior to 
immobilization on the substrate surface. Therefore, macromolecular and supramole- 
cular architectures exist in liquids or directly on substrate surfaces (cf. Section 5.4). 
Another approach produces modules in solution that connect molecular structures 
with a nanostructured non-molecular solid. Such integrated architectures are similar 
to large molecules. Metal nanoparticles are generated as a colloidal solution. These 
solutions are stable and exhibit only a low size dispersion of the particles, when sur- 
face groups stabilize the particles. Besides smaller molecules, larger or supramole- 
cules are also possible surface modifications. Gold nanoparticles with a larger organic 
shell were prepared by modification with alkylthiol-substituted crown ethers'). 

Appropriate functionalization of nanoparticles with complementary surface substi- 
tuent results in the formation of individual nanoparticles into complex architectures. 
Based on the sequence-coded hybridization specificity of oligonucleotides, DNA is a 
convenient way to connect nanoparticles in a defined manner2). 

Nanoparticles of compact molecular architecture are possibly based on dendrimers. 
In addition to organic groups, metal ions can also serve as cores for the dendrimers. 
The immobilization of individual dendrimers on a plane surface is achieved by inte- 
gration into a complete monolayer of a smaller molecule. Often the ideal properties of 
alkylthiol layers on gold are utilized. The integration of alkylsulfide substituted palla- 
dium dendrimers in a decanthiol monolayer was detected using AFM3). The introduc- 
tion of chemically active single molecules in an inert monomolecular layer allows the 
generation of disperse particles on surfaces. Thus substituted bishydrochinon inserted 
into a decanthiol layer generated nanolocalized Ag, seeds prior to enhancement into 
an Ag nan~particle~). 

A serious challenge for the chemical synthesis is the principle of hierarchical bond 
strengths applied by nature, especially for three-dimensional structures using weaker 
interactions. A bio-analogous synthetic chemistry has to transform the example of the 
proteins into technically usable molecular units and tools with robust three-dimen- 

1) D. Fitzmaurice et al. 1999 
2)  R. Service 1997 
3) B.-H. Huisman et al. 1999 
4) U.-W. Grummt et al. 1998 

I 
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sional networks. Again nature provides an example with disulfide bridges that are 
utilized to connect the cysteine residues of different polypeptide chains or from dif- 
ferent domains of a long polypeptide chain in order to stabilize the three-dimensional 
structure. Similar approaches in synthetic chemistry use for example light-activated 
coupling groups in the desired positions to achieve covalent cross-links inside folded 
molecular chains or between molecules that are connected only weakly. Micelles and 
phases of liquid-crystalline states provide only limited alternatives to macromolecules, 
because they are geometrically less defined and not sufficiently stable against changes 
in the surroundings. Such supermolecular complexes that are held together by only 
weak binding forces require additional internal bonds for the stabilization of nanotech- 
nical applications. Internal nanophase bond formation transforms nanophases in real 
nanoparticles in a way that preserves their shape and their material composition, even 
.after considerable changes to the surroundings. Photochemically or thermally acti- 
vated bridge formation or polymerization can be used for an internal stabilization 
of nanophases as nanoparticles. 

Solid-like nanoparticles exhibit a dense network of bonds. The bonds of metal and 
inorganic nanoparticles are so strong that moderate changes in the environment are 
usually tolerated and the shapes remain constant. Molecule-like nanoparticles can 
present a defined number and type of reactive surface group, which can be used 
to connect the nanoparticles with each other in a specific way. So molecule-like na- 
noparticles are suitable for the construction of complex architectures. Solid-like nano- 
particles can also be functionalized, but the arrangement and density of reactive sur- 
face groups is distributed more broadly, and it is usually problematic to generate dif- 
ferent chemical functionalities simultaneously on one surface. Only a statistical ap- 
proach can be applied: certain densities of surface groups or mixtures are created, 
and subsequently the resulting derivatized particles are separated due to their differ- 
ences in functionality. In order to realize defined molecular constructions with nano- 
particles, processes for a differentiated chemical functionalization of surface regions 
of nanoparticles have to be developed. 

For the construction of complex architectures, at least three different coupling func- 
tions per particle are required. In the simplest case, every nanoparticle exhibits exactly 
one of each type. Depending on construction strategy and steric requirements, 
sometimes several groups are also possible, as long as they are confined to certain 
areas. It should be possible to separate particles prepared in this mixing synthesis, 
e. g., by three columns that each react reversibly and specifically with one of the three 
functions A, B and C. So the first column (A’) holds only particles with A, and so on. 
‘Thus three-fold functionalized particles can be separated from two-, one- or non-func- 
tionalized ones by first using column A’, then rinsing and elution prior to column B’, 
then rinsing and elution prior to column C’ (Fig. 111). However, this procedure does 
not guarantee a homogeneous distribution on the particle surfaces or a defined quan- 
tity of binding groups of a certain type. It would result in something similar to the 
selective binding of molecule-like nanoparticles. This approach is promising, because 
fairly large rigid objects could be used in nanoconstmction technology, without the 
huge synthetic efforts required for similar objects prepared by supramolecular synth- 
esis. 
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Fig. 111 
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Fig. 113 Formation o f  complex nanoparticle aggregates by complementary 
functionalization of smaller and larger nanoparticles (R.C. Mucic et al. 1998) 
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AFM image o f  a lithographically prepared edge between a passivated and a 

It has been demonstrated that functionalized nanoparticles can undergo specific che- 
mical reactions with each other, and also that larger nanoparticles are utilized similarly 
to molecules'). Particles of both the same and different sizes were complementary 
functionalized and form supermolecular-like nanoparticle aggregates in solution or 
suspension (Figs. 112 and 113)2). One has to ensure that the tendency towards unspe- 
cific binding, which increases with increasing particle diameter is suppressed by the 
choice of solvent and the chemistry of the chip surface. Gold nanoparticles of 30 nm 
diameter still exhibit a high specificity and a high density in coupling by DNA hybri- 
dization. Therefore, complementary DNA single strands are immobilized on the sub- 
strate (chip) and the nanoparticle surface (Fig. 114). The area of binding can be re- 
stricted using lateral lithographically structured substrates (Fig. 115). Binding areas 
with the dimensions of a nanoparticle diameter should limit the nanoparticle binding 
to exactly one particle. So a geometrically defined connection between lithographically 
(planar technology) prepared substrates on the one side and molecular objects on the 
other should be achieved. 

A further prerequisite for the fabrication of nanoarchitectures from molecular or 
molecular-like units is their ability to be manipulated in the liquid phase. Particles 
that have to be chemically manipulated, immobilized before or after surface binding 
orientation, fmed and modified must be soluble in the liquid phase to be transported 
by convection and diffusion. In particular, rigid molecules have to provide a sufficient 
number of surface groups that will interact with the solvent in preference to with each 

1) R.A. Reynolds et al. 2000, T. A. Taton et al. 2000, 

2) R.C. Mucic et al. 1998, G. Ladam et al. 2000 
R. Moller et al. 2000 
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Fig. 116 
hybridization 

Immobilization o f  metal nanoparticles on chip surfaces by DNA 

other. In principle, these molecules could be identical with the coupling groups, espe- 
cially when they are utilized during or after immobilization. If these groups are sa- 
turated in solution, uncontrolled aggregates or even precipitation are possible. So 
it is preferable to separate the solvation process from the coupling chemistry. In aqu- 
eous solution, ionic surface groups in particular increase solvation. Ionic surface 
groups are connected through local dipoles in the molecules, supporting interactions 
with the small dipolar molecule water. Furthermore, the ionic character supports the 
f9rmation of hydrogen bonds, and similarly charged surfaces minimize non-specific 

Fig. 117 Labeling of mici 
structured oligonucleotide 
spots by nanoparticles 
(I. Reichert et al. 2000) 

ro- 
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aggregation. As well as ionic groups, OH groups or HS03 rich side chains also en- 
hance solvation by protic solvents. 

In apolar, aprotic solvents are is the less polarizable flexible residues that mainly 
assist in solvation. For manipulations in such media, rigid supermolecular aggregates 
require assistance, e. g., to form aliphatic side chains. Owing to their high flexibility, 
oligo- or polyethylenglycols are suitable. Their contribution to the stabilization of the 
shape is negligible, but the high density of freely rotating bonds guarantees an in- 
creased solvation. 

The coupling of molecules that undergo weak but specific bonds with other mole- 
cules on rigid nanoparticles has two effects: apart from a mechanical stabilization, 
there is also a significant increase in chemical stability. For two fairly flexible mole- 
cular chains that are interacting (independent of whether they are unspecific or highly 
specific) the longer the interacting region is and the larger the independent sections of 
the molecules are the more stable the bond is. The activation energy for a dissociation 
of both chains is lower for a short range of cooperative movements of rotating groups 
in a chain than for a wider range. Hence rigid molecules form more stable aggregates 
for a given type of interactions than flexible ones, When short-chain flexible molecules 
are coupled to nanoparticles, the flexibility in the chains remains, the connection to the 
particle creates a rigid environment. This effect is enhanced considerably when several 
short-chain molecules able for weak bonds to other chains are immobilized on the 
nanoparticle, and so are forced into cooperative effects. It becomes even clearer 
with the case of rigid connections of both sides of the reaction partners (Fig. 116). 
The specific coupling of nanoparticles on microstructured surfaces (Fig. 117) can 
be used as an alternative labeling technique for biochips in addition to fluorescence 
methods'). 

I 

1) R. Moller et al. 2000, 1. Reichert et al. 2000 
J.M. Kohler et al. 2001, W. Fritzsche et al. 
1999a, 1999b, I. Alexandre et al. 2001, 
Y. F. Wang et al. 2003 
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6 

Characterization of Nanostructures 

6.1 
Geometrical Characterization 

6.1.1 
Layer Thickness and Vertical Structure Dimensions 

For transparent layers, the thickness of complete layers can be determined optically. 
Light can be used to provide measurement possibilities even below its wavelength, if 
the phase information is used. Every interface between optically transparent media 
that has a change in refraction index results in a reflection of some fraction of the 
transmitted light. Two subsequent interfaces induce the reflection of two fractions 
of the light beam that are phase shifted with respect to each other. Interference occurs 
for coherent light, so that an amplification (constructive inference) or reduction (de- 
structive interference) is observed. As a result of double reflections, reflected light 
rejoins the main beam and interference can occur. 

The degree of amplification or reduction by an interference is caused by the phase 
difference ofthe reflected beams. Ifthe difference is exactly one wavelength or a multi- 
ple of it, then 100% amplification occurs for beams of equal intensity. For a half-wa- 
velengths or half-wavelengths plus multiples of whole wavelengths, a total reduction is 
observed for equally intensive beanis. For ultrathin layers and the application of visible 
light, the differences between the different beams amount to just a few fractions of the 
wavelength. Hence the intensity of interfering beams is not that different from a non- 
interfering beam. These small intensity differences change with layer thickness even 
in the lower nanometer range, and they are measurable. As a result of the high pre- 
cision of the intensity measurements, differences in layer thickness down to below 
I. nm can be determined. 

Interferometer thickness measurements require constituent layers with lateral di- 
mensions much larger than the wavelength. The precision increases with larger areas. 
An absolute determination of geometrical layer thickness requires additional informa- 
tion on the refractive index of the layer material. As an approximation, the value for an 
analogous bulk material can be used. However, it should be remembered that aniso- 
tropic crystal arrangements and the orientation of molecules in ultrathin layers yield 
optical anisotropies, so that the refractive index differs significantly from that of the 
bulk material, and moreover depends on the angle of the incoming light. 

Nanotechnology Edited by M. Kohler, W. Fritzsche 
Copyright 0 2004 WILEY-VCH Verlag GrnbH & Co. KCaA, Weinheim 
ISBN: 3-527-30750-8 
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If light at an angle of incidence is partially reflected on an interface, the transmitted 
and reflected beams experience different polarizations. The degree of polarization 
depends on the incidence angle of the light. Through the partial reflection on both 
interfaces of thin and ultrathin layers, this effect is overlaid by the interference of 
both reflected beams, so that the phase difference of the reflected beams contributes 
additionally to the intensity, depending on the direction of polarization. This phenom- 
enon is utilized in measurements of the polarized beams from a double reflection at 
two different angles of incidence. This ellipsometric technique yields both refractive 
index and layer thickness. It requires a measurement area of a few square millimeters 
for conventional instruments for a precision of 1 nm or better. The determination of 
the refractive index also yields information on the composition of the layer. Ellipso- 
metric microscopy provides information regarding the refractive index and layer thick- 
ness in the lower nanometer range with a lateral resolution of a few micrometers. 

Geometric characterization of nanostructures is mainly carried out using ultrami- 
croscopic methods. Apart from the layer thickness at least one lateral dimension is in 
the nanometer range, thus light microscopy is of limited use and is usually only ap- 
plied as a qualitative method. A quantitative determination of nanostructures requires 
techniques with higher resolution. Interferometers allow the determination of struc- 
ture heights down to the sub-nanometer range. However, this technique requires two 
or more reference areas with dimensions above the optical diffraction limit. Hence 
this highly precise optical method is applicable to the measurement of the thickness 
of thin layers, but is not suited to the determination of the topography of lateral na- 
nostructured layers. 

In addition to general height information, topographic characterization also re- 
quires details on the local differences in structure height. In the example of one struc- 
tured layer on a plane substrate, which is complete and highly selectively structured 
compared with the substrate, the topography of the resulting structure is determined 
by layer thickness and the lateral pattern. Hence topography can be reduced to the 
determination of the lateral structure. This ideal situation is rarely found in reality. 
In nanotechnology, the substrate relief is usually not negligible, and structure flanks 
are important. Deposited layers are sometimes not smooth, but exhibit a surface relief 
due to their internal morphology. Etching processes (especially dry etching) are not 
ideally selective, so that a certain removal of the underlying material is observed. Often 
not just one layer, but stacks of structured layers are utilized for structure generation. 
So the layer thickness alone is not sufficient to describe the geometry of a sample 
surface, but methods for a three-dimensional determination of surface coordinates 
are needed. 

Because of its high local resolution, the scanning electron microscope (SEM) is a 
suitable technique for the elucidation of nanotopographies. Secondary electron images 
can already give an impression of the nanotopography of a sample for samples slightly 
tilted towards the electron beam. Instead of a complete topographic map, images taken 
at different angles are for example combined or edge preparations of typical sample 
regions are prepared and imaged. 

SEM allows in principle the generation of complete 3D datasets of sample surfaces 
for sufficiently textured substrates. Automated methods of image correlation (area 

I 
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correlation) are then applied to calculate the height coordinates (z) for the lateral co- 
ordinates (x, y )  from two or more images of the same surface area taken at different tilt 
angles. This procedure is one adapted from aerial photography and yields topographic 
data sets in the nanometer range'). For precise measurements in the medium and 
particularly in the lower nanometer range, edge preparations are mandatory. SEM 
characterization of edge and cross-section preparations yield good relative structure 
heights, but the absolute heights could be altered during the preparation. For nano- 
structures with high aspect ratios, SEM provides the best possibilities for visualization 
and measurements. 

In the last two decades mechanical nanoprofilometry and especially scanning probe 
techniques have become very important methods for the determination of surface 
topography. The measurement of the deflection of a mechanical probe that is ras- 
ter-scanned over a surface is in principle able to determine lateral height differences 
in the sub-Angstrom range. The lateral resolution is mainly due to the geometry of the 
probe tip. In general, the measured signal reflects a convolution of the surface topo- 
graphy with the sample geometry. So topographies with small aspect ratios are de- 
scribed fairly well, but structures with high aspect ratios are changed (Fig. 118). 

The instruments for mechanical profilometry differ particularly in the shape of the 
scanning tip, the mechanical force applied to the tip and the precision of the readout. 
The best resolution and the lowest forces are achieved with the scanning force micro- 
scope. A change in the measurement results due to layer deformation depends not on 
the force alone but on the pressure, so that probes with larger diameters are more 
suitable in such instances. For trench measurements, the tip has to penetrate 
down to the bottom of the trench (that is to the substrate) for accurate results 
(Fig. 118). Through layer thickness measurements on the edges, the changes to the 
geometry can be neglected. 

Surface topographies are obtained by scanning the surface in parallel, adjacent line 
scans. The various techniques apply different methods to reading out the z-informa- 
tion. Classical profilometers use a direct readout, e. g., by electric, piezoelectric or 
electromagnetic transformation. The extremely high precision of scanning probe tech- 
niques in the z-direction is achieved with a light pointer in combination with fast and 
high-precision control of the probe-sample distance by piezo actuators. 

Molecular monofilms and ultrathin inorganic layers are essential components of 
nanosystems, so that their characterization is a central area in nanotechnology. 
The thickness of the layers ranges from one shorter molecule up to the lengths of 
several small molecules, which means about 1 to some tens of nanometers. The meth- 
od of readout of the z-position determines the precision significantly. While classical 
profilometry has a z-resolution of 10 to several tens ofnanometers, the scanning probe 
techniques achieve a precision of better than 1 nm. For a layer thickness measurement 
of ultrathin layers, mechanical-profilometric techniques require an exposed structure 
edge. This edge should include both the exposed substrate as a reference and areas 
with the complete layer thickness. The preparation of this edge, including a clean 

1) M. Schubert et al. 1996 
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reference area, is a general problem for mechanical profilometry. The measurement 
precision is increased by the presence of several edges, as in the case of a microstruc- 
b red  layer. Using such samples, the effects of tilted samples and inhomogeneities of 
the substrate and layer surface can be minimized. A tilt in the angle of the light i s  
already problematic, because, for example, with a 100 pm scan a tilt angle of one 
arc minute induces an error of about 30 nm, which is ten times the thickness of a 
typical ultrathin layer. 

Scanning probe techniques are particularly suitable for the elucidation of topo- 
graphic structures due to their enhanced precision in the z- compared with the x- 
and y-directions. With STM, topographic information is accessible with sub-atomic 
precision. AFM normally achieves vertical precisions in the region of one atom dia- 
meter. 

Owing to its high resolution, transmission electron microscopy (TEM) i s  in prin- 
ciple appropriate for providing topographic data in the nanometer range. The thin 
cross-section preparations required for informative images are so difficult to fabricate 
that only in certain exceptions are they prepared to provide detailed information on the 
topography of a layer stack. In addition to the high resolution, TEM provides the ad- 
vantage that not only the sample surface, but also the interior, e. g., the arrangement of 
the layers, is visualized due to the contrasts in the material. On the other hand, a digital 
stereogrammetric processing of image pairs or series comparable to the SEM i s  com- 
plicated, because the local grey value i s  not only determined by the surface but also by 
the local interior. So a correlation of the grey value i s  problematic. Only in the case 
when just one interface out of a series exhibits textures, i s  a correlation possible. Then 
the topography of even an internal interface can be determined. 
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6.1.2 
Lateral Dimensions 

Lateral dimensions present the central geometric feature of nanostructures and typi- 
cally they determine the function. Metrological techniques are essential for the devel- 
opment of structuring techniques and also for quality control of the fabrication of 
micro- and nanotechnical devices'). Electric control structures are also applied to 
the development of solid-state circuits to address typical production failures2). 

Electron microscope techniques are more important for lateral measurements than 
for layer thickness or topography determinations. However, this technique is of lim- 
ited use as a non-destructive tool in nanotechnology. Although special microscopes 
with larger sample chambers have been demonstrated to facilitate the use of whole 
wafers to avoid sample destruction, the sample surfaces are frequently altered by 
the electron beam or by an additional conductive contrasting layer of metal. To achieve 
high-resolution electron micrographs, the sample surface has to be electrically con- 
ductive. For nanostructures of thin layers, a conductive underlying layer or substrate 
can be sufficient, and no additional conductive layer is needed. In many cases, such a 
conductive layer is required. Platinum, carbon or gold coatings are typically applied. 
They exhibit both an excellent conductivity even for layers oflow thicknesses and only a 
minimal additional texture due to grain structure. The resolution of an SEM for lateral 
measurements is between about 2 and 10 nm. For very small dimensions, the material 
contrast determines the visualization, because high-resolution images need a certain 
beam voltage and the penetration depth of the electron is in the range of several tens of 
nanometers. Fine structures of heavier elements give rise to a high contrast on an 
appropriate background. Hence for elements with high atomic numbers, a resolution 
of 1 nm is possible, compared with lighter elements that exhibit a greater penetration 
depth and low material contrast, so that typical resolutions are about 10 nm. Organic 
material and biomolecular nanos tructures in particular are not resolvable in the lower 
nanometer range. Often - in particular when using oil pumps - a contamination ofthe 
sample surface by carbonaceous layers is observed on the substrate surface and under 
the influence of the electron beam can obstruct the images of small (especially organic) 
structures. Owing to the high surface sensitivity of the signal at low beam voltages - 
especially in the BSE mode - organic structures are visible down to the molecular 
monolayer with lateral resolutions in the sub-pm range. 

TEM achieves a better resolution than SEM. Samples prepared in an ideal manner 
allow resolutions down to the sub-nm range. Such measurements require a minimum 
thickness of the samples for penetration of the beam. So for the determination of 
lateral dimensions in one direction, cross-section preparations with thicknesses be- 
tween 0.1 and l pm are needed. For measurements in both lateral dimensions, 
the thickness of the reverse side of the substrate has to be reduced appropriately. 
To obtain high-resolution images of organic nanostructures, a chemical labeling 
with particular substituents (elements of higher atomic numbers) is introduced. 

1) D. Nyyssonen 1987, A.C. Diebolod 2000, 

2) Ch.P. Ausschnitt 1987 
G.C. Barna and B. v. Eck 2000 
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As a result of the complicated sample preparation method, TEM is not used as stan- 
dard method. 

Mechanical scanning probe techniques have also become an essential tool in the 
characterization of lateral dimensions in nanotechnology’). Instruments with large 
sample platforms are now available that allow the non-destructive characterization 
of extended substrates (e. g., in a wafer format). While in principle STM provides re- 
solutions down to the atomic range, it is restricted to use with conductive substrates. 
AFM, which can be applied on any substrate, has therefore become the preferred 
scanning probe technique for the characterization of lateral dimensions of nanostruc- 
tures. A key prerequisite for AFM studies is a level substrate below the nanostructure 
of interest, to avoid topographical “noise” that could mask the signal leading to the 
vertical dimension of the nanostructure. Scanning probe techniques are applied 
for measurements of lithographic structures and for the calibration of SEM measure- 
ments*). 

Investigations of the precision of the measurement of lithographic structures show 
that absolute precision is not guaranteed by a single technique. Calibration structures 
are required. A good combination is AFM with SEM measurements. For structures 
with dimensions of 150-350 nm (measured at the edges of broken samples), both 
methods differed by less than 10nm; for measurements on complete samples, 
SEM exhibited a significant deviation of 50-100 nm3). 

I 

6.1.3 
Structures that Assist Measurement 

Nanolithographic structures themselves are applied to solve measurement problems 
in the nanometer range that are connected with the fabrication of the smallest struc- 
tures. In particular, when several structures have to be aligned with each other in 
numerous steps, the precision of the geometric relationship is essential. The align- 
ment problem of multiple lithographic levels is a key microtechnical problem, but 
it is even more pronounced in nanotechnology where small absolute positional or 
angular errors result in the failure of devices. 

For positioning with a resolution of 2.5 nm, a grating structure with a periodicity of 
about 200 nm was developed, which works in a manner comparable to a nonius, 
through small deviations in the grating periods. It relies on the phenomenon that 
it is easier to distinguish small relative deviations in the positions of lines quantita- 
tively than to establish absolute length measurements. When both grating structures 
are fabricated in close proximity, the number of registered grating lines in both struc- 
tures yields the positional deviation of both structures. Using this tool, gate electrodes 
for single electron tunneling elements can be positioned with a resolution of 10 nm4). 

1) N.J. DiNardo 1994 
2) H.M. Marchman 1997 
3) H.M. Marchman et al. 1994 
4) K. Yamazaki et al. 1998 
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The feedback of structure measurement and positioning is essential for planar tech- 
nical fabrication of multi-level structures, as applied in practically all chip production 
for IT. A precise construction of lithographic mark structures with symmetrical edges 
allows a reduction of the scattering in the alignment of X-ray lithography (the so-called 
3 - 0  value) below 10 nm'). 

6.2 
Characterization o f  Composition of  Layers and Surfaces 

6.2.1 
Atomic Composition 

In nanotechnology, the characterization of the composition of thin layers and surfaces 
is of similar importance to the determination of geometrical parameters of small struc- 
tures. A wide spectrum of methods can be applied to determine the essential para- 
meters of layers, addressing, for example, geometrical as well as chemical or physi- 
cal-functional parameters2). Probe techniques that address only a small surface area 
are particularly suitable for the characterization of small structures. The same probes 
that are used at higher intensities for nanofabrication are also utilized for character- 
ization: focused particle beams and short-wavelength electromagnetic radiation. In 
contrast to lithography, for characterization purposes the focused beam should not 
induce changes in the layer. This requirement can only partially be met for focused 
probes of energetic particles or short-wavelength photons. 

Electron-induced X-ray Spectroscopy 
Electron-induced X-ray spectroscopy is a method for the determination of the atomic 
composition of a thin layer. Through the impact of energetic electron beams on a 
target, the electrons are slowed down by interactions with the target atoms. The decele- 
ration of the charged particles induces the emission of electromagnetic radiation. With 
increasing kinetic energy of the electrons, the emission edge ofthis radiation shifts to a 
shorter wavelength range. As a result of the typical electron energies of around 10 keV, 
the spectrum starts in the medium X-ray and extends through the UV to the visible 
range. Individual sharp emission bands are overlaid around this broad continuum of 
Bremsstrahlung radiation. They originate through the direct interactions of the beam 
electrons with electrons of the inner shells of the target atom. With sufficient energy 
transfer, the shell electrons leave the solid and a relaxation process occurs that includes 
the movement of electrons of the outer shells into the vacant inner shell positions. The 
generated energy is released as photons. Owing to the fixed energy levels because of 
rhe shell arrangement of the atoms, only fixed values are observed and the released 
photons exhibit discrete frequencies that are characteristic of the originating atoms. 
'Thus the type of atoms in the target can be determined, so that the local composition of 
a material is accessible. 

1) A.C. Chen et al. 1997, T. Miyatake et a l .  1997 
2 )  D. Brune et al. 1997 
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The area that emits characteristic X-ray radiation is significantly larger than the 
diameter of the focused electron beam probe due to the multi-step energy transforma- 
tion from the kinetic energy of the electrons through to the electronic energy of the 
target atoms to the photon energy. The emission area typically grows with increasing 
energy of the electron beam and decreasing atomic number of the target atoms. While 
the electron beam can be focused down to 1-5 nm, the effective diameter for electron- 
induced X-ray spectroscopy is usually 0.2 to 1 pm. 

The depth of generation of characteristic X-ray quanta also depends on the material. 
Typical values are 0.1 pm for heavier atoms such as Au, Pt or Pd, and 1 pm for lighter 
elements such as H, C, 0, and N in organic polymers and biomolecules. Thus nan- 
ometer resolution is not achievable for the lateral dimensions, but micrometer and 
sub-micrometer resolution are, and this method can therefore also be designated 
as an electron probe micro analysis (EPMA) technique. Depending on the type of 
X-ray spectrometer, two different methods can be distinguished: wavelength disper- 
sive X-ray spectroscopy (WDX) and energy dispersive X-ray spectroscopy (EDX)'). 

I 

Auger Electron Spectroscopy 
Auger electron spectroscopy (AES) is a method for the determination of the composi- 
tion of the upper layer of a material*). This analytical technique is related to X-ray 
spectroscopy. Instead of the characteristic X-ray radiation, electrons with a specific 
energy are used for material identification. To induce electron emission, excitation 
is required. When a layer is radiated with energetic electrons, electrons are emitted 
from the inner shells. However, in this case the energy of electrons from outer shells 
refilling the vacancies is not emitted as electromagnetic quanta but as accelerated 
electrons. The kinetic energy of these emitted electrons corresponds to the difference 
between the energies of the electron energy levels involved and the work function. 
Because these three parameters are specific to each element, the resulting energy 
distribution reflects the elementary composition of the material. 

If Auger electrons are generated at great depths in the material, they are usually 
involved in secondary collision processes, so they will not reach the surface. Thus 
the measured Auger electrons originate from only a thin layer on the material sur- 
face. Auger electron spectroscopy is therefore a method suitable for the characteriza- 
tion of very thin layers or of the changing compositions in the upper layers of a ma- 
terial. The depths at which information can be obtained using this technique decreases 
with an increase in the average atomic number of the studied material, e. g., 0.5-2 nm 
for metals, 1.5-4 nm for oxides and 4-10 nm for polymers. 

Because the excitation is with an electron beam, AES can also be applied for mea- 
surements with high lateral resolution. Owing to the direct conversion of the energy of 
the beam electrons into emitted secondary electrons, the X-ray radiation emitted by the 
excitation volume can be neglected. Therefore, in principle, the lateral resolution of 
Auger spectroscopy exceeds that of ESMA. However, in practical applications, the 
beam is usually not particularly well focused. 

1) K. Kristiansen 1997 
2) P. Auger 1975, H. J. Dudek 1986, C.-O.A. 01s- 

son et al. 1997 
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AES is often utilized to characterize gradients in the composition of layers, as for 
example in inter-diffusion regions. Here some atomic layers of the substrate surface 
are removed by energetic but inert ions (e. g., Ar') in short intervals, before the layer 
composition is probed by AES. This procedure of sputtering and probing is applied 
repeatedly. 

Secondary Ion Mass Spectrometry 
Secondary ion mass spectrometq (SIMS) is a method that yields information about 
the composition of regions near to the surface of a material with high lateral resolu- 
tion. It relies on the impact of energetic ions or neutral particles on surfaces, which 
induces the release of particles that are ionized in the gas phase and subsequently 
characterized in a mass spectrometer. 

SIMS provides three-dimensional surface information. Using a particle beam, the 
surface is raster-scanned in the x- and y-directions, comparable to SEM. Every point in 
this array yields a mass spectrum, so that the mass spectra of the secondary generated 
ions represents the third coordinate. Thus the elementary composition of a material 
can be resolved with high lateral resolutions that lies, typically, in the sub-pm range'). 

Most SIMS experiments do not result in complete three-dimensional images. Either 
the composition in a small surface region is of interest, so that only the spectrum is 
used, or a surface image for just one peak in the mass spectrum is generated to vi- 
sualize the lateral distribution of the emission of one ion, and thereby the distribution 
of an element. 

The depth information of the primary generated signal results from a region of a few 
atomic layers of about 1-3 nm. In contrast to AES and ESCA, which both show hardly 
any removal of material during measurements, SIMS is principally a destructive meth- 
od. Because of the material removal during scanning of the surface, it provides the 
possibility of achieving a depth profile of the surface without an additional sputtering 
source. However, the interaction of the energetic particles and the different sputtering 
efficiency of various atoms in the material lead to a SIMS-induced chemical change in 
the regions near to the surface. 

In addition to the chemical composition of thin layers, it is specifically the arrange- 
ment of the atoms in the solid, the presence, density and shape of internal phase 
boundaries, grain boundaries and the structural regularity of the solid that determine 
the properties of a layer. These morphological properties depend not only on layer 
material and the conditions during layer generation, but are also influenced by the 
impact of nanotechnical manipulation and the use of the final devices (e. g., by ele- 
vated temperatures due to particle radiation or the electrical current). 

A fundamental parameter is the average inter-atomic distance, the statistical distri- 
bution and the anisotropy of the distribution of these distances. Because the atomic 
distances are in the Angstrom range (0.1 nm), a direct measurement requires extreme 
ultramicroscopic techniques such as STM, TEM and field ion microscopy (FIM). Char- 
acteristic lengths of morphological parameters related to local changes in the distribu- 

1) M. Grasserbauer 1986, A. R. Lodding and 
U.S. Sodervall 1997 
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tion of inter-atomic distances are often in the nanometer scale. Domains in polycrystal- 
line or in textured amorphous material exhibit diameters in the medium and upper 
nanometer range. SIMS yields global information on the orientations (morphologi- 
cally anisotropic) and the wide-scale ordering in thin layers. 

SEM is also applicable as a qualitative method to yield information about the com- 
position on the nanometer scale. The local intensity of backscattered electrons (BSE 
signal) and the secondary electron (SE) signal depends (in addition to the instrumenta- 
tion and nanotopography) on the material. Hence the SEM image represents an over- 
lay of geometrical and material parameters. Scanning electron microscopy detects 
ultrathin layers and even molecular monolayers consisting of the light elements C, 
H and 0 for reduced beam voltages. However, the rigidity of the beam and therefore 
the lateral resolution is decreased. Because the efficiency of secondary electrons and 
backscattered electron is thus greatly influenced by the surface, even very thin layers 
result in a material contrast (Fig. 119). 

The ability of transmission electron microscopy (TEM) to yield high-resolution 
images gives this technique an advantage over SEM for the characterization of the 
local material composition of samples. TEM is able to visualize individual planes 
in crystals; this information can be used to deduce the type of material. A main dis- 
advantage of TEM is the complicated sample preparation, because the thickness of the 
region of interest has to be reduced to several dozens to several hundreds of nan- 
ometers, depending on the applied beam voltage, in order to be sufficiently transpar- 
ent to the electron beam. 

I 

problem: Information 

igh lateral resolution 

Fig. 119 Limits o f  SEM imaging of lateral nanostructured monolayers 
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6.2.2 
Characterization o f  the Chemical Suhce 

Because of the importance of the interface between two materials in nanotechnology, 
but even more so due to the importance of individual binding places on the surface or 
in molecular monolayers, knowledge of the chemical composition of the surface and 
the chemical reactivity of the surface is essential for nanotechnology. 

REM, ESMA, SIMS and AES just provide information concerning the chemical 
composition of a surface region, and only to a certain extent on the specific chemical 
properties of the surface, but not on the reactivity and binding state of the elements on 
the surface. 

Indirect methods are often applied in nanotechnology to determine the chemical 
properties of a surface. Thus, lateral resolution is sometimes sacrificed for chemical 
information. 

X-ray Photoelectron Spectroscopy 
In contrast to ESMA and AES, X-ray photoelectron spectroscopy (ESCA or XPS) pro- 
vides information on the atomic composition of a material but also information on the 
binding state of surface atoms'). They are able to differentiate between materials with 
the same or similar atomic compositions, as in the case of different organic com- 
pounds. Because their information results only on a limited depth, they are used 
for the determination of chemical changes on surfaces of materials. 

XPS relies on the effect that X-ray radiation of a material induces electron emission 
with a kinetic energy that is the difference between the energy of the photons and the 
binding energy of the electrons (including the work function). If electrons of an outer 
shell are removed as a result of this interaction, the kinetic energy of these electrons 
will thus provide information about the binding state of the atom. So not only ele- 
ments, but also the state of the binding orbitals or the proportion of atoms of the 
same type but binding in different ways can be determined with a sensitivity of about 
1 atom-%. The depth resolution of 1 to 10 nm is comparable to AES'). XPS is therefore 
suitable for the chemical characterization of ultrathin layers and in particular of mo- 
lecular monolayers. Unfortunately, it does not show the high lateral resolution of for 
example ESMA. Typical measurement areas are in the square millimeter range. 

Contact Angle Measurements 
A straightforward technique to characterize changes in surfaces, e. g., in connection 
with chemical modifications, is the measurement of contact angle. It is optimal for 
liquids with molecules demonstrating high cohesiveness, therefore with a high sur- 
face tension and a comparatively high interface energy with many solid surfaces. 
Water meets this requirement and represents a suitable measurement liquid. 

Surfaces with a high density of hydroxyl groups or even stronger acidic groups such 
as carboxyl or sulfonyl groups show a strong interaction with water, and wetting of the 

I )  1. Olefjord 1997 
2) M.-F. Eibel 1986 
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sample surface results in a small contact angle. Aprotic non-ionic surfaces show only 
weak interactions with water, resulting in a low wetting and a large contact angle. 

The contact angle itself provides no information about the composition and the 
binding state of a surface. However, the nanotechnician usually has previous knowl- 
edge regarding the surface state. Thus the contact angle could yield information as to 
the probability of the success of a process. A replacement of hydrogen in Si-0-H 
surface groups by alkyl silyl groups changes a previously hydrophilic into a hydropho- 
bic surface. The low contact angles present after the reaction suggest problems, high 
angles indicate success of the surface-chemical process. 

Contact angle measurements rely on free surface areas and display an optical read- 
out. Therefore, droplets larger than a few tens of micrometers are required. Hence the 
lateral resolution of this method is limited, and it is strictly not a nanotechnical meth- 
od. 

I 

Surface Labeling for Radiometric and Fluorimetric Characterization 
The best results with respect to a chemical characterization of surfaces with a resolu- 
tion in the micrometer range were achieved by molecular markers. The use of radio- 
active labeled molecules is well established. They undergo specific surface reactions, 
and their distribution reflects the local distribution of binding properties of the surface 
towards a particular molecule. 

Fluorescence labels have the advantage of being easier to manipulate. They are also 
highly sensitive, so that they can be detected in the sub-monolayer coverage of sur- 
faces. The specificity of recognition is provided by the binding of the molecule con- 
nected to the fluorophore; so any interference of this connection with the binding 
properties should be minimal. 

The use of fluorescence labeling is widespread due to its sensitivity and wide che- 
mical applicability. However, it exhibits several shortcomings. The fluorescence inten- 
sity depends not only on the density of dye molecules, but also on the quantum yield, 
which in turn is influenced by the chemical environment of the molecule that can 
differ for different surfaces. For a low dye concentration or a low quantum yield, either 
a long collection time for the optical signal or a high intensity of excitation is required 
to achieve an adequate signal-to-noise ratio. However, the dyes themselves show only 
limited photostability, which means that they are destroyed photochemically by re- 
peated absorption of photons. This photo-bleaching effect results in a decrease in 
dye density and thereby in a decrease in the optical signal, so that quantitative mea- 
surements are seriously hampered. 

The lateral resolution for all techniques with optical visualization as the readout 
method is diffraction limited, so that in principle fluorescence labeling does not re- 
present a nanotechnical technique. Only the application of optical near-field probes 
allows for a definite nanometer resolution in the UVjVIS range. 

Surface Labeling for SEM and Scanning Probe Microscopy 
As well as fluorophores, large molecules, supermolecular aggregates and nanoparti- 
cles are also applicable as surface markers. Such markers are particularly well suited to 
visualization with high-resolution topographic techniques, or techniques with high- 
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resolution material contrast when the marker particles within their composition or 
their physical parameters differ significantly from the sample surface. Scanning force 
microscopy is ideal for pure topographic visualization, therefore synthetic macromo- 
lecules and biomolecules as well as synthetic organic and metallic nanoparticles are 
applicable as markers. 

Surface labeling for electron microscopic visualization usually uses heavy metal 
molecules or metal nanoparticles directly due to the high material contrast. Because 
they are small, they show a small lateral error with respect to their positioning. Ad- 
ditionally, these small particles are accessible, as molecules are, and also show the 
same highly specific binding, in contrast to larger particles that often bind non-spe- 
cifically. Thus a high chemical selectivity is combined with high contrast in an ultra- 
microscopic technique. The combination of a selective nanoparticle marker with ul- 
tramicroscopy represents a real rianotechnical characterization technique. 

Chemical Force Spectroscopy 
The combination of high chemical selectivity with high lateral resolution is realized in 
chemical force spectroscopy (CFS). It uses the specific chemical interaction of a probe 
with the sample surface. A prerequisite is the sufficiently close proximity of the probe 
to the surface, because the outer electrons of the surface groups have to interact with 
the recognizing part of the tip. Scanning probes allow the mechanical measurement of 
individual molecules'). Such measurements point not only to the identity of the stu- 
died molecules, but also provide the response of the molecule to applied external 
forces. Chemical force spectroscopy has been applied to recognize individual polysac- 
charide molecules and differentiate between native and denatured states'). One ap- 
proach has been developed in which the unbinding forces required to break intermo- 
lecular bonds are measured in a differential format by comparison with a known re- 
ference bond (here a short DNA  duple^)^). 

6.3 
Functional Characterization of Nanostructures 

The functional characterization is seriously hampered by scaling down to the nano- 
meter range, even more than the geometrical details are. The presentation of the re- 
quired interfaces to a measurement system is even problematic. Moreover, the mea- 
surement signal is often too low or the nanoscopic object is significantly influenced by 
the interactions of the measurement process. So a physical-functional characterization 
is often limited to a classification of the functional properties of a nanostructure in a 
nanotechnical device, which means within the framework of the geometrical and func- 
tional integration. 

1) M. Rief et al. 1999 
2) H. Li et al. 2000 
3) C. Albrecht et al. 2003 
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Some physical parameters of nanostructures can be deduced indirectly from the 
dependence of signals of ultramicroscopic probes on the geometry or material. 
Thus electron microscopy and STM yield information on the conductivity of nanos- 
tructures. Structural alterations due to the imaging with the scanning force micro- 
scope point to a low mechanical resistance, which correlates with the macroscopic 
hardness. Regular structures in STM and TEM images indicate regular arrangements 
of the particles in the nanostructured material and the nanomorphology is therefore 
elucidated. Hence a differentiation between amorphous and crystalline nanoregions is 
possible. 

A chemical-functional characterization in the classical sense is very problematic in 
the case of nanostructures, because the amount of material in a nanostructure is very 
small and is not sufficient for a variety of analyhcal techniques. The amount of sample 
material required for standard analytical techniques often exceeds the quantity of the 
whole nanotechnical device. In principle, only non-destructive and high-resolution 
probe techniques are applicable, such as ESMA, SIMS and AES (cf. Section6.2). 
While for pm volumes these techniques exhibit a resolution with respect to concen- 
tration in the percent range, decreasing the thickness and width of nanostructures 
causes serious problems regarding the detection limit. Within the dimensions of in- 
dividual particles, functional and geometrical characteristics are inseparable. 

In the lower nanometer range, the characterization of the chemical composition of 
structures is usually obtained indirectly through the physical detection (e. g., AFM) of 
the binding or the release of marker molecules. Labeling by molecules or nanoparticles 
that can be identified based on topography or material contrast is not only applicable 
for an integral characterization of surface properties, but also for the visualization of 
features in the nanometer range. In addition, labeling with fluorophores, absorbing or 
fluorescing nanoparticles, are utilized to detect chemical functions or resolve even 
single binding groups. 

I 
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Nanotransducers 

7.1 
Design of  Nanotransducers 

Nanotransducers include all transducers that achieve a signal transformation from an 
environment through structures that fulfill the definition of nanostructures, which 
means in the lateral direction at least one dimension is smaller than 100nni and 
in another dimension smaller than 1 pm. The term sensory transduction is therefore 
not just limited to the transformation of a signal into an electrical one, but includes all 
other types of signal transformation, if they comply with the reception and processing 
in an information-processing system. 

Nanotransducers differ from conventional and also microtransducers in the fact that 
the primary signal is usually only received at low power. Nanosensors are therefore 
interesting for all processes and objects that only transmit low power or provide only 
sufficient low power for signal generation, so that the object or the process is not 
disturbed by the measurement. I n  contrast to the low total power, the power density 
(power per area) should be high, so that for small areas a processable and resolvable 
signal is also produced. 

Sensory applications with nanostmctured transducers are not really applicable to 
processes and values with large active areas and low power densities. Therefore, na- 
notransducers include only such sensors that belong to a nanotechnology based on 
geometrical dimensions. Sensors that measure in the nanorange, such as power mea- 
surements in the nW range, distance measurements in the nm range, temperature 
measurements in the nK range, concentration measurements in the nM range, 
but which possess dimensions above the nanometer scale, are excluded. 

The starting point for the design of a system or an individual transducer is always the 
required function. In nanotechnology the principle that the choice of shape and ma- 
terial are the most important decisions to be taken with respect to the desired function 
also applies. The design has to consider the geometrical, functional and technical en- 
vironment of the nanodevice. In contrast to other technical fields, material and shape, 
.and also the specific physical and chemical properties are not independent of each 
other in nanotechnology. Therefore, the atomic or molecular arrangement has to 
be considered in the design of nanodevices and units. For traditional design tools, 
which do not include the internal structure of the material, the designer has to provide 
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information on the relationship between geometrical structure and the binding struc- 
ture of the devices. 

For a technical layer arrangement and the lithographic shaping, nanotechnology can 
apply the same tools as are used in microtechnology. Several types of CAD software are 
utilized those support the work with levels, the implementation and control of the 
lithographic alignment by marks and multi-level design, and transform the internal 
data into output formats that can be used for the generation software of structure- 
generating machines. 

A quite different world of structure design developed for the design of molecular 
structures: molecular modeling. It is based on the topological framework of primary 
chemical structures, and not on construction levels and rigid geometries as are known 
from traditional CAD approaches. For the generation of applicable, discrete nanostruc- 
tures, the secondary and tertiary structures are more important than the chemical 
primary structure. In particular, in the field of protein modeling, recent years have 
witnessed tremendous progress in the correlation of tertiary with primary struc- 
tures. Today’s chemical modeling software also provides possibilities for the calcula- 
tion of the arrangements of molecules and their visualization. 

In addition to the calculation of geometries, chemical software is able to model 
processes of molecular mobility and molecular transducer function. There is a 
need for software that allows for the combination of microtechnical and chemical 
software. Furthermore, software aimed at the stability problem of nanotechnical de- 
vices for higher integration and extended application times while taking into account 
the chemical stability criteria, such as reaction probability, is missing. 

The design of nanodevices needs an even stronger connection with the technical 
requirements than the design of microdevices. As yet no general rules have been es- 
tablished. The methods for molecular design and synthesis planning are quite differ- 
ent from the methods for microsystem design. Adequate standardization of shapes, 
materials and processes has not been established in microsystem technology. The 
initial design requirements were formulated for selected types of elements. 

Two classes of nanoelements can be distinguished with respect to the relationship 
between structure dimensions and function: nanoelements in the sense of nanoscaled 
elements are elements developed through scaling from the macro or micro range 
whilst preserving their function. Nanoelements in the sense of nanofunctional ele- 
ments are units that achieve their function only because of their size, and that 
have no analogy in the micro- or even in the macroworld. 

I 
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7.2 
Nanomechanical Elements 

7.2.1 
Nanomechanical Sensors 

In many conventional and microtechnical applications, a single increment of a signal 
transduction is not sufficient to detect parameters or to induce actions. In addition to 
the amplification of signals, often two- or multiple-step signal transformations are 
applied to adapt the internal signal processing to the outer conditions or to the char- 
acteristics of the incoming signals. This adaptation problem increases on moving from 
micro- to nanoscale elements. For the same external conditions, the disproportion 
between environment and element increase with respect to the transfer of forces, 
energies and signals. 

Absolute powers and forces are reflected in the size-dependence of very different 
power densities and pressures in macroscopic, microscopic and nanoscopic elements. 
Furthermore, nanoelements utilize single sources, action targets of nanomechanical 
actuators and transducer principles, which do not arise in conventional techniques or 
that are not readily accessible. So nanotechnology is challenged much more than clas- 
sical system techniques by the problems of processing very different signals and of 
establishing the connection between an information-processing measurement and 
control system and its environment through secondary transduction. Nanomechani- 
cal transducers usually provide important connections in a sensory transduction chain. 

Scanning force probes are especially suited to the measurement of extremely small 
forces and the mechanical activation of small surface regions. The smallest differences 
in position or changes in surface forces are detected by the deflection of small tips or 
micro cantilevers. 

If such cantilevers are coupled with supramolecular units, this nanomechanical 
readout can be enhanced to provide a more sensitive or chemically selective techni- 
que. Chemically active scanning probes with a high aspect ratio were constructed by 
connecting a carbon nanotube onto an AFM tip prior to functionalization of the na- 
notube. Functionalization was achieved by modification of the carboxyl groups of the 
tube with, for example, aryl amines. This probe was able to image microstructured 
SAM of alkyl thiol carbonic acids and of streptavidin (after biotin-modification of 
the tip)'). 

Nanomechanical transduction has also been applied to the measurement of very low 
thermal effects. For the detection of the smallest quantities of heat down to the pW 
range, micro cantilevers consisting of layers of different materials with different ther- 
mal extension coefficients were proposed. In analogy with the bimetallic effect, 
changes in temperature induce a slight bending of the cantilever, which can be de- 
tected with high sensitivity using a light pointer. Arrays of such cantilevers have 
been used for chemical calorimetric nanosensors, detecting temperature differences 
of about 10 pK and energies down to about 1 nJ*). 

1) S.S:  Wong et al. 1998 
2 )  H.O. Lang et al. 1999 
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Magnetic scanning probes are able to visualize magnetic domains of less than 
100 nm diameter based on a magnetic-mechanical transduction'). These probes 
can also be used for the magnetization of very small regions. 

I 

7.2.2 
Nanometer-precision Position Measurements with Conventional Techniques 

For measurements of micro- and nanostructures, and also for the precise control of 
motion, measurement techniques with nanometer precision are needed. Sensors are 
often micro-, and nanostructured. A precision of better than 100 nm can be achieved 
with a variety of measurement principles (Table 7). 

Tab. 7 
in t h e  nanometer  range') 

Examples for measurement techniques to determine positions 

Principle Technique Reso/ution/precision 
~ 

Electrical 

Optical 

Magnetic 

~~ ~ 

strain gauge with resistive detection 
capacitive sensor 
with optical scale/microlithographic markers 
interferometry 
light pointer 
eddy current sensor 
Hall sensor 

~ ~ 

about 1 nm 
about 0.1 nm 
about 10 nm 
about 1 nm 
about 0.1 nm 
about 0.1 nm 
about 0.1 N r n  

The electrical and magnetic measurement procedures require a direct mechanical 
contact or at least a very small distance between the object and the transducer. So thin 
film resistors for a strain gauge have to be integrated into the object, or an extendable 
helper object with strips has to be mechanically coupled to the object. For capacitive 
measurements and the readout of magnetic increments, parts of the transducer sys- 
tem - a capacitive electrode and a magnetic strip with a magnetic pattern or a micro- 
magnet - have to be in close proximity. On the other hand, optical techniques allow for 
greater distances in the measurement system, but the object must still be accessible by 
the probe. For interferometry, a reflective surface is sufficient. However, with marker 
systems, structures for optical readout - such as microstructured strips or edges - are 
integrated into the object. 

I)  P.C.D. Hobbs et a]. 1989, D.W. Abraham et al. 

2 )  R. Gloss and P. Pertsch 1999 
1990 
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7.2.3 
Electrically Controlled Nanoactuators 

Even more so than in microtechnology, the electrostatic principle becomes increas- 
ingly important with decreasing dimensions. Because of the short distances, moder- 
ate voltages also result in high field strengths and therefore a significant deflection of 
electrostatically controlled objects. Tweezers have been prepared based on carbon na- 
notubes with a thickness of 50 nm and a length of about 1 pm. The nanotubes were 
then attached to the end of a glass needle, which had two thin film electrodes so that a 
field could be applied between both nanotubes. Voltages below 10 V resulted in a 
closure of the gap between the nanotubes (Fig. 120). It was possible to manipulate 
for example polymer nanoparticles'). 

An electrically controlled mechanical resonance structure with high resonance fre- 
quency was nanostructured as a freestanding crystalline Si structure. The structure of 
2 pm x 2 pm was connected laterally by bars, and generated a grating with a periodicity 
of 315 nm and a minimal structure width of only 50 nm. The resonator is capacitive 
addressable and exhibits a resonance frequency above 40 MHz. Such resonators could 
be potentially interesting as mechanical transducers for molecular sensors or for the 
material characterization of the smallest sample volumes2). 

Nanometer gaps can create traps for very small particles. Such a trap for particles 
with diameters below 10 nm was generated by a gap in two nanostructured freestand- 
ing structures of an Si,N,/AuPd double layer. These structures have a thickness of 
30 nm and a width of 100 nm, and initially generate a gap of about 100 nm. This 

1) P. Kim and C.M. Lieber 1999 
2) D.W. Carr et al. 1998 
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Fig. 120 
of carbon nanotubes (P. Kim and C.M. Lieber 1999) 

Arrangement (A) and application (B) of nanotweezers consisting 
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opening is subsequently reduced by electron beam induced deposition (EBD) on both 
structures, resulting in a gap width of between 5 and 16 nm (Fig. 121). Using these 
gaps, Pd nanoparticles of 20 nm diameter were trapped electrostatically'). 

Beside nanostructured actuators, also larger actuators play a role in translation tasks 
on the nanometer scale. They should work continuously, with small step sizes, and 
exhibit extremely high precision. Piezo actuators are of particular importance. They 
facilitate the movement by an extension or a compaction of the crystal planes due to an 
applied electrical potential, and achieve precisions down to the sub-nm range. This 
extreme resolution is applied in scanning probe techniques. An individual piezo ac- 
tuator has a limited distance of extension, so piezo actuator systems with stacked in- 
dividual actuators are applied. Apart from column systems for movement in one di- 
rection, combinations with lever elements in order to increase the working distance, or 
combinations of several actuators acting in different directions for x-y-tables are also 
known. Small changes in the angle of the positioning table can be realized by piezo 
actuators, so that multiple axis tables are possible*). Piezo-driven actuators and tables 
with nanometer and even sub-nanometer precision play a role in many technical 
fields, such as in microscopy, lithography, optics and communication industries. 

1) A. Bezryadin and C. Dekker 1997 
2 )  R. Gloss and P. Pertsch 1999 
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7.2.4 
Chemically Driven Nanoactuators 

Nanoactuators can be driven by chemical reactions or absorption, adsorption and de- 
sorption processes. The principle of deflection change of micro- or nanocantilevers 
due to swelling or shrinkage of thin surface layers induced by chemical reaction 
can be applied for actuating purposes. A prerequisite is a cantilever with an asym- 
metric profile. The lever has to exhibit at least two different layers or different surfaces 
to enable asymmetric adsorption or desorption processes to take place. 

Electrochemical processes are optimal for the readout of an electrically driven move- 
ment, because they can transform the electrical signal into changes in the material in 
order to achieve the mechanical actuation. Typically, flexible materials are applied in 
electrochemical nanoactuators, which can be deformed by the action of an electroche- 
mical transformation, or by the insertion or cleavage of small molecules formed elec- 
trochemically. Such materials are also described as artificial muscles. Often conductive 
polymers are applied, and carbon nanotubes can also be utilized after direct or indirect 
substitution with electrochemically active groups. Movement can be achieved by an 
electrochemically-controlled intercalation of Li’ ions into the graphite walls of carbon 
nanotubes’). Cantilevers provide easy access for transduction processes where there 
are deflections induced by electrochemical reactions*). In this case, the actuator repre- 
sents one electrode. Depending on the potential, current flow induces either deposi- 
tion, modification or removal of material at the cantilever surface. For multiple appli- 
cations, the electrochemical process used has to be highly reversible. A second limita- 
tion lies in the compatibility of the medium that surrounds the actuator. It has to be an 
electrolyte that contains all components required for the surface processes on the ac- 
tuator. 

Nature provides us with several examples of biomolecular motor systems that are 
chemically driven. They are all based on protein complexes, as is the intercellular 
transport along the supermolecular microtubule network that occurs as a result of 
the movable compact protein structures, the kinesin. The process is powered by 
.4TP (adenosine triphosphate). Tubulin acts as the “rails”, the kinesin as a “car”. 
‘ a i s  system can be isolated from the cell and operated in a technical environ- 
ment3). Therefore the relationship between the stationary and mobile parts is re- 
versed. It has been demonstrated, that kinesin immobilized on polymer surfaces 
with a striped relief induces the movement of microtubules along this pattern4). Im- 
mobilization of the kinesin onto glass substrates enables this structure to be trans- 
ported by the biomolecular motor system (Fig. 122)5). 

Chemomechanical nanomachines represent the central functional parts of a cell. 
They are not only responsible for the innercellular transport, but also for the genera- 
tion of macroscopic movements. In analogy with the kinesinltubulin system, myosin/ 

1) G. Che et al. 1999 
2 )  Q. Pei and 0. Inganas 
3) J. Howard et al. 1993 
4) J.R. Dennis et al. 1999 

5 )  L. Limberies and R.J. Stewart 2000, R. Stracke et 
al. 2000 
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\ I tubulin 

Fig. 122 
aggregates by functionalization with kinesin molecules (L. Limberies and R.J. Stewart 

Transport o f  technical micro- and nanoobjects along immobilized tubulin 

2000) 

actin represents a linear motor system. It forms the basis of our muscles, and even- 
tually drives the macroscopic movement of organisms. 

In addition to these translational working protein structures, a cell also exhibits 
rotating systems. In analogy with technical engines, these systems consist of a rotor 
and a stator; the latter is integrated into a membrane and therefore immobilized. Mo- 
lecular motors in cell membranes power for example the movement of flagella in order 
to move the organism. 

The driving force in molecular machines are concentration gradients, e. g., of pro- 
tons, which provide the chemical energy by translocation from one side to the other of 
a membrane. This energy is transformed by the protein complex into mechanical 
energy. The molecular rotation process can be also used for chemical synthesis. 
The molecular motor of the ATP-synthetase complex in the membrane of mitochon- 
dria produces the energy-rich ATP as the universal energy-source in cellular pro- 
cesses'). 

Synthesis of molecular machinery analogous to the motor proteins described is not 
yet possible. However, the example given of the use of the molecular movement of 
tubulin shows that it is possible to isolate a native system, to modify it and to integrate 
it into technical environments. Also the rotation of the ATP-synthetase and related 
rotating supermolecules could be used by nanotechnology. A first step in this direc- 
tion is the coupling of an actin filament onto the rotor ofthe protein complex (Figs. 123 
and 124). Several groups have demonstrated that this system represents a partially 
synthetic nanomotor, which can be monitored and measured with an optical micro- 
scope2). 

There have been attempts to integrate complex functional protein architectures into 
synthetic systems. An artificial photosynthesis-active membrane has been prepared 

1 )  T.M. Duncan et al. 1995, W. Junge et al. 1997 
D. Sabbert et al. 1997, D. Stock et al. 1999 

2) H. Noji et al. 1997, Y. Sambongi et al. 1999, 
0. Panke et al. 2000 
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to the rotor protein of a DNA synthetase (H. Noji et al. 1997) 
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that has integrated cytochromes (responsible for the absorption of light and the pri- 
mary conversion of the electrochemical energy) and ATP-synthetase. The membrane- 
integrated cytochrome works as a proton pump and creates a light-driven pH-gradient, 
which in turn drives the synthetase that is responsible for the synthesis of ATP'). 

I 

7.2.5 
Rigidity of Nanoactuators 

Within the nanoactuators, cantilevers are of particular importance. They can be pre- 
pared by planar and thin film technology. These techniques are suitable for the pre- 
paration of various combinations of layers. The rigidity of the cantilevers of thin film 
materials (a thickness of between around 100 nm and 1 pm) is essentially determined 
by macroscopic material parameters, which means the E-module, of the bulk material. 
Decreasing thicknesses will lead to differences, and as a result of the increased influ- 
ence of the interface or because of orientation effects, an anisotropy in the mechanical 
behavior is expected. 

Nanorods and nanotubes lead from the thin film and nanocantilever to the super- 
molecular architectures. Inorganic nanorods and nanotubes are solid objects, consist- 
ing of a number of atoms of a few elements. Because of the small dimensions, the 
shape of these small solids and therefore also the location and arrangement of the 
individual atoms with respect to the surface is essential, thus quasi-single molecule 
properties become important. This effect is also apparent in the mechanical behavior. 
Hence tubes of Sic are more stable than the bulk material, and multi-walled carbon 
nanotubes (MWNTs) are more stable than Sic rods2). 

In comparison with polymeric linear or slightly branched molecules, many biolo- 
gical macromolecules exhibit a much higher rigidity, which makes them interesting 
for nanoactuator applications. This applies to the proteins, especially to the filamen- 
tous supermolecules that provide the molecular basis for biological transport and ac- 
tuator systems, such as tubulin and actin filaments. Double-stranded DNA also exhi- 
bits a considerable rigidity that is of interest to nanoactuator applications. 

7.3 
Nanoelectronic Devices 

7.3.1 
Electrical Contacts and Nanowires 

The reason that electronics have become the fundamental technique of the informa- 
tion age does not only lie in the discovery of the transistor effect and the miniaturiza- 
tion of these devices. It is also based on the special properties of the electron, as the 
lightest elementary particle accessible for technical applications, which are key factor 

I )  G. SteinbergYfrach et al. 1998 
2) W.A. Schooveld et al. 2000 
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in all chemical interactions. An electron contains a charge, and it is distinguishable 
from all ions and also the proton in its extremely large charge/mass ratio. The transfer 
rates are controllable by electric fields, and they are extremely sensitive to the medium, 
so that electrical conductivity can be varied by many orders of magnitude by changing 
the material. 

The first technical devices for controlled electron transport were vacuum devices 
(tubes). Their replacement by semiconductor devices began in the 1950s. These de- 
vices became key components for controlled electron transport in the micron and sub- 
micron range, especially in the area of transistors. Semiconductor technology is also 
interesting to the nanometer range, and the technology of integrated circuits can now 
reach below the 100 nm mark for memory and processor applications. 

Semiconductor devices rely on the formation of spatial charge domains. Miniatur- 
ization of the devices requires a minimization of the dimensions of these domains. So 
combinations of high and extremely low conductive materials gains importance. Be- 
side classical semiconductors, the ongoing miniaturization has lead to highly doted 
semiconductor materials as well as nanostructured metal-isolator systems. The latter 
a re of particular interest for the controlled transport of individual electrons by tunnel- 
ing barriers and via conductive islands. In comparison with conventional semiconduc- 
tor devices, such single electron devices would have the advantage of much less heat 
production at the same switch rates because of their extremely low power dissipation. 

Circuit paths with nanometer dimensions are elementary components of nanoelec- 
tronics in general, and especially for switches and transducers that control the trans- 
port of single electrons. 

Contacts with widths in the medium nanometer range can be fabricated by electron 
beam lithography (EBL) wiring using a molecular monolayer as the positive resist. If a 
conductive substrate is utilized, the EBL-structured lines in the monolayer can be 

A 

Fig. 125 
of  elementary steps on single-crystalline surfaces (F.J. Himpsel et al. 1999) 

Preparation o f  metal lines with nanometer dimensions by decoration 
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enhanced galvanically’). Copper contacts of 50 nm width were fabricated by a combi- 
nation of EBL, dry etching and chemical-mechanical polishing. Therefore, trench 
structures were EBL-written into a thin PMMA layer prior to transfer by plasma etch- 
ing into an SiO, layer. After removal ofthe resist layer, these trenches were completely 
filled with a TaSiN or TaN adhesion layer prior to a thicker copper layer. Chemi- 
cal-mechanical polishing removed the copper on the planar SiO, surface, resulting 
in metal contact structures in the pattern of the trench structure2). 

A simple technique for the fabrication of narrow metal contacts relies on the nano- 
epitactical deposition of metal strips along monoatomic steps of single crystalline di- 
electric materials, which are cut at a defined angle to the crystal planes (Fig. 125). These 
strips can be miniaturized down to a width of 2-3 nm3). Unfortunately, the geometries 
of such contact lines are predetermined by the arrangement of the crystal planes, so 
that they cannot be chosen arbitrarily. 

The electrical conductivity of molecules with mobile electrons is a required condi- 
tion for the preparation of nanowires using single molecules. The macromolecules 
typically prepared by polymerization or polycondensation often exhibit a linear geo- 
metry with a greater number of rotating bonds, so that they can form a variety of 
unpredictable conformations. For nanoconstruction and the fabrication of nanowires 
with predetermined geometries, rigid molecules are required. Therefore, compact rod- 
like molecules have been developed with conjugated ring-shaped structures, which 
combine increased rigidity with high intermolecular electron mobility. 

The question of DNA conductivity is still a matter of dispute4). The experimental 
evidence points to electron transport over short (lower nanometer scale) distances. 
A single poly(G)-poly(C) double strand of 10.4 nm length positioned in a nanogap 
of 8 nrn ylelds a nonlinear current-voltage plot. The steps dearly observed at 
room temperature point to the transport of individual electrons, as would be expected 
for such a molecular wire. The current can be increased up to 100 nA, indicating a high 
conductivity. The transport rate of the charge was about 100 electrons per pm and 
picoseconds). A theoretical and experimental study indicated that sufficient conduc- 
tivity is only achieved after a certain exposure to energetic electrons‘). 

Instead of the direct use of individual macromolecules, in nanolithographic pro- 
cesses molecules can also be applied as masks in order to form single molecule-based 
nanowires. One example is the fabrication of Au nanowires by dry etching of a thin Au 
layer masked by an adsorbed microtubule molecule’). Such a microtubule molecule 
can also act as the template for a nanowire for an electroless Ni or Pd metallization’). 
This principle is also applicable to DNA’). 

Of special interest is the combination of chip surfaces or lithographically fabricated 
microelectrodes with molecules and metal nanoparticles. An assembly of surface- 

I )  J.A.M. SondagHuethorst 1994 
2) Y. Hsu et al. 1998 
3) F.J. Himpsel et al. 1999, D. Rogers and 

H. Nejoh 1999 
4) C. Dekker and M. Ratner 2001 
5) D. Porath et al. 2000 

I 

6)  P.J. de Pablo at al. 2000 
7) W. Fritzsche et al. 1999a 
8) W. Fritzsche et al. 19991-3, J .  Richter et al. 2000 
9) E. Braun et al. 1998, M. Mertig et al. 2002, 

K. Keren et al. 2002, C. F. Monson and A.T. 
Woolley 2003 
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Fig. 126 
of nanoparticles by immobilization of a chain-like molecule between lithographically 
structured electrodes and coupling of particles by thiol groups 
(M. Burghard et al. 1998) 

Single-molecule based preparation of conducting paths o f  a chain 

functionalized metal nanoparticles could yield electrical contacts with nanometer di- 
mensions. With the application of an electric field, rod-like metal micro- and nano- 
particles can be oriented and positioned on substrate surfaces. Hence gold particles of 
70-350 nm diameter and 8 pm length were positioned between gold electrodes out ofa 
dielectric solvent’). Layers of chemically functionalized gold nanoparticles were gen- 
erated in a stepwise process2). The deposition of ensembles of metal nanoparticles on 
immobilized molecules can be applied for the detection of molecular interactions3). 
DNA molecules individually positioned between microelectrodes could be an interest- 
ing objective for such an approach4). 

Nanowires can be based on molecules by using an extended chain-like molecule as a 
template for the binding of metal nanoparticles. One example utilizes supermolecular 
aggregates of DNA streptavidin conjugates that were decorated with biotinylated gold 
nanoparticles, resulting in chains of gold nanoparticles. Through the integration of 
branched DNA, more complex supermolecules are accessible’). The applied supermo- 
lecular streptavidin-DNA aggregates are also interesting for the highly sensitive detec- 
tion of biomolecules by immuno-PCR‘). 

Free-standing nanowires with a width of about 20 nm were fabricated by the electron 
beam induced deposition of carbon needles at the edge of a prestructured gold layer, 
resulting in free-standing nanodiodes with a gap width of about 5 nm’). 

1) P.A. Smith et al. 2000 
2 )  M.D. Musick et al. 1997 
3) O.D. Velev and E.W. Kaler 1999, R. Moller et al. 

4) G. Maubach et al. 2003 

5) Ch. Niemeyer et al. 1998 
6 )  Ch. Niemeyer et al. 1999 
7) A. Bezryadin and C. Dekker 1997 

2000, S. J .  Park et al. 2001 
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Electrical contacts consisting of chains of conductive nanoparticles are of both tech- 
nological and functional interest. Particles below 100 nm diameter are comparable to 
molecules with respect to their binding behavior, which means that their non-specific 
binding to surfaces can be suppressed and specific bonds can be generated through 
complementary coupling groups on the surface of the substrate or other nanoparticles. 
Hence contacts can be formed by chemical self-organization, e. g., by binding via thiol 
groups (Fig. 126). The conductive particles present barriers to the electron transport at 
their contact points. Dielectric molecular surface layers on gold nanoparticles can 
further increase the barrier effect, and the barrier height can be controlled by the 
choice of thickness and composition of the molecular monolayer. Therefore, such 
particle chains are not only interesting as simple wiring elements, but also for con- 
trolled electron transport. Chains of assembled nanoparticles of 10 nm diameter span 
gaps of 30 nm and 150 nm width, respectively'). On the other hand, fairly large elec- 
trode gaps of several millimeters can also be connected through the dielectrophoretic 
assembly of metal nanoparticles*). 

I 

Nanotu bes 
Specific interest has focused on carbon nanotubes as possible wiring elements in the 
nanometer range3). These carbon filaments can be generated by various methods, such 
as laser ablation, arc discharge or chemical vapor phase deposition (CVD). Their elec- 
trical properties depend greatly on the geometry, particularly the diameter of the tubes, 
which is typically between about one and a few tens of nanometers. Applying four- 
point measurements, electrical resistances of individual nanotubes were found to 
be between 0.2 kC2 rn-l and more than 500 Mi l  m-I. A great increase in resistance 
with decreasing temperature was observed for selected tubes, others exhibited a linear 
decrease of the resistance between 4 and 300 K of only 10%. In general, a semicon- 
ductor-like temperature dependence of the electrical behavior is observed4). Logic cir- 
cuits and a room-temperature single electron transistor were fabricated based on car- 
bon nanotubes'). 

Carbon nanotubes exhibit several fairly different conformations: tubes can have a 
single wall, but they can also be double- or multi-walled, or narrower and sometimes 
helical tubes integrated into tubes of greater diameter'). In addition to pure carbon 
tubes, synthetic nanofilaments with conjugated bond backbones and with aro- 
matic- and aromatic-heterocyclic units, such as polyphenylenes, polythiophenes or 
bisalkylthiophen-bridged ureas, are also candidates for organic conducting wires 
with nanometer dimensions7). 

Two Fe/Ti contacts separated by a 1 pm gap can be bridged by individual carbon 
nanotubes prepared by gas phase deposition. The thin Fe layer thereby acted as a 
catalyst for the nanotube generation. Most of the nanowires of about 1 pm length 
and a diameter of 40-50 nm yielded electrical resistances of between 50 and 80 0'). 

1) T. Sato and H. Ahmed 1997, M. Burghard et al. 

2)  K.D. Hermanson et al. 2001 
3) F.T. Edelmann 1999 
4) T. Ebbesen et al. 1996 

5 )  A. Bachthold et al. 2001, H. W. Postma et al. 

6)  S.J. Tans et al. 1997 
7) R.E. Martin and F. Diederich 1999, T. Bjorn- 

holm et al. 1999, F. S. Schonbeek et al. 1999 

1998 2001 
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Directed growth of carbon nanotubes results in freestanding nanowires between 
microstructured silicon columns'). 

7.3.2 
Nanostructured Tunneling Barriers 

Well-defined tunneling barriers are necessary for all devices with electron tunneling 
processes. This requires superconductive devices that rely on the mutual tunneling of 
electron pairs over barriers by the losephson effect, but also single electron tunneling 
(SET) devices. Such barriers should be thinner than 2 nm, because the probability of 
electron transfer decreases steeply with the barrier thickness due to the exponential 
decay of the tunneling conductivity. So thicker barriers provide no applicable switches 
or transducers. The adjustment of the barrier thickness is usually realized by the ad- 
justment of a thin layer. The direct deposition of dielectric layers with a highly defined 
thickness in the range of 1-2 nm inside a stack of layers is challenging. Therefore, 
instead of directly deposited layers, layers of a less noble metal are often oxidized 
in a spontaneous reaction with the oxygen or water contained in the air into a dielectric 
layer that can be used as a tunneling barrier. Such a chemically controlled formation of 
the tunneling barrier layer can be regulated by the oxygen or partial pressure of water, 
rhe temperature and the duration of the incubation in the reactive atmosphere. 

In addition to the thickness, the lateral extension of tunneling barriers is also im- 
portant for SET devices. It should be low to achieve high integration densities. The 
individual switching process depends on the capacity of the contact, which should 
be low. The capacity depends on the barrier thickness, but this thickness has upper 
limits for which tunneling is still possible. Another parameter influencing the capacity 
is the area. Thus to realize low capacities - and this applies especially to room tem- 
perature devices - nanostructured barriers are required. 

Small lateral dimensions of tunneling barriers are achieved with metal nanoparticles 
or clusters that are separated by ultrathin dielectric layers from metal or semiconduct- 
ing contacts. The isolating layer can cover a larger area, but it acts as a tunneling barrier 
only in the contact region with the nanoparticles. Barriers with an efficient diameter 
only 4 nm have been prepared, for example by the coupling of 4 nm Au clusters via a 
inonomolecular o-dithiolxylol layer onto a GaAs layer2). SEM imaging presents the 
contacts as small flat structures. 

Another approach to the fabrication of nanostructured tunneling barriers utilizes 
local oxidation of a metal contact by STM or conductive AFM tips (Fig. 127). There- 
fore, the metal layer is anodically polarized. After the approach of the scanning tip, the 
metal is locally oxidized and generates a localized barrier to the electron transportation. 
This approach requires easily oxidizable metals, such as aluminum. To achieve elec- 
iron confinements for the controlled single electron transport, a metal layer is pre- 
structured as a narrow contact prior to writing an island through local oxidation. 

i) Y.Y. Wei and G. Eres 2000 
2 )  A.M. Cassell et al. 1999 
3) T. Lee et al. 1999 
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Fig. 127 
layer using a conductive AFM (E.S. Snow et al. 1996) 

Preparation o f  a pair of tunneling contacts by local anodic oxidation of a metal 

Nanostructured semiconductors can also be utilized as barriers for the electrostatic 
single electron transport. So a freestanding nanolever of highly doted silicon can be 
fabricated with a length of 800 nm and a cross-section of 24 nm x 80 nm. A gated 
electrode in close proximity allows for the possibility of a controlled single electron 
transport up to temperatures of about 100 K'). 

Molecular tunneling barriers can be prepared by the generation of double gaps and 
the subsequent filling of the gaps with molecular mono- or double layers (Fig. 128). 
The preparation of vertical molecular tunneling barriers was carried out with the for- 
mation of an SAM monolayer ofp-dithiohydrochinon on a thin gold wire. After mono- 
layer formation, the wire was mechanically broken in one location. A reconstruction of 
the monolayer on both sides of the gap occurred, prior to reconnection of the two parts 
of the wire by evaporation of the solvent. In this manner an SAM double layer is 
formed2). This breaking technique probably facilitates the fabrication of contacts 
with charge transfer via individual atoms3). 

Theoretical considerations demonstrate the possibility of single photon detection 
with the help of nanostructures. A transduction chain is required that transforms 
photons into an electronic signal. Such a photon counter may be read with a super- 
conducting quantum interferometric device (SQUID)'). 

1) A. Tilke et al. 2000 
2) M.A. Reed et al. 1997 
3) A. Richter 1993 
4) M.L. Roukes 1999 
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Fig. 128 
of SAMs in a break junction of a wire (M. Reed et al. 1997) 

Preparation of molecular tunneling barriers by the formation 

7.3.3 
Quantum Dots and Localization of Elementary Particles 

‘fie transformation from classical electronic behavior to quantum behavior in associa- 
i.ionwith theminiaturization ofdevices is clearlyvisible fora reduction oftwo dimensions 
(quantum wire), but is significant for structures confined into all three directions, the 
quantum dots (QD). This so-called quantum size effect (QSE) applies when the dimen- 
sions of a solid drop below the de Broglie wavelength of valence electrons. 

Quantum dots are generated by extremely high-resolution lithography or through 
the control of the segregation in solids or growth processes of solids in the early stages 
of seed formation, e. g., with vacuum deposition processes. An elegant alternative is 
ihe generation of clusters. It has the advantage ofhighly defined particles of a fixed size 
and sometimes even a fixed number of atoms in the clusters. Thus the generation of 
chains of superclusters of 6 nm diameter from a liquid phase of clusters has been 
observed, and each supercluster consists of 1 3  subunits of the cluster 

Nanostructures are applied to visualize quantum effects on nanostructures. It is 
possible to create metal islands that contain individual electrons and allow the visua- 
lization of these particles with their dual wave and particle characteristics. A ring- 
shaped quantum coral of 48 Fe atoms was fabricated on a crystalline Cu surface 
and represents one of the most stunning results of early nanotechnology. STM can 
be used to visualize the structure of a standing wave with concentric potential extrema 
inside a ring of 14.3 nm diameter, at low temperatures, and this was interpreted as 
being the wave structure of a surface-bound electron2). Nanostructured islands, which 
trap individual charges, are key structural elements for single electron devices. 

[A~5S(PPh3)1*C1G11). 

1) U. Simon et al. 1993 
2 )  M.F. Crommie et al. 1993 
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7.3.4 
Nanodiodes 

I 

Nanodiodes consist of a solid with two nanostructured and electrically conductive elec- 
trodes that are separated by a less conductive zone. Instead of a reduced classical con- 
ductivity, a tunneling barrier is also possible. 

Nanodiodes can be prepared by local writing of barriers using local oxidation with 
conductive AFM. Thus a metal-isolator-metal (MIM) contact was fabricated by oxi- 
dizing 3-4 nm thick niobium structures in about 70 nm wide strips. Local oxidation of 
3 nm thick titanium layers by STM yielded tunneling diodes that are of potential inter- 
est for switching processes in the sub-picosecond range'). 

Instead of individual islands or nanoparticles, small arrays of nanoparticles are also 
applicable as electron islands in an electrode gap for SET devices. These devices utilize 
the Coulomb blockade, that is the change in transfer probability for electrons through 
two serial barriers due to the change in the charge of a small conductive island by just 
one elementary charge (cf. Section 7.3.5). A Coulomb blockade has been demonstrated 
in a nanostructured 30 nm gap with gold clusters of 1-3 nm diameter2). 

1) K. Matsumoto et al. 1996 and 1997 
2) E.M. Ford and H. Ahmed 1998 
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A nanodiode with a molecular monolayer as a tunneling barrier and a gold nanoclus- 
ter for electron confinement was prepared by deposition of a biphenylendithiol layer 
on an Au substrate prior to incubation with Au nanoparticles on this SAM. By utilizing 
an STM tip positioned on an Au cluster, controlled transport of a single electron could 
be demonstrated’). A strong diode effect was found on an Au and Ti/Au wired mono- 
layer ofp-thioacetylbiphenyl. This structure was prepared through a 30 nm aperture in 
a freestanding Si,N, membrane. The diode exhibited a current of more than 400 nA at 
0.4 V in contrast to -1.3 nA at -0.4 V. The asymmetry in the molecular structure is 
probably the main reason for the extremely asymmetric current-voltage plot2). Inves- 
tigations into the electron transport in monolayers of ordered organic molecules with a 
high proportion of n-electrons led to the suggestion that the individual molecules 
could be considered as electronic nanoconfinements separated by tunneling bar- 
riers. Therefore, a molecular monolayer of such n-electron rich molecules shows a 
similar behavior to that of a two-dimensional array of tunneling contacts3). 

Nanoelectrodes with extremely small spacings were prepared by cathodic deposition 
of Cu on covered planar gold microelectrodes and anodic back etching. These electro- 
des were used for the adsorption of small ensembles of molecules (Fig. 129). The 
adsorption could be detected by changes in the conductivity4). 

Variations of the substitutuents on benzene adjust the barrier height of tunneling 
diodes with molecular tunneling barriers. An Au/GaAs diode with such an organic 
barrier exhibits a low tunneling barrier to electron drawing substituents (-CN), and a 
high barrier to electron pushing substituents’). 

7.3.5 
Electron Islands and Nanotransistors 

The fabrication of transistors with critical dimensions in the medium nanometer 
range depends on sufficiently thin layers of isolating material for the separation of 
the gated electrode. An Si field effect transistor with a gate length of 25 nm and a 
distance of 70 nm between the source and the drain electrode was realized using a 
molecular monolayer of alkyl trichlor silane as the gate barrier‘). 

The important principle for single electron transistors is control of the electron 
transport over a small conductive island (electron confinement) that is wired by 
two contacts (source and drain)”. The loading of such an island by an individual 
charge increases the barrier for the transfer of a second charge onto the island sig- 
nificantly, if the island is sufficiently small. This Coulomb blockade effect can be 
modulated by external fields, so that further electrodes can be used as gates (Figs. 
130 and 131). A requirement for such switching devices is a layer thickness below 
‘5 nm for the tunneling barriers’). Contact pairs that separate an electrically conductive 

1) R.P. Andres et al. 1996 
2) C. Zhou et al. 1997 
3) W.A. Schooveld et al. 2000 
4) C.F. Li et al. 2000 
5) A. Vilan et al. 2000 

6)  J. Collet and D. Vuillaume 1998 
7) T.A. Fulton and C.J. Dolan 1987 
8) H. Ahmed 1997 
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confinement from the wiring electrodes can be realized by in situ oxidation of pre- 
structured electrodes and subsequent deposition and structuring of the confinement 
material (Fig. 132)'). 

An SET transistor working at G K has been prepared in highly doted Si. The primary 
structure was written by electron beam lithography into a PMMA mask layer and 
transferred by RIE with a Ti mask into the 15-20 thick functional layers. Oscillating 
voltage-current characteristics were observed that confirm an SET process2). Nb/Nb 
oxide structures written by AFM oxidation into 2-3 nm thick Nb layers yielded an SET 
transistor working at 100 K. The width of the lines oxidized by AFM was 10-25 nm, 
but a barrier width that is efficient for the tunneling process is significantly smaller3). A 
room temperature SET transistor was produced in granular palladium using an A1 
gated electrode dielectrically coupled by an A1,0, layer. Source and drain electrodes 
were prepared by a shadow mask, which was fabricated by EBL in a PMMA double 
layer about 0.1 pm above the electrode level. The tunneling barrier was geometrically 
adjusted by stepwise changes in the deposition angle4). 

A decrease in the width of the electron confinements is achieved by controlled oxi- 
dation starting from the edges. A transistor has been fabricated with P' doted Si (SI- 
MOX process) and an island width below 10nm that exhibited SET-like vol- 
tage-current characteristics up to 129 K5). A room temperature SET effect has also 
been observed with an Si memory structure of a transistor with a floating gated stmc- 
ture of 30 nm width'). Such devices have great potential for future electronic memory 
with 1 bit coded by a single elementary charge'). 

1 )  K. Bliithner et al. 1997 
2) T. Koester et al. 1998 
3) J .  Shirakashi et al. 1997 
4) S.E. Kubatkin et al. 1998 
5) H. Ishikuro et al. 1996 

6 )  A. Nakajima et al. 1997 
7) L. Guo et al. 1997 
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Fig. 133 
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So-called satellite structures of several tens ofnanometers width that are deposited in a 
gap between the source and the drain can perform as electron confinements and lead to 
SET transistor arrangements that show strong oscillations ofthe conductivity dependent 
on the gate voltage at 28 K*). Particularly small islands were prepared by the deposition of 
extremely small metal droplets from a metal ion source (Fig. 133). These islands with 
diameters of about 1 nm show Coulomb blockade effects up to 200 Kin a 10 nm gap of a 
quadrupole electrode arrangement2). Evaporation also yields small islands with fairly 
regular size distribution, which can be used as electron confinements in SET devices3). 
This technique is based on the fact that for lower energies ofthe deposited atoms and low 

1 )  A. Fujiwara et al. 1995 
2 )  C. Vieu et al. 1998 
3) K.-H. Park et al. 1997 
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mobility of the deposited atoms on the surface, a multiplicity of seeds is formed. In 
contrast to standard thin film preparation, the process does not proceed to cover the 
surface completely, but is interrupted before a conductive connection between the 
electrodes is formed. With this technique, tunneling contacts were prepared with small 
ensembles of grains with about 2 nm diameter and grain distances below 2 nm in 
electrode gaps of 5-50 nm. The resulting networks of tunneling barriers and islands 
exhibited voltage-current characteristics typical for SET processes'). 

1) M. Mejias et al. 1998 
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In addition to noble metal particles, nanocrystals of compound semiconductors 

such as CdS can also act as nanocontacts'). Tunneling barriers with better geometric 
definition are achieved when electrodes and metal particles or islands are separated by 
a molecular monolayer instead of random seed formation or deposition and separation 
by air (Fig. 134). Therefore, the electrodes of the contact are covered by a monolayer 
prior to deposition of the island metal2). Control of single electron transport also suc- 
ceeds in carbon nanotubes. In bundles of single walled nanotubes deposited on an 
isolating gated electrode, a sharp modulation of the single electron transport has 
been detected3). Single electron tunneling transistors do not require a complete 
gap between the source and drain. Often a narrowing of the source-gate connection 
down to nm dimensions is sufficient to reduce the transfer probabilities of electrons 
significantly. Such tapered structures apparently generate Coulomb islands, so that the 
restricted wire acts as a system of two external electrodes, two (or more) tunneling 
barriers and the respective number of Coulomb islands. If such zones are capacitively 
coupled with gated electrodes in close proximity, the transport of individual electrons 
can be modulated. 

The formation of an electromechanical modulated single molecule structure was 
achieved through the deflection of a C,, molecule using the mechanical pressure 
of an STM tip. A modulation of the conductivity was measured that corresponded 
to an amplification factor of s4). 

SET Transistors with Chemically Modified Nanoparticles as Electron Islands 
If an individual or an ensemble of nanoparticles surrounded by a tunneling barrier is 
situated in a nanoelectrode arrangement, the particles can form electron islands for the 
transport of single charges (Fig. 135). Ifthe particles create a conductive chain between 
two of the electrodes in a three-electrode arrangement, with the position of the third 
electrode being a distance away that is greater than the tunneling distance, then this 
electrode can be used as a gate, and a nanoparticle SET is produced'). An SET-tran- 
sistor based on an individual metal nanoparticle positioned along an extended DNA 
molecule located in a microelectrode arrangement has been proposed'). If n particles 
modified by a dielectric surface layer are arranged in a chain, they generate n + 1 
tunneling barriers. Charges are transported by a hopping process, and the gated elec- 
trode controls all electron islands simultaneously (Fig. 136). A Coulomb blockade ef- 
fect has been demonstrated at 4.2 K with individual gold particles of 2-5 nm diameter 
arranged in a gap of less than 10 nm between two planar gold electrodes7). 

In principle, SET devices controlled by mechanical means should also be feasible 
through movement of the electron island between the source and drain electrode. 
Such a device requires that the turning points of these oscillations - which means 
on the points of highest electron tunneling probabilities - the dwell time is longer 
than the electric time constant of the RC-circuit'). 

1) D.L. Klein et al. 1997 
2)  D.L. Klein et al. 1996 
3) M. Bockrath et al. 1997 
4) C. Joachim and J.K. Gimzewski 1997 
5) U. Simon 1999 

6 )  W. Fritzsche et al. 2002 
7) S.H.M. Persson et al. 1999 
8)  C. Weiss and W. Zwerger 1999 



I 231 
7.3 Nanoelectronic Devices 

7.3.6 
Nanoswitches, Molecular Switches and Logic Elements 

Switching processes can be supported by electronic, mechanical or material changes. 
When approaching the dimensions of single molecules, the borders between these 
three principles disappear. Molecular movements are linked to electronic pro- 
cesses, and on the other hand, electronic transfers lead to, at least temporarily, 
changes in the chemical structure. 

Nanoswitching processes are not limited to tunneling effects or single molecular 
processes. In addition, the nanomorphology of complex materials provides possibili- 
ties for nanoelectronic switching. One example is the use of the spontaneous spatial 
organization of domains in block-polymers with a sequence of electron-conductive 
sections to control the electrical conductivity. Mixtures of pentadecylphenol with poly- 
styren-poly-p-vinlypyridin block-copolymer that has been protonated with methylsul- 
fonic acid exhibits thermally controlled electrical conductivity. This effect is caused by 
molecular reorientation processes from a lamellar domain structure with character- 
istic dimensions of 35 nm and 5 nm at 100 ’C over a non-lamellared block structure 
(with increased conductivity) into a matrix structure with integrated columns with 
distances of about 28 nm at 150 ‘C’). 

Circuits with two or more electron islands, which are coupled via tunneling barriers 
and capacitively controlled by another electrode, are discussed as basic elements for 
SET logics2). Coulomb blockade effects that lead to the reversal of the current paths 
were demonstrated at 30 K for a structure of two Si nanoconfinements with lateral 
dimensions below 50 nm integrated in a T-shaped electrode arrangement. The is- 
lands probably interact with each other by capacitive means and influence the single 
charge transport on the other island, respectively3). A room temperature single elec- 
tron transistor was constructed by electron beam lithography of aluminia4). The lim- 
ited efficiency of the potential on a single gated electrode is compensated for by a 
second gated electrode resulting in a logical “AND”. Array arrangements of electrodes 
have been produced that transfer single electrons between adjacent islands5). Beside 
logic elements, other electronic functions such as amplification and memory are pos- 
sible applications for SET devices‘). 

Metal clusters of 55 gold atoms surrounded by a tunneling barrier provide the 
charge transfer inside clusters by two electrons, but the tunneling between clusters 
requires several electrons. If several clusters are wired to the outside, tunneling reso- 
nance resistors (TRR) are generated that cut their electrical resistance on application of 
the resonance frequency, even at room temperature, in half. So cellular automatons of 
tunneling elements can be fabricated based on such clusters’). 

1) 0. Ikalla et al. 1999 
2) K.K. Likharev 1988 
3) A. Fuliwara et al. 1999 
4) Y.A. Pashkin et al. 2000 
5)  L.J. Geeligs et al. 1990 

6)  K. Yano et al. 1994 
7) U. Simon et al. 1993 
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7.4 
Nanooptical Devices 

I 

7.4.1 
Nanostructures as Optical Sensors 

Chloroplasts of green plants have two complex supermolecular architectures which 
have two main objectives: the efficient absorption of photonic energy and the trans- 
formation and efficient use of this energy in chemical processes. Chromophore sys- 
tems are used for the first objective: they absorb the photons in antenna arrangements, 
and transfer the photon energy as electronic excitation energy into the photosynthesis 
center. Synthetic molecules have been developed for this antenna function. They in- 
clude dendrimers with a central conversion element that is linked by branched con- 
necting elements with a periphery of chromophorous absorption elements. The outer 
chromophores and the inner chormophorous element are thereby completely con- 
nected by covalent bonds. The feasibility of this concept was demonstrated by the 
fluorescence of a central dye unit'). Cumarin and cumarin 343 were used as donor 
and acceptor dyes, respectively. The energy transfer between an antenna and a con- 
version unit is probably based on a dipole-dipole mechanism. 

Molecular nanoarchitecture and complexes of molecules and nanoparticles are uti- 
lized as key elements for novel optical sensors. The chemical specificity of the binding 
of functionalized nanoparticles has been combined with the high optical absorption of 
nanoparticles in optical biosensors2). As a result of their light absorption and the co- 
operative effect of the reflection and diffraction of the light, they are utilized in labeling 
of molecular binding reactions3). The nanoparticle thereby acts as a marker for a cou- 
pling reaction on a solid substrate surface. Optical detection is enhanced by an arrange- 
ment of layers including a mirror layer below a binding layer for the coupling of the 
nanoparticles. A thin optically transparent distance layer between these two layers 
amplifies the signal even further4). A significant improvement in sensitivity of the 
optical readout is achieved when the metal nanoparticles bind in the proximity of 
optical apertures that have diameters with the same dimensions as the nanoparti- 
cles. The probability of photon transmission through holes or apertures in the sub- 
micrometer range is significantly decreased by the presence of metal nanoparticles, so 
that an individual binding event could lead to a significant effect. 

Interesting possibilities for optical nanosensory applications are provided by the 
combination of optically active inorganic solid structures and molecular chromo- 
phores. Energy transfer between inorganic and organic elements can be highly effi- 
cient. Theoretical calculations indicate that the energy of semiconductor quantum 
wells can be transferred over short distances (5 nm) onto organic chromophores in 
a short period of time (10-100 ps)'). 

1) S.L. Gilat et al. 1999 
2) G. Bauer et al. 1999 
3) L. He et al. 2000, J. Reichert et al. 2000 
4) G. Bauer 1999 
5) D. Basko et al. 1999 
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Metal solids with dimensions in the nanometer range as well as thin layers exhibit 
characteristic plasmon resonance. Nanostructured layer elements or metal clusters 
can be utilized for the control of optical processes, because their dimensions, shape 
and orientation influence both the wavelength of maximal light absorption as well as 
the interaction cross-section depending on the polarization direction’). 

Fluorescent nanoparticles are an interesting alternative as markers for the detec- 
tion of molecular binding events. For diameters in the lower nanometer range 
(2-5 nm), molecules labeled with these particles are still able to react highly speci- 
fically, because of the low strength of non-specific interactions. The particle diameter 
controls the fluorescence wavelength. Choice of particle size and material allows a 
broad optical range between the IJV and the N I R  to be addressed. Applicable materi- 
als are, e.g., the compound semiconductors CdSe, InP, ZnS, CdS and InAs’). In 
addition to these inorganic particles, organic nanoparticles are also applicable. There- 
fore, fluorescence dyes are incorporated into polymer particles that are surface-func- 
tionalized. Thus a well-defined and relatively rigid chemical environment is provided 
for the organic fluorophores, in order to enhance the relaxation behavior and the 
stability of the quantum yield. By the use of different dyes, a multi-channel analysis 
is possible’). 

7.4.2 
Nanostructured Optical Actuators 

The term optical actuators includes devices that generate and emit photons. The layer 
thickness, optical semiconductor luminescence and laser diodes are all within the 
nanometer range. Low vertical dimensions are essential for charge recombination 
and the emission of the photons generated by this process. The layers extend laterally 
usually over several hundreds of micrometers, so that these devices are not included in 
nanotechnology in the narrowest sense. 

Very small dimensions in all three directions are required for quantum point light 
sources. Emitters with diameters comparable to the diameter of exciton radii are 
distinguishable through the high stability with respect to the wavelength, extremely 
high robustness towards changes in excitation current and temperature as well as by 
a relatively low threshold of the excitation current density4). A high light yield can also 
be realized by compound semiconductors. Three-dimensional arrays of small tetra- 
gonal pyramids of InAs with dimensions of 8 to 14 nm embedded in a GaAs matrix 
show laser characteristics at working temperatures of between 100 and 130 K’). In 
addition to InAs, InGaAs and InP were also used as quantum dot laser materials (cf. 
Table 8). 

1) J.-C. Weber et al. 
2 )  M. Bruchez Jr. et al. 1998, D. R. Larson et al. 

3) J.R. Taylor et al. 2000 
4) D. Bimberg et al. 1997 

5) D. Bimberg et al. 1996 

2003 
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Tab. 8 Quantum dot lasers.’) 

Material Structure Emission Current Working Year Refe 
size wavelength threshold temperature rente 

density 

I n A S  7 nm 0.9 pm 1000 A cm-’ 300 K 1994 2, 

InGaAs 30 nm 1.26 pm 7600 A cm-’ 77 K 1994 ’’ 
InGaAs 20 nm 0.92 pm 800 A cm-* 85 K 1995 
InP 25 nm 0.7 pm 25 kW cm-2 300 K 1996 ’) 

(optical excitation) 

It is likely that systems with delayed fluorescence or electroluminescence of indi- 
vidual photons are possible through single nanoparticles‘). Instead of inorganic solids, 
organic polymers are also appropriate materials for luminescence diodes where there 
is a sufficiently high density of conjugated double bonds. For example, polyparaphe- 
nylenvinylen exhibits a high electrical conductivity and is used as a material for organic 
light diodes’). By integration of electrically conductive polymers such as substituted 
polythiophenes in a nanoporous membrane and wiring by a metal base electrode 
and at least a partially transparent membrane electrode, organic light diodes have 
been constructed’). 

Small dimensions in two directions are typical for field emitter devices. They gen- 
erate photons via the field-based emission of electrons from a cathode, which are then 
accelerated over a short distance onto a luminescent material. To achieve large elec- 
trical field strength (about 0.3 V nm-’) with moderate voltages, the gaps between the 
cathode and counter electrodes should be as small as possible. Therefore, nanolitho- 
graphically prepared cathode tips were constructed opposite plane anodes, separated 
by a distance in the sub-pm range. For the diameter a hole in a gated electrode of 1 pm, 
a distance to the emitter tip of 500 nm, a gate voltage of 130 V and an anode voltage of 
600 V had to be used. Concentric positioning of the cathode in micro hole apertures of 
the counter electrode requires tip diameters in the medium to lower nanometer range. 
In addition to the concentric arrangement, microtechnical edge emitter arrangements 
have also been described with gap sizes in the sub-pm down to the nanometer range. 
These techniques are also applicable for the preparation of whole arrays of similar 
emitters”). The fabrication of field emitters in small gaps in metal electrodes can 
be achieved, for example, by oxidation on tapered structures. Such p Si field emitters 
have been prepared with gap widths of 10 and 160 nm, resulting in electron emission 
currents of up to 12 pA per individual element”). 

Nanostructured electrical conductors of carbon exhibit field emitting properties, in a 
similar manner to small metal structures. Therefore, carbon nanotubes can be utilized as 

1) after D. Bimberg et al. 1997, table 1 
2) N. Kirstaedter et al. 1994 
3) H. Hirayama et al. 1994 
4) H. Shoji et al. 1995 
5) A. Moritz et a]. 1996 

6) H. Weller 1998 
7) F. Geiger et al. 1993 
8)  M. Granstrom et al. 1995 
9) D.F. Moore 1994 

10) H.I. Lee et al. 1998 
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field emitters. High radiation yields ofup to 100 pA cm-2 can be achieved with a screen 
electrode positioned 20 pm above ;I layer of carbon nanotubes’). Superior field emitting 
properties were found for carbon nanotubes with tips opened up by laser treatment2). 

7.4.3 
Nanooptical Switching and Conversion Elements 

The exact mechanical control by a micro actuator is used in waveguide-type optical 
devices that rely on the so-called nanomechanical effect of integrated optics. A 
wave passing through an exposed optical waveguide is sensitive to objects that enter 
the region of the evanescent field even without touching the waveguide. The nearer the 
approach, the larger the interaction due to the diffraction indices or a resonant cou- 
pling. Typical distances are in the range of a few nm up to about 100 nm. Such na- 
notechnical light modulators are, e. g., prepared through Si rnicromechanics by bond- 
ing a movable component with a planar surface onto a lithographically prepared gap in 
the waveguide substrate”. 

Transducers based on this principle can also be applied for all types of influences 
that induce small changes in the location ofmicro- and nanocantilever tips. In addition 
to direct mechanical force, these are, for example, small changes in temperature, var- 
iations in the surface charges, magnetic or electrostatic effects. 

7.5 
Magnetic Nanotransducers 

The discovery of the giant magnetoresistive (GMR) effect in extremely thin magnetic 
layers separated by a nonmagnetic layer in a stack made nanolayers the focus for 
lateral microstructured magnetic devices4). At 4 K, a magnetoresistive effect of 
100% was observed on an Fe/Cr multilayer system’). The thicknesses of individual 
layers were about 1 nm, which means just a few atomic layers. While such multilayer 
systems of ultrathin inorganic layers are interesting for sensors and highly-integrated 
magnetic memory, soft-magnetic structures provide the possibility of producing elec- 
tron spin valves as fast switching devices, which excel because of the extremely low 
power dissipation and the low voltage requirements6). 

Magnetic materials nanostructured in all three dimensions were constructed by 
cathodic deposition of alternating metal layers in nanoporous polymeric matrices. 
Therefore, nuclear trace membranes with 40 nrn pore widths were applied onto a 
conductive substrate. Alternating deposition of Co and Cu layers resulted in the fab- 
rication of nanowires that exhibit the GMR effect (Fig. 137). The magnetoresistive 
effect for 0.8 nm thick Cu layers was 15 % measured along the nanowires’). 

1) W.A. de Heer et ai. 1995 
2) A.G. Rinzler et al. 1995 
3)  C. Gui et al. 1999 
4) M.N. Baibich et al. 1988 
5 )  M.N. Baibich 

6 )  B. Dieny et ai. 1991 
7) L. Piraux et al. 1994 
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Principle of a magnetoresistive detection for biosensory applications 

Magnetic storage and readout with pixel densities of around 10 pm-2 can be realized 
by magnetic structures prepared by nanoimprint technologies. Therefore, a resist layer 
is deposited on a magnetic layer and shaped by a stamp. Subsequently, the resist is 
removed from the thin regions by a dry-etching step. A second etch step transfers the 
resist pattern into the magnetic layer. This procedure results in a periodic pattern of 
magnetic elements with their magnetization orientation changed and the readout is by 
magnetic scanning probes'). 

1) L. Kong et al. 1997 
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Magnetic scanning probes represent nanostructured elements. They can be applied 
either as a sensor or as an actuator". They are able to magnetize soft-magnetic materi- 
als down to the sub-pm range2). 

The detection of small local magnetic fields by microstructured GMR sensors can be 
applied for the generation of highly sensitive transduction chains for molecular sen- 
sors based on a magnetoresistive readout (Fig. 138). Therefore, instead of the fluor- 
escence or radioactive nanoparticles normally used, magnetic nanoparticles are ap- 
plied for molecular labeling. After binding of magnetic nanoparticle-labeled biomo- 
lecules onto the surface of the GMR sensor, the change in the local magnetic field 
induces a change in the conductivity of the multilayer resistor system, which can 
be easily recorded by electrical means3). To achieve an optimal signal for small nano- 
particles, GMR sensors with minimal lateral dimensions are needed. Such sensors 
would probably provide the means for the detection of a small number or even indi- 
vidual small nanoparticles, with their advantage of reduced non-specific binding com- 
pared with larger particles with higher magnetic signals. 

7.6 
Chemical Nanoscale Sensors and Actuators 

The geometrical matching of molecules and their functional groups plays a central role 
in the specificity of biologically functional molecules, such as antibody/antigen or 
enzyme/substrate systems. This key-lock principle also can be applied for the recog- 
nition of molecules with synthetic sensors. One approach towards molecular recogni- 
tion structures is using three-dimensional matrices with embedded and subsequently 
(after stabilization of matrix) dissolved template molecules. The remaining cavities in 
the matrix represent the geometry of the template molecules. This molecular imprint- 
ing technique applies for example to spatial cross-linked polymers (Fig. 139). A draw- 
back of these three-dimensional networks is the difficulty in accessing these cavities 
from the outside. A significantly enhanced accessibility is achieved by two-dimen- 
sional imprint structures that are prepared by SAM and which are compatible with 
planar technology. Through this approach, a high specificity for the recognition of 
barbituric acid was achieved with the help of thiobarbituric acid integrated into a ma- 
trix of dodecanthiol on gold (Fig. 140). Such structures are candidates for the construc- 
tion of artificial sensors4). 

Very low concentrations can be detected by the adsorption of molecules onto the 
surface of micro- and nanostructured cantilevers'). The adsorption of the molecules 
results in a change to the mechanical strain of thin cantilevers. This effect yields a 
slight deflection, which can be detected by a light pointer, as in the case of scanning 

1) P.C.D. Hobbs et al. 1989, D. W. Abraham et al. 

2 )  T. Ohkubo et a]. 1991 
3) H. Briickl et al. 2000, R. L. Edelstein et al. 2000, 

J .  Schotter et al. 2002 

4) V.M. Mirsky et al. 1999 
5) J. Fritz et al. 2000, R. McKendry et al. 2002 1990 
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Fig. 141 Wiring of an electro- 
less metallized tubulin assem- 
blage (arrow) to microelec- 
trodes by EBD nanoelectrodes 
(arrowheads) (W. Fritzsche et al. 
1999b) 

force microscopes. Standard sizes for cantilevers are thicknesses of 1 pm and widths of 
about 100 pm, which means that the mechanical transducers are not on the nanoscale. 
However, their detection principle relies on the adsorption of molecules in a sub- 
monolayer and a detection of deflection in the lower to medium nanometer range. 

Biosensors already represent classical devices as examples of micro system technol- 
ogy. They include typically ultrathin, often mono- or sub-monomolecular layers as 
active surfaces of nanostructured components. Owing to the universal importance 
of electrical parameters in signal processing, the integration of individual molecules 
in nanoelectrode arrangements is of particular interest. The combination of nanolitho- 
graphy with selective immobilization techniques enables the integration of molecular 
ensembles or single supermolecules into planar electrode arrangements'). These 
methods are interesting for both the physical characterization of individual molecules 
and nanowiring approaches (Fig. '141)21. Nanobiosensors include devices that achieve 
specific molecular recognition through the nanogeometry of larger molecules, based 
on a topological match but also on the geometrically defined arrangement of several 
functional or specific binding groups. The geometry of biomolecules can be trans- 
ferred by imprinting processes in a negative mould. This technique lies between 
that of molecular imprinting techniques and the embossing of solid substrates. 
'The imprinting of proteins has to be very gentle to preserve the three-dimensional 
structure of these sensitive molecules. Moulds in a Teflon-like matrix have been fab- 
ricated by first adsorbing the proteins on mica prior to covering with a thin disacchar- 
ide layer. The sugar layer protects the protein in the subsequent generation of the 
matrix of a perfluorohydrocarbon by plasma deposition of perfluoropropen. After sta- 
bilization of the matrix by a fixed glass substrate, the mica was removed and the pro- 
tein dissolved. A cavity remains that matches the shape of the protein and which can be 
used for the recognition of this protein (Fig. 142). Instead of the plasma embossing, 
also the use of microcontact printing procedures for the generation of such surfaces 
:jhould be possible3). 

The term nanoreactor has already been applied to devices working in the nanoliter 
range. The volume unit nanoliter correlates with a length of 100 pm and is therefore 
outside of the limit of 100 nm for nanostructured technologies. Therefore, nanoreac- 
tors are not considered here. However, some devices for the processing and separation 

1) E. Braun et al. 1998, C. I. Li et al. 2000 
2 )  W. Fritzsche et al. 199% 
3) H. Shi et al. 1999 
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Fig. 142 
for molecule-recognizing surface topographies (H. Shi et al. 1999) 

Imprinting of the three-dimensional geometry of protein molecules 

of cellular portions or large molecules that are used in nanoreactors exhibit function- 
ally important dimensions in the nanometer range. So arrays of nanostructured col- 
umns have been used for the separation of mixtures of DNA molecules in electrical 
fields'). The retention or the passage of single molecules is determined by the pore size 
of the sieve-like nanostructure, and by the size and folding state of the molecules. The 
passage of DNA through nanopores allowed the characterization of voltage-driven 
transport at the single molecule level2). In addition to lithographically prepared nanos- 
tructures, spontaneous processes are also utilized for the fabrication of nanopores in 
semiconductor layers, such as nanoporous silicon by photoelectrochemical etching of 
silicon single crystals. 

One can expect an increasing number of developments involving the combinations 
of subcellular and biogenic molecular functional elements with artificial compart- 
ments and nanotechnological material management. A particular role in this process 
is played by architectures of geometrically defined lithographically prepared micro- 

1) S.W. Turner et al. 1998, s. W. Turner et al. 2002 
2) A. Meller and D. Branton 2002 
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Lithographically fabricated nanopore covered by a molecular bilayer with an integrated 

and nanopores and molecular mono- and double-layer structures (Fig. 143). Mem- 
brane proteins with enzymatic or porous functions and also molecular machines 
could be incorporated into such structures. The integration of cell components in 
microstructured compartments with controlled exchange of materials will lead to 
new types of biosensors and bioreactors as well as to new models of cells with minimal 
biological function. Such systems are interesting for the investigation of cellular me- 
chanisms, of cellular communication and the development and testing of new bioac- 
tive components. 

The differences between nanoreactor applications and single cell handling techni- 
ques diminish for decreasing volumes and numbers of cells. Biogenic macromole- 
cules can be manipulated as single particles using physical and microtechnical 
tools. Hence DNA immobilization is well established. DNA can be oriented in shear 
forces induced by fluid flow or by an electrical field due to the negative charges of the 
phosphate residues along the molecule. It can be manipulated by the tip of a scanning 
probe microscope. Using fluorescence labeling, one can watch how an individual DNA 
molecule is divided enzymatically and how the fragments diffuse away'). The transla- 
tion of the products can be controlled by micotechnical channels or wells2). 

I )  Schafer et a1 2001 
2 )  J .  Yuqiu et al. 1992 





8 
Tech n ical N anosystems 

8.1 
What are Nanosystems? 

This book emphasizes methods fix fabrication on the nanometer scale. The applica- 
tion of nanostructure techniques usually leads to devices that have to be integrated into 
systems in order for them to be of m y  use. The term technical nanosystems is used in a 
wider sense to describe technical arrangements with the following properties. 

1. An independent function that is usable externally. 
2. A defined geometric correlation with an external technical arrangement. 
3. An integration into an external functional environment by appropriate interfaces. 
4. The use of at least one unit with nanometer dimensions that is essential for the 

functioning of the device. 

In general, nanosystems include all technical arrangements that have the character of 
such a system, which means setups that take signals from the environment or a inem- 
ory and transform them into actions, with the proviso that one or more essential ele- 
ments has critical dimensions in the nanometer range. If the essential nanoelement is 
defined on the basis of this extended definition for nanostructures, then technical 
nanosystems are actually a reality. In the wider sense, all modern solid state circuits 
are examples of nanotechnology: the thickness of gate oxides in solid-state transistors 
is about 10 nm, and their lateral dimensions are in the sub-pm range, so they fulfill the 
definition. Hence for many years the broad use of nanotechnical systems has been 
observed. However, nanotechnical systems in the narrower sense of the geometrical 
definition of nanostructures (two dimensions below 100 nm) are also highly devel- 
oped, and some applications already exist, with more developments well on the way. 

Strictly speaking, nanosystems are only systems that have outer dimensions in the 
nanometer range. In contrast to individual units and devices, because a system has to 
fulfill several functions, a whole series of such functions has to be realized, e. g., from 
the sensory signal detection or a data recall, through to processing of the signals and 
data to a nanotechnical action. Co-inbining these system-technical requirements with 
engineering practicabilities (the nanosystem has to be integrated into an external co- 
ordination system) leads to systems that have to be constructed from single molecules 
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or clusters that are able to orient themselves geometrically and that are integrated by 
self-assembly processes into an external geometry of a micro- or even macroscale en- 
vironment. 

While a number of examples exist for technical nanosystems in the wider sense, the 
development of nanosystems in the narrowest sense is limited to the study of such 
systems in nature and to concepts that either scale down units from the classical me- 
chanical or microtechnical world to the nanometer range or that transfer examples in 
nature to technical problems. 

I 

8.2 
Systems with Nanocomponents 

Virtually all nanosystems developed are arrangements with one or more key compo- 
nents in the nanometer range, but with other areas exhibiting microtechnical or 
macroscopic dimensions. A typical example is scanning probe microscopes: their elec- 
tronic control units and their tip holders are microtechnical devices, the table and other 
mechanical parts are highly precise but have dimensions in the mm to cm range and 
are therefore macroscopic, and only the scanning tip (or more precisely the radius) 
exhibits nanometer dimensions. 

Processes in nanostructures show, typically, small amplitudes, low particle numbers 
or low energies. For a constant noise level, downscaling leads to a decrease in the 
signal-to-noise ratio. Furthermore, entering the nanometer range means approaching 
atomic dimensions and so that quantum dynamic processes, such as quantum fluc- 
tuation and uncertainty in position and impulses of single particles play a greater role. 
Provided systems are limited to the inclusion of just one or a few nanoelements, the 
requirements with respect to the reliability of this system in fulfilling certain opera- 
tions are moderate. In the case of several connected nanotechnical devices, failures 
become an issue. This problem becomes serious when the miniaturization down 
to the nanometer range is used to connect a great number of nanodevices in order 
to achieve a high integration. 

Acceptable failure probabilities for highly integrated nanodevices can be achieved by 
providing the systems with significant redundancy. The failure problem is important 
for systems that are based on the controlled transport or conversion of individual ele- 
mentary particles or quanta. This applies for single electron devices (SED), including 
systems that utilize the tunneling or the control of tunneling of individual electrons 
(single electron tunneling devices), but also cellular quantum automaton (QCA) de- 
vices. The latter use the flipping of occupation states in square arrays with 4 quantum 
dots, which creates elementary logic cells. For integrated SED or QCA devices, which 
contain for example 10l1 individual devices and will work at 1 GHz, a redundancy of 
between 10 and 100 is required'). Nanometer dimensions for individual devices are 
interesting, because such a high integration density for information can be realized. 

1) S. Spagocci and T. Fountain 1999a and b 
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High densities can be achieved, for example, by the use of electron occupation in 
quantum dots, in individual molecular orbitals or the orbitals of small ensembles 
of molecules in regular arrangements. With quantum dots, wireless storage and pro- 
cessing systems are possible that work with single electrical charges and allow for very 
high operation densities. The working principle could be cellular automatons based on 
addition elements’). Plane arrang.ments of molecules in monolayers, as, e. g., in LB 
films, are suitable for the realization of high-density storage. They could work as shift- 
ing registers, with donor and acceptor molecules or photoconductive and isolating 
molecules positioned relative to each other and so the electron transport is controlled 
perpendicularly to the molecular layers. The transport of electronic information can be 
realized by either pulses of an eleciliical field or, for photoconductive materials, by light 
pulses2). 

Highly complex logic devices with nanostructures fabricated by scaling of the critical 
dimensions of the electronic sold-state devices to below 100 nm will be mass pro- 
duced in the near future. There an? also developments regarding alternative electronic 
information processing systems with logics based on single electron tunneling pro- 
cesses. Devices with tunneling barriers 1-2 nm thick and electron confinements of 
some tens to a few hundreds of nanometers have been combined in simple circuits 
that work only at low temperatures (<4 K). 

An ultimately nanometer-scaled system for information processing has been pro- 
posed using the shift of individual atoms in a chain of atoms adsorbed onto a solid 
substrate. Such atomic switch units enable logic as well as storage devices. This par- 
ticular vision includes the arrangement of a computer working in the THz range with 
10’ logic elements and lo’ storage units on an area of 0.04 mm3). 

8.3 
Entire Systems with Nanometer Dimensions 

Nature provides a number of examples for a variety of complete systems in the nano- 
meter range. They are determined by functional macromolecules or their complexes, 
but they are not limited to molecular tasks in the sense of chemical processes. The 
sensory and actuator functions extend widely beyond pure chemical processes, 
e. g., into optical, electrical and mechanical transduction. 

In recent years, solutions with nanometer dimensions have found their way into 
classical technical applications. In contrast to nanotechnology, these examples typi- 
cally include materials with phase boundaries in the nanometer range, where the mor- 
phology of the individual phases or the particles show novel and advantageous proper- 
ties. Examples of this group are n(mopartic1e used as dye pigments or nanofibers for 
construction materials. For these technical solutions, the properties of the nanostruc- 
bred components and sometimes a preferred orientation are important, but not the 

1) S.C. Benjamin and N.F. Johnson 1997 
2) E.G. Wilson 1995 
3) Y. Wada et al. 1993 
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geometric position of individual particles or individual phases in their three-dimen- 
sional environment. 

There is no clear distinction between nanomaterials and real nanotechnical devices. 
One approach to the field of nanostructure technology is represented by systems that 
exhibit not only a preferred orientation, but that are also geometrically determined in at 
least one coordinate relative to an external reference system. An example of this ap- 
proach is field emission displays with carbon nanotubes (CNTs) as light sources that 
are oriented perpendicular to the substrate surface in a structured monolayer. CNTs 
provide a significantly enhanced electron efficiency and thus also a better light effi- 
ciency compared with graphite electrodes, so that they are an interesting alternative 
especially for compact displays’). Supramolecular chemistry can synthesize nanosys- 
terns that combine several functions (cf. Section 5.4). In a simple case, compact na- 
noparticles or dendrimers are applied as construction modules. In addition to dendri- 
mers consisting of identical units, hierarchies of branches can also be synthesized by 
forming branches of chemically different partial dendrimers. Organic groups or metal 
ions in complex compounds are possible cores of such dendrimers. The coupling of 
individual dendrimers on substrate surfaces can be realized by integration into a com- 
plete molecular monolayer of a smaller compound. For these monolayers, SAMs of 
alkylthiols on gold substrates are particularly suitable. The integration of alkylsulfide- 
substituted palladium dendrimers into a decanthiol monolayer was shown by AFM 
imaging2). The insertion of chemically active single molecules into an inert monomo- 
lecular matrix allows the generation of disperse individual molecules on solid sub- 
strates. So the integration of a substituted bishydrochinons into a decanthiol layer 
facilitates the chemical generation of nanolocalized Ag, seeds, which can be devel- 
oped into locally fmed Ag nan~particles~). 

For the functional interfacing of the molecular and supramolecular architectures as 
well as nanohybrid structures of molecules and nanoparticles, they have to be inte- 
grated into an environment that is accessible to the structure technologies. This in- 
tegration also assists in the functional coupling between the individual functional na- 
noelements. Owing to the planar technical basis of microtechnology, an integration of 
nanoparticles and molecular nanoarchitectures in planar-technical structures is an 
essential step towards the fabrication of nanosystems. High-resolution lithographic 
methods (Section 4.3) generate structures of less than 100 nm. For typical layer thick- 
nesses of 10 to several hundreds of nanometers, the aspect ratios vary between 0.1 and 
10. These structures could provide the external environment for nanoarchitectures. 
However, the fine positioning, that is locating the binding position with sub-nm pre- 
cision, and the exact orientation of the nanoarchitecture in the planar technical struc- 
ture remains problematic. Regarding this point, a gap of typically 2 orders of magni- 
tude can be observed for most preparations. This gap applies to the positioning and 
orientation, and not to particle size and technical structure size. It cannot yet be closed 
by lithographic techniques. 

I 

I )  W.B. Choi et al. 1999 
2) B.H. Huisman et al. 1999 
3) U.-W. Grummt et al. 1998 
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Nature provides excellent molecular and cellular architectures that have been used 
by mankind for particular purposes. Proteins and carbohydrates, and also cellular and 
tissue structures with their properiies defined in the nanometer range, play an impor- 
tant role in our daily lives. For future nanotechnology, biogenic macromolecules and 
nanosystems should not be solely t;iken as materials, but as individual constructive and 
functional elements. Hence the natural self-assembly principle could be used to pro- 
vide large numbers of componenis. 

There are two ways of utilizing the molecular self-organization of individual parti- 
cles in nanostructure technology: 

(A) To work at the outset with the precision of the smallest component with respect to 
the spatial definition. Therefore, the lithographic techniques have to be developed 
towards atomic resolution. The transformation from material to single particle 
manipulation has to be realized by an enhanced planar technology. The self-orga- 
nization principle for the generation of complex supermolecular architectures 
would start on the exact localized basic structures. 

(B) Self-organized particles pre-syrithesized in or transported through the fluid phase 
are then assembled on the surfalce. Biogenic and synthetic nano modules, also with 
higher complexity, are first produced in larger quantities prior to integration as 
individual components into technical systems. 

Approach (B) represents a radical change in today’s technological strategy. In micro- 
electronic as well as in the whole miicrosystem technology, the miniaturized individual 
components are fabricated as an ensemble in the material, so that in every step oftheir 
production the spatial arrangemeni , the relative positioning to each other, orientation 
and distance are defined. Only the atoms and molecules that generate the materials are 
randomly distributed inside the defined spatial regions. The assemblage of prestruc- 
bred devices happens later at chip level, with millimeter objects containing million- 
fold functional microelements. To use chemical self-organization on freely mobile 
particles, they have to be positioned in defined locations and functionally linked. A 
miniaturization and multiplication of today’s macroscopic robotics technology will 
not be able to fulfill these tasks. It is still unclear how the massive nano assembling 
will occur. It is probable that assisting supermolecular structures are required that 
provide addressable framework stmctures in order to support the assembling pro- 
cess. They provide fine positioning and have to be anchored in lithographically struc- 
tured basic structures providing coarse positioning. 

Complex molecular systems consist of several thousand atoms. Such macromole- 
cules typically exhibit diameters of more than 2 nm in their folded state. Sypersystems 
uith lo3 macromolecular units would have an extension of at least 20 nm even for a 
three-dimensional arrangement. This value is accessible to today’s advanced litho- 
graphic methods, and will also be standard for mass production in the not so distant 
future. Thus further developments will focus on the design of production-ready inter- 
faces and construction principles for the spatial and functional coupling of litho- 
graphic structures and supermolecular structures in the medium nanometer range 
(around 10-30 nm). 
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Chemically functional support structures are required for the exact positioning and 
orientation of nanoarchitectures in planar solid-state structures. These support struc- 
tures assist with their inner molecular structure and their functional groups, a fine- 
tuning of position and an exact orientation of nanoarchitectures in the pla- 
nar-technical environment. Besides the immobilization of molecules from solu- 
tion, also the additional integration of compact nanoparticles with their high mechan- 
ical and chemical stability and their high degree of geometrical definition is of interest. 
A variety of approaches have been developed for the combination of the object classes 
“solid surfaces”, “molecules”, and “nanoparticles”. In addition to the chemical cou- 
pling, aspects of manipulation and orientation of nanoparticles and molecules play 
important roles. A highly ordered network of gold clusters (diameter 3.7 nm) with 
E-electron rich organic monolayers as electrical tunneling barriers was prepared by 
deposition of alkylthiol-coupled Au clusters on an MoS2 substrate prior to substitution 
of the aliphates by aryldiisonitrile’). Dielectric nanoparticles with diameters down to 
about 40 nm can be trapped and shifted by a focused laser beam in solution. As well as 
synthetic beads, biological micro- and nanoobjects in particular are accessible by this 
technique2). Even larger molecules can be manipulated after coupling with dielectric 
particles3). Long DNA molecules can be localized and stretched by this technique, so 
that local operations with the AFM or by enzymes can be conducted prior to micro- 
scopic control4’. An arrangement with two optical tweezers has been proposed to study 
molecular interactions in motor protein systems, such as myosin/actin5). 

While mechanical nanosensors are well established as individual devices for the 
diverse variations of scanning probe microscopy, parallelization of this technique 
is under development in order to combine the high lateral resolution with a higher 
processing speed. Fast scanning probe techniques are not only interesting for micro- 
scopy, but also for data storage and even high-resolution lithography (cf. Section 4.4). 
Therefore, developments towards whole arrays of scanning probes are interesting for 
both sensory and actuator applications. The “millipede” concept combines a two-di- 
mensional array of 32 x 32 cantilever (1024 elements) on one substrate. Four addi- 
tional sensors in each corner of the chip assist in the alignment relative to an object 
plate, which can be moved in the x- and y-  and also z-directions. The writing of struc- 
tures, e. g., in polymeric materials, is realized by a thermo-mechanical deflection of the 
addressed cantilever. The readout is possible by either optical or Piezo-resistive prin- 
ciples‘). Using parallel AFM cantilevers, structures of dimensions down to 40 nm were 
fabricated, resulting in a storage density of 62.5 Gbit cm-2 ’). The aim is to realize (with 
much higher integration densities of the transducers) high density storage systems, 
which despite the relatively low write and read rate, will allow an ensemble to compete 
with fast optical, magnetic or magneto-optical read and write systems. 

1) R.P. Andres et al. 1996 
2) M.W. Bems et al. 1991, S.C. Kuo and 

3) R. Simmons et al. 1996, J. Dapprich and 

I 

4) G.V. Shivashankar and A. Libchaber 1997, 
1. Kondoh et al. 1993 

5 )  R. Simmons et al. 1996 
6) M. Despont et al. 
7) P. Vettiger et al. 1999 

M.P. Sheetz 1992 

N. Nicklaus 1998 
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While the preparation of quantum dot arrays with electrically coupled individual 
points is still in its infancy, there are already concepts for the design of calculating 
machines on the basis of quantum points. Thus quantum dot chains provide not 
only wiring but also possible storage and switching elements, including logic ele- 
ments such as “AND” and “OR” or inverter’). Switching elements could be, for exam- 
ple, constructed based on crossed #carbon nanotubes, which can exhibit bi-stable elec- 
trical states. Theoretical estimatic’ns utilizing this principle pointed to non-volatile 
memory with a density of 1OI2 bit cm-2 ’1. 

Concepts of novel digital inforriation processing systems with key elements in the 
nanometer range are not limited to electrical principles. Also the application of various 
quantized excitation states in different band regions is being discussed for the design 
of new generations of computers. Quantum computers with 31P doted silicon based on 
the nuclear spin operations have been proposed with gate dimensions of about 10 nm, 
and are already accessible in today’s laboratories3). 

Even more so than with conveiitional and microtechnical systems, nanosystems 
should be designed as partially autonomous units with complete transduction loops 
with the inclusion of sensory signal input, signal processing and action. Nature de- 
monstrates this principle of autonomous small units in cells. These natural nanosys- 
tems are always based on material transport, chemical transformations and the move- 
ment of larger groups of atoms inside molecules. An analogous task, that is one re- 
quired for transformation or tramport of material, can be addressed by partly-auto- 
nomom synthetic or semisynthetic nanosystems. For purely information processing 
systems, the biological example is not attractive, due to the low processing speed re- 
sulting from slow partial reactions. The time requirement for the rate-limiting step of 
many biomolecular reaction chains lies in the millisecond range, and is therefore a 
million-fold slower than processes in electrical solid state circuits with cycle frequen- 
cies in the GHz range. 

Molecular-based switching processes have to utilize fast processes, such as the trans- 
fer of individual small atoms between adjacent groups of atoms. In principal, these 
processes require only times in the order of molecular vibrations (picoseconds and 
slightly below), so that operation frequencies in the THz range would be possible. 
Because chemical reactions are always connected with the movement of atoms or 
groups of atoms, the rate of operations in nanosystems is limited by the fastest che- 
rnical process. Higher rates can only be achieved with elementary particles, that reach a 
higher speed compared with atoms but which can also be fixed. 

There is a converging development in the fast signal processing of natural and tech- 
nical systems. Both in the bio1ogic.d and the technical world, the most advanced sys- 
tems use the electron as an ideal elementary tool for switching and communication 
processes. A computer and a brain both apply currents, potentials and localized 
charges. Architectures for molecular-electronic systems are therefore of special inter- 

1) C.S .  Lent et al. 1993 
2) T. Ruecke et al. 2000 
3)  B.E. Kane 1998 
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est, even when their practical realization is still challenging to today’s technology, and 
so this field is dominated by theoretical studies’). 

The electron also exhibits several properties that make it particularly interesting for 
future applications towards the storage and processing of information and the transfer 
and conversion of signals. 

I 

- It exhibits a small mass and can be accelerated even by low energies. 
- The ratio of charge to mass is very large, so that an external field achieves a relatively 

- Electrons are part of all technical materials and are therefore abundant. 
- Depending on the choice of material, electrons can be strongly localized or widely 

delocalized. 
- Electrons can be material-based (electrical conductors) or material-free (vacuum) 

transported. 
- If necessary, electrons can also be transported via secondary, assisting particles 

(ions), that are mobile in a condensed (electrolyte) or gas (vacuum) phase. 
- For material-based electron transport (electrical conduction), the electron mobility 

can be adjusted over many orders of magnitude by choice of material or the local 
adjustment of material properties. 

- Electrons are mediators of chemical bonds and can therefore directly induce the 
transduction between electronic signals and material transformations. 

- Electrons are sufficiently small to undergo tunneling processes efficiently. 
- The thickness of typical tunneling barriers for electrons is in the lower nanometer 

range, so that their preparation is accessible to both thin film technological and 
chemical process stages. 

strong acceleration compared with atoms or molecules. 

These outstanding properties are the basis for electrons remaining the central elemen- 
tary particle for signal transduction and data processing, even beyond the solid state 
electronic and single quantum techniques. The delocalization of single particles and 
the use of ensembles of particles or electrons in the three-dimensional and chemically 
unstructured solid state material of today’s electronics will be replaced in the future by 
nanotechnical units that are highly structured in their interior by binding topologies, 
by single particle processes and by precisely controlled localization and delocalization. 
The novel systems will exhibit molecular cluster architectures for the precise control of 
the strong localization and transport of single electrons or other individual particles. 
Movements of atoms and molecular rearrangements and therefore chemical processes 
in particular are used for the setting up of system architectures and for long-term 
system optimization, whereas fast switch and transduction processes will probably 
apply the technically established highly mobile particles such as photons, excitons 
and electrons. 

1) J.C. Ellenbogen and [.C. Love 2000 
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surfaces in the medium and lower nanometer range 

Examples for lithographic and particle manipulations on solid substrate 

Material Structure A:spect ratio Method Reference 
width (nm) (height/ 

width) 

A U  

AU 

AU 
A U  

Cr20, 
C U  

c U 
Diethylhexylphthalate 
Fe 
FeF, 

FeSi 
l n A S  
GaAs 
G a A S  
GaAs 

3 0.3 STM 
100 0.837 AFM/electr. 
3 0.1-0.2 STM 
10 - 

30 ca. 2 

100 0.15 
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5-10 0.806 
30 0.2 
16 0.3 

3 
200 18 
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2s 1 :, 

20 0.75 
7 1.3 
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10 0.7 
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25 - 

60 3 
single atom 
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4 - 
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25 >2 
55 0.5 
20 0.75 

- 

GaAs (Ga-implantation) 2-3 - 
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STM 
STM 
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STM 

STM 
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S.Y. Chou et al. 1997 
R.M. Silver et al. 1987 
W. Wu et al. 1998 
R. Wiesendanger 1992 
G .  Meyer et al. 1998 
A. Lewis et al. 1999 
E. Kratschmer and M. 
Isaacson 1987 
H.J. Song et al. 1994 
Y. Hsu et al. 1998 
G. Meyer et al. 1998 
1.S. Foster et al. 1988 
T. Schaub et al. 1992 
E. Kratschmer and M. 
Isaacson 1987 
F. Thibaudau et ai. 1994 
S. Sasa et al. 1999 
H. Craighead 1984 
B. Klehn and U. Kunze 1999 
H. Craighead et al. 1983 
G.A.C. Jones et al. 1998 
S. Sasa et a]. 1999 
R.S. Becker et al. 1987 
1. Shirakashi et al. 1997 
T. Schaub et al. 1992 



Tab. 9 
surfaces in the medium and lower nanometer range (continues) 

Examples for lithographic and particle manipulations on solid substrate 

Material Structure Aspect ratio Method Reference 
width (nm) (height/ 

width) 

Ni 
Ni 
Pd 
Polymers (organic) 
- AZPN-114 

(e-beam resist) 
- Calixaren-resist 
- Methylstyol 
- Novolak-resist 
- Novolak-resist 

- PMMA 
- PMMA 
- PMMA 
- PMMA 
- PMMA 
- PMMA 
- P4BCMU 

(p-diacetylene 
urethane) 

(e-beam resist) 

(e-beam resist) 

AZ 14507 

- SAL601 

- SAL601 

- ZEP520 
Porphyrin 
Pt 
Pt 

Ru 
SAMs 
- Hexadecylthiol 
- Octadecylthiol 
- Mercaptohexa- 

decanic acid 
- C,,H,,SH on Au 

Rh*,Zr*, 

Si 
Si 
Si 
Si 
Si 
Si (poly-Si) 
Si 

Si/%-H 
SiO, 

20 1.75 
75 9.3 
16 0.6 

80 6 

15 2 
7 3 
20 2 
100 7 

20 1.5 
15 27 
10 ... 40 1 
60 1.7 
25 - 

20 13 
20 

20 0.05 

70 4 

10 5 
single molecule 
ca. 70 - 

100 10 
2s - 

100 4.5 

20 0.1 
50 0.04 
15 0.13 

40 0.07 

100 3 
50 4 
55 0.5 
30 1 
50 0.5 
14 2 
10 7 

1-3 - 

50 8 

EBL 
EBL/galvanic 
EBL 

EBL 

EBL 
EBL 
EBL 
FIBL/RIE 

EBL 
EBL 
AFM 
hot imprint 
hot imprint 
XBL 
STM 

STM 

XBL 

EBL 
STM 
STM/chem. 
EBD 
STM 
EBL/RIE 

STM 
DPN 
DPN 

EBL 

STMIRIE 
EBL/RIE 
AFMIResist 
AFM(anod./ECR) 
STMITMAH-WE 
EBL 
EBL/Lifi-off/ECR 

STM 
STM/RIE 

S.Y. Chou et al. 1996 
S.Y. Chou et al. 1996 
S.P. Beaumont et al. 1981 

D. Park et al. 1998 

J. Sone et al. 1999 
J. Sone et al. 1999 
J. Yamamoto et al. 1997 
S. Matsui et al. 1986 

A.N. Broers 1981 
G. Simon et al. 1997 
G. Binnig et al. 1999 
S.Y. Chou et al. 1995 
S.Y. Chou et al. 1995 
G. Simon et al. 1997 
C.R.K. Marrian et al. 1990 

A. Archer et al. 1994 

L. Malmquist et al. 1997 

K. Kurihara et al. 1995 

H. BruckI et al. 1999 
H.W. Koops et al. 1994 
U. Staufer et al. 1989 
S. Skabema et al. 2000 

(IBM) 

J. Hartwich et al. 1999 
S .  Hong et al. 1999 
S. Hong et al. 1999 

J.A.M. Sondah-Huethorst 
et al. 1994 
K. Kragler et al. 1996 
D.W. Carr et al. 1998 
B. Klehn and U. Kunze 1999 
E.S. Snow et al. 1995 
N. Kramer et al. 1995 
J. Sone et al. 1999 
T. Tada and T. Kanayama 
(1998) 
J.W. Lyding et al. 1994 
K. Kragler et al. 1996 
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Tab. 9 
surfaces in the medium and  lower nanometer range (continues) 

Examples for lithographic and  particle manipulations on solid substrate 

Material Structure Aspect ratio Method Reference 
width (nrn) (height/ 

width) 

SiO, 25 0.06 AFM/resist B. Klehn and U. Kunze 1999 
SiO, 50 0.2 AFM/SAM H. Sugimura et al. 1999 
SiO, 100 - STM/anod. H. Sugimura et al. 1995 
SiOx 50 - STM/heat N. Li et al. 1999 
Siloxane 
-~ Methylsiloxane 40 1 AFM S.W. Park et al. 1995 

Ti 75 0.13 AFM/resist B. Klehn and U. Kunze. 1999 
Ti 75 0.13 AFM/electr. R.J.M. Vullers et al. 1999 
TiO, 80 0.95 STM oxidation K. Matsumoto 1997 
w ca. 100 - STM X. Hu and P. von Blancken- 

W 20 ca. 10 XBL/RIE G. Simon et al. 1997 
WSi, auf Si 60 ca. 3 EBL/HD-Plasma D. Tennant et al. 1997 

(Accuglass 111) 

hagen 1999 
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