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1 LANGMUIR–BLODGETT FILMS

In the 1980s, there was great enthusiasm about molecu-
lar assemblies based on Langmuir–Blodgett (LB) films.
Visions were proposed for the next millennium such
as “Molecular electronics in which organic molecules
perform an active function in the processing of infor-
mation and in transmission and storage” (1–3). These
proposals raised many expectations. Being now at the
beginning of a new millennium, this review will aim to
critically assess the accomplishments and perspectives.
This present chapter will cover applications, as well
as some fundamental experiments in which LB films
have served as model surfaces to study interactions. The
selection is somewhat personal since it is not possible to
give this whole field full coverage on account of space
restrictions. This chapter covers conventional LB films,
as well as novel new types obtained by the organiza-
tion of nanoparticles at the air–water interface. The LB
technique extended to this class of materials allows the

fabrication of ordered arrays of quantum dots of semi-
conductor, metal or insulator particles, and provides a
convenient handle on decisive parameters such as the
inter-particle spacing. LB films possess a high orienta-
tional order, and for this reason, an inherent potential for
nonlinear optical devices such as frequency doublers or
modulators. We will discuss in detail selected nonlinear
optical devices where the control of the internal layer
structure on a molecular level was utilized for maximiza-
tion of the efficiency. These assemblies operate close to
a practical level of performance, but face a strong com-
petition with alternative approaches and technologies.
Another promising application is the field of sensing
and we will report on recent advances in the design of
gas sensors. We will report also on some exciting new
achievements which are far away from practical utiliza-
tion, such as the molecular rectifier or the design of
command surfaces where a single photoactive moiety
may be sufficient to determine the orientation of a bulk
liquid crystal.
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1.1 What makes LB films appealing?

The appealing features of Langmuir–Blodgett films
is the intrinsic control of the internal layer structure
down to a molecular level and the precise control of
the resulting film thickness. Sophisticated LB troughs
allow us to process several materials with different
functionalities and offer the possibility to tune the layer
architecture according to the demands of the desired
molecularly engineered organic thin-film devices. It is
worthwhile to start this review with a brief consideration
of the fabrication process. Further details can be found
in the books by Gaines (4) or Ulman (5); the latter also
presents a good introduction to the surface analytical
tools which are commonly used for the investigation
of the structure of monolayers and various physical
properties.

The first step of the LB deposition process is the
formation of a well defined monolayer at the air–water
interface. These so-called Langmuir monolayers are a
precursor film within the LB fabrication. The preparation
process is illustrated schematically in Figure 28.1. The
amphiphile is dissolved in an organic solvent and
subsequently spread at the air–water interface. The
solvent evaporates and a monolayer of the amphiphile
at the air–water interface is then produced. These
Langmuir monolayers can be further manipulated by
means of a moveable barrier which allows us to control
the area per molecule. Monolayers at the air–water
interface have been extensively studied and possess
a richness of phases and structures. They serve as
quasi-two-dimensional model systems and have thus
attracted a significant amount of research effort. The
advent of sophisticated surface analytical tools such as
X-ray reflection and scattering techniques, together with
novel optical techniques such as the Fluorescence and
Brewster Angle Microscopy (BAM), have provided a
detailed picture of the general phase diagrams, structure
and morphology. Grazing-Incidence X-ray diffraction
has revealed the existence of several phases in which
the aliphatic chain is tilted with respect to the surface
normal and in which the tilt azimuth adopts a well-
defined arrangement with respect to the underlying
bond orientational order (6). The organization of the
tilt azimuth can extend to macroscopic dimensions and
thus shows up in BAM images in various facets such
as the formation of domains with an internal structure.
The review articles of Möhwald (7), McConnel (8),
Knobler and Desai (9), Riviere et al. (10) and Knobler
and Schwartz (11) are excellent guides through the vast
amount of publications covering the field of Langmuir
monolayers.

The Langmuir–Blodgett technique utilizes these
monolayers as building blocks for the fabrication of
thin layers by transferring the Langmuir monolayer
on to a solid support. The deposition process is con-
trolled by the hydrophilicity or hydrophobicity of the
solid support. A monolayer at the air–water inter-
face can be transferred by an up-stroke on to a
hydrophilic surface (see Figure 28.1(c)) and via a down-
stroke on to a hydrophobic surface. Several trough
designs have been proposed and there are also com-
mercially available multi-compartment troughs which
allow the simultaneous processing of different materials
(as shown in Figure 28.1(d)). In this figure, compart-
ment A contains a different material to compartment
B. Both monolayers can be independently compressed
to their target pressure and the dipping robotic con-
trol is programmed for the desired dipping sequence
which determines the layer architecture on the molec-
ular level, as well as the upside-down orientation of
the molecule (Figure 28.1(e)). Many applications, such
as nonlinear optical devices, require a stacking of the
molecules in a predefined arrangement with a high ori-
entational order. LB films possess an inherent potential
for such applications. However, unfortunately molecules
quite frequently do not behave in the way that they are
depicted in simple schematics and the deposition pro-
cess actually turns out to be a fairly complex process
governed by many parameters such as surface viscosity,
surface energies, hydrodynamic flow and water drainage.
It is therefore worthwhile to consider the deposition pro-
cess in a bit closer detail.

1.2 Details of the deposition process

The deposition is usually monitored by the correspond-
ing transfer ratio. During monolayer transfer, a further
compression is required in order to maintain a con-
stant surface pressure. The transfer ratio is defined as
the ratio of the decrease in Langmuir monolayer sur-
face area divided by the area of the solid support which
has been coated. The user tries to adjust the experimen-
tal conditions such as the transfer speed, temperature
and sub-phase composition (e.g. indifferent electrolytes)
such that a transfer ratio close to one is achieved. The
underlying assumption is that the Langmuir monolayer
then serves as a simple building block which resem-
bles the features of the pre-formed monolayer at the
air–water interface. Repeated dipping cycles simply pro-
vide replicas of the monolayer and such monolayers thus
allow the formation of stratified layer structures in the
same manner as bricks are used to set up a wall in the
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Figure 28.1. Schematic of the Langmuir–Blogett deposition process. The amphiphile is dissolved in an organic solvent and
subsequently spread at the air–water interface. The solvent evaporates and a monolayer of the amphiphile at the air–water
interface remains (a). The monolayer at the air–water interface can be further manipulated by means of a movable barrier
allowing control of the area per molecule (b). The Langmuir monolayer can be transferred by an up-stroke on to a hydrophilic
surface (c) and via a down-stroke on to a hydrophobic surface. A dual compartment trough enables the simultaneous processing
of two different materials (d), while a programmed dipping sequence allows the determination of layer architecture at a molecular
level
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macroscopic world. However, the difference in the local
environment on a solid support and at the air–water
interface may give rise to certain structural changes.
The transfer requires a drainage of the film and the
monolayer properties will also be partly governed by
the hydrodynamic flow during the transfer. The film may
reorganize and there is a high chance that the deposited
film may not reach its local thermodynamic minimum
and remains instead in a non-equilibrium state. The
transfer is the crucial step within the LB technique and
many experimental groups have addressed the relation-
ship between the monolayer structure of the precursor
film at the air–water interface and the one observed on
a solid support. This is not a unique picture and there
are examples where no changes are observed, as well
as examples with strikingly different structures and fea-
tures between the monolayers at the air–water interface
and on the solid support.

Tippmann-Krayer et al. (12) have investigated the
monolayer structure of cadmium arachidate at the
air–water interface and on a hydrophilic support by
using grazing incidence X-ray diffraction. In both cases,
they observed a very similar hexagonal structure with
the aliphatic chains oriented normal to the surface. Shih
et al. (13) investigated the structure of fatty acid mono-
layers (heneicosanoic acid) transferred to glass sub-
strates from three different phases of the monolayer
at the air–water interface by also using grazing inci-
dence X-ray diffraction. In all cases, the transferred films
adopt the very same structure with an upright orienta-
tion and hexagonal packing, irrespective of the structure
of the monolayer phase, even if the Langmuir mono-
layer adopts a distorted hexagonal packing in which the
molecules are tilted towards their neighbours. Appar-
ently, the upright hexagonal packing represents a local
energety minimum of the hydrocarbon chains. Durbin
et al. (14) have performed detailed in situ X-ray diffrac-
tion studies of the deposition process. The experimental
set-up allowed an investigation of the Langmuir mono-
layer as well as the freshly prepared LB film in the same
closed temperature-controlled environment. Monolayers
of fatty acids have been deposited from three differ-
ent phases. In all cases, the very same structure was
also observed on the solid support immediately after the
deposition. The monolayer survived the transfer; how-
ever, these authors report on some structural changes
occurring long after deposition as a result of the drying
process. The data suggest the possibility of preserv-
ing the structure of the Langmuir layer provided that
the heating and drying condition are carefully adjusted.
Gehlert et al. (15) demonstrated that domains of con-
densed monolayer phases can be transferred on to a

solid support without any changes in morphology. The
domains of a condensed phase of certain glycerol esters
possess a “star texture” which is the result of a tilt
organization on a macroscopic scale. The same tilt orga-
nization was found on a solid support. In a beautiful
experiment, these layers have been used as command
layers which determine the anchoring and orientation of
the bulk phase of nematic liquid crystals (16). A con-
ventional microscope is then sufficient to visualize the
texture, as shown in Figure 28.2.

During LB deposition, remarkable phenomenon such
as wetting instabilities may occur which show up in
the formation of regular stripes on the support (17).
The underlying mechanism is likely to be caused by a
feedback between the meniscus height, as determined by
the contact angle, and changes in the work of adhesion at
the substrate, caused by changes in the packing density
within the monolayer (18). The static meniscus height
is governed by the surface tension and is higher than
the planar water surface. The transfer on to the solid
support is determined by the prevailing interaction of
amphiphile and solid surface. A strong interaction leads

50 µm

Figure 28.2. Monolayers of the amphiphile 1-monopal-
mitoyl-(±)-glycerol at the air–water interface assemble in
domains in which the molecular tilt azimuth is organized in
“star-shaped” patterns. It is possible to preserve this order
during the transfer on to a solid support. LB monolayers
of this material have been utilized for the anchoring of
nematic liquid crystals. The order within the monolayer
determines the order within the bulk phase of the nematic
liquid crystal (LC). The image here shows the LC cell between
crossed polarizers. (From J. Fang, U. Gehlert, R. Shashidar and
C. Knobler, Langmuir (1999), 15, 297)
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to a rapid adherence of the molecules, which in turn
reduces the surface energy and leads to an increase in the
contact angle, as described by Young’s equation (19).
As a consequence, the meniscus height decreases. On
the other hand, the meniscus height will tend to exceed
its equilibrium height during the continuous up-stroke
movement of the solid support, hence leading to an
accelerated adsorption. Thus, the dynamic behaviour of
the meniscus is governed by two counteracting processes
which show up in an oscillation of the meniscus. Gleiche
and Chi. (20) demonstrated recently that it is possible to
obtain quite regularly spaced stripes with channels of a
size of 200–300 nm, as shown in Figure 28.3.

1.3 New types of LB films based on
nanoparticles

The fabrication of size-quantized semiconductor and
metal nanoparticles has attracted a lot of atten-
tion (21–23) because of their novel optical and elec-
trical properties and their appealing features as models
for basic science. The LB deposition process origi-
nally developed for amphiphiles can also be extended
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Figure 28.3. Dipalmitoyl phosphatidylcholine (DPPC) trans-
ferred on to a solid support at a rather high transfer speed
of 1000 µm/s at a lateral surface pressure of 3.0 mN/m−1.
Dynamic scanning force microscopy (SFM) images provide
evidence for the formation of a regularly structured surface,
revealing channels with a width of about 200 nm separated
by 800 nm wide stripes of the monomolecular film. The main
figure represents phase and and the inset (4 × 4 µm2) topog-
raphy imaging. The monolayer was prepared on pure water
at room temperature; A change in the temperature influences
the periodicity. (From M. Gleiche and L. F. Chi), Nature, 403,
2000, 173)

to nanoparticles. It has been demonstrated that properly
coated nanoparticles can be organized at the air–water
interface by using a similar procedure to that illus-
trated in Figure 28.1. The corresponding films possess
striking similarities to those observed for classical Lang-
muir monolayers. The coating of the nanoparticle is a
decisive factor in the ability of such particles to form
monolayers with well-defined π , A-isotherms. Once the
hydrophobicity is too low the particles sinks, whereas
the particles tend to stick to unwanted aggregates if the
coating is too hydrophobic. Fendler and co-workers have
demonstrated that a variety of different metal or metal
oxide particles can be properly coated and processed at
the air–water interface, e.g. cadmium sulfide (24), tita-
nium dioxide (25, 26), magnetic iron oxide (27), and
several noble metal particles (28, 29). It was further
demonstrated that the films of nanosized particles at
the air–water interface can also be transferred on to a
solid support by using the established standard LB dip-
ping technique or the horizontal lifting techniques origi-
nally developed by Langmuir and Schäfer (30). In many
cases, a transfer ratio close to one could be achieved.
In addition, experimental evidence has been provided
that the layer thickness of properly designed systems
changes in a linear fashion with the number of deposited
layer, thus allowinging the fabrication of rather complex
superlattices of different particles.

Heath et al. have (31) investigated in great detail
the pressure/temperature phase diagrams of organically
passivated Ag and Au nanocrystals with diameters of
20–75 Å. The particles were self-assembled at the
air–water interface and the structures of the observed
phases were investigated by transmission electron
microscopy of the corresponding Langmuir–Blodgett
films. The roles of particle size, size distribution and the
size of the passivating organic ligand were addressed.
The features could be categorized according to the
excess volume available to the ligand as it extends from
the surface of the particle. At large excess volumes, low-
density structures with chain and ring morphologies are
observed, while at higher surface pressures foam-like
phases which can be further compressed into a two-
dimensional closed packing are seen, before a transition
to irreversible non-equilibrium structure is observed.
The crystalline order within the close-packed phase is
limited by the width of the particle distribution.

The appealing feature offered by the LB deposition
of nanoparticles is the possibility to generate ordered
arrays of metal quantum dots with new features due
to the prevailing confinement. The band gap of a semi-
conductor nanoparticle is strongly size-dependent, while
the optical absorption of metal nanoparticles depends on
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size and inter-particulate spacing. The LB technique and
the choice of the passivating organic layer provides a
handle on the latter and allows tuning of the electronic
properties. Heath and co-workers have measured the lin-
ear and nonlinear responses of several monodisperse Ag
particles with a diameter of 2–7 nm, capped by alka-
nethiols of different chain lengths (32). The metal dots
were organized at the air–water interface and the optical
properties were monitored as a function of the inter-
particle distance. At a latter distance of less than 5 Å, the
second-harmonic generation (SHG) response exhibits a
sharp discontinuity and the linear reflectance and adsor-
bance resembles the features of thin metal films, thus
indicating an insulator-to-metal transition (32). The lin-
ear response is dominated by the surface plasmon res-
onance, ωsp, which resembles the physical dimensions
of the particle (33). At lower inter-particle distances,
the dielectric medium in between the particles is mod-
ified by the presence of the conducting spheres and a
quantum mechanical coupling occurs which allows a
delocalization of charge carriers over several particles.
As a result, the plasmon resonance shifts to lower val-
ues which resemble the features of thin metal films in
the case of a complete delocalization. Direct evidence
for a reversible metal–insulator transition was provided
by impedance spectroscopy measurements on the same
system (34). With compression of the nanocrystal mono-
layer, the complex impedance of the films undergoes
a transition from a parallel resistance-capacitance (RC)
equivalent circuit to an inductive circuit. At large par-
ticle distances the particles maintain their individual
electronic identity and the film is insulating, while it
resembles the features of a thin metal at higher cov-
erage. Meanwhile, four different electronic signatures
have been identified within thin assemblies of metallic
nanocrystals, which depend on the inter-particle distance
and the order within the film (35). The investigation of
these systems also provides an insight into the impact
of disorder in superlattices of nanocrystals on the corre-
sponding electronic properties. An understanding of the
underlying relation ships thus allows us to deliberately
tune the electronic properties.

Similar studies have been carried out for monodis-
perse magnetic particles deposited on water sur-
faces (36). The resulting structures are the result
of a balance between van der Waals and magnetic
dipole–dipole interactions.

The detailed knowledge gained in the last few
decades about the organization of amphiphiles at the
air–water interface can also be utilized for the design of
proper templates for the organization of nanoparticles. A
nice example was recently given by Torimoto et al. (37).

A Langmuir monolayer of a mixture of the cationic
amphiphile alkyltrimethylammoniumpropane (DOTAP)
and a phospholipid (OPPC) was prepared and com-
pressed to a defined state. The Langmuir monolayer
possesses a positive net charge, and DNA double strands
injected in the sub-phase readily adsorb at the interface
due to the electrostatic attraction between the phos-
phate groups of the DNA and the quaternary ammonium
groups of DOTAP (see Figure 28.4(a)). This performed
assembly was then exposed to a very dilute solution of
positively charged CdS particles. These particles adsorb
and are immobilized along the DNA strands due to the
prevailing electrostatic interaction (Figure 28.4(b)). The
assembly was transferred on to an electron microscope
grid and characterized by using transmission electron
microscopy. The images reveals a dense packing of the
nanoparticles along the DNA strand, with a line width
equal to the diameter of a particle. Figures 28.4(c–e)
shows the corresponding images.

1.4 Summary

At this stage, the reader should be aware that the
transfer process is governed by many parameters and
the adopted structure is the result of a subtle interplay
of various interactions. A transfer ratio of one does
not mean that Langmuir layer and deposited layer will
adopt an identical structure. This may hold, although
the corresponding structures can also be completely
different. The probability for structural changes during
the deposition is linked to the rigidity of the system.
Structural changes are more likely to occur in less rigid
structures which are fairly sensitive to details of the local
environment. Rigid structures lack this sensitivity, and
hence structural changes with deposition are less likely
to occur. However, it is extremely difficult to work out
proper deposition conditions for stiff systems and LB
films of such materials commonly exhibit a fairly high
number of defects such as domains or grain boundaries.
The way out of this apparent dilemma is opened up by
using polymeric LB layers which form fairly smooth
and defect-free films. Usually, LB layers of polymeric
materials are fairly insensitive to the local environment
and can be transferred on to a solid support with little
or no changes when compared to the precursor film at
the air–water interface. The structure adopted at the
solid support may also be frozen in a non-equilibrium
state and not in its local energetic minimum. This may
also be the reason for some contradictions between
findings within different laboratories. Further details can
be found in the article by Schwartz (38). The utilization
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Figure 28.4. A mixed monolayer of a cationic amphiphile DOTAP and a phospholipid (OPPC) was prepared at the air–water
interface. DNA readily adsorbs at the monolayer due to the electrostatic interaction (a). CdS nanoparticles can then organize
as a chain along the DNA strands (b), as revealed in the TEM images (c–e). (From T. Torimoto, M. Yamashita, S. Kuwabata,
T. Sakata, H. Mori and H. Yoneyama, The Journal of Physical Chemistry B; (1999) 103(42); 8799)

of the LB technique requires a careful choice of all
parameters which can unfortunately be rather a tedious
enterprise.

Several attempts were undertaken to modify the
trough instrumentation in order to upgrade the LB
deposition from laboratory scale to one of an industrial
pilot project, which required a complete automatization
of all of the underlying procedures. The troughs in this
case are completely different to conventional troughs
with moving barriers, and utilize instead the stress
generated by a flowing sub-phase for the compression of
the monolayer (39). The results reported by O. Albrecht
et al. at Canon (40) are encouraging, showing that it is

indeed possible to bring LB technology to a state that is
compatible with the necessary reliability, throughput and
quality for mass production provided that all parameters
are well adjusted.

2 MOLECULAR ASSEMBLIES WITH
FUNCTIONS

Two applications have been earlier identified where
LB films might have great potential, namely nonlinear
optical devices based on a second-order effect, and
sensors. The research on these topics is quite advanced
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and at the present time there are thin-film assemblies
available which are already close to a practical level of
performance. One of the long-term goals is application
as molecular electronic devices, which is discussed in
the Section 2.4 below.

2.1 Nonlinear optical devices based on
second-order effects

2.1.1 Background

Nonlinear optical (NLO) effects are the result of the
interaction of intense laser light with matter. The electric
field strength generated by an intense laser pulse is
comparable to the inner atomic electric fields. As a
result, the electric field induces a nonlinear polarization.
The nonlinear interaction gives rise to two fascinating
effects not known in linear optics, namely photons can
be split into two parts or can be merged together. A
sound introduction to this field can be found in the
texts by Boyd (41) or Shen (42). Facets of the prevailing
nonlinearity are the generation of new frequencies such
as in frequency-doubling or sum-frequency generation,
the modulation of light by an external electric or
magnetic field via the Pockels or Faraday effects, or
the possibility to influence “light with light”, which is
the major hurdle towards all-optical signal processing.
Several photonic devices have been proposed which
exploit and utilize these effects. For the scope of this
present review, a brief phenomenological treatment is
sufficient in order to introduce some basic terms and
equations and familiarize the reader with some device
concepts. The interaction between the external electric
field E and the resulting polarization P is nonlinear and
can be represented as a power series, as follows:

P = ε0(χ
(1)E + χ(2)EE + χ(3)EEE + · · ·) (28.1)

A propagating electromagnetic wave is accompanied
by a nonlinear polarization wave which in turn may
act as a source term for radiation at new frequencies.
This is used for an extension of the frequency range
of laser light sources (43). All effects of the second-
order are governed by the quadratic term in E and the
utilization requires a maximization of the magnitude
of the macroscopic susceptibility tensor of the second-
order, χ(2). The relation of χ(2) with the corresponding
molecular quantities is provided by the oriented gas
model, which successfully describes, despite certain
simplifying assumptions, thin film assemblies of organic

molecules as follows:

χ(2) ∝
∑

molecules

β ∝ N〈β〉 (28.2)

Equation (28.2) states that the macroscopic suscepti-
bility χ(2) is proportional to the sum of all hyperpolar-
izabilities β of all molecules, where β is the molecular
pendent to χ(2) and relates the induced dipole moment
with the quadratic term of the local field acting on the
molecule. This can alternatively be expressed by the
number density N of the active unit and the orienta-
tional average of β (as denoted by the angular brack-
ets). Obviously, χ(2) vanishes if the molecules adopt
a centrosymmetric arrangement, even if the molecules
possess a high β. Equation (28.2) outlines the require-
ments for structures with a high χ(2). Molecules with a
high hyperpolarizability β should be arranged in a non-
centrosymmetric fashion with a high and uniform ori-
entation. Furthermore, the number density of the active
unit should be maximized.

Molecules with a high β have some structural ele-
ments in common. They all possess an extended π-
system, further modified with groups “pushing” and
“pulling” the electron density of the molecules (44–46).
The π electrons provide the required high polarizability
and the push pull system provides the noncentrosym-
metry on a molecular scale which is required for a non
vanishing hyperpolarizability β. Extremely high values
of the effective hyperpolarizabilities have been reported
for organic molecules (44, 47, 48) and these findings
motivate further applied research. At present, the major
obstacle towards efficient devices is not the availability
of suitable chromophores, but the fabrication of a proper
macroscopic structure which has to simultaneously meet
many requirements, such as a high χ(2), sufficient ther-
mal and mechanical stabilities, and the possibility to
enable phase-matching. Many of these issues will be
discussed in the following. LB films have an inherent
potential for these applications due to the intrinsic ori-
entation order and the possibility to precisely tune the
thickness and the internal layer structure.

2.1.2 Model systems

Organic molecules can be tailored according to spe-
cific demands and different desired functionalities can
be incorporated within a single molecule (5, 44). In
order to be able to process the material via the LB
technique, the NLO chromophore has to be incorpo-
rated within an amphiphile. An unwanted side effect
is the dilution of the active unit within the assembly. A
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non-centrosymmetric arrangement further requires that
the NLO active material is interleaved with compati-
ble spacer materials. The fabrication requires a dual-
compartment trough. The active unit is still assembled in
an non-centrosymmetric fashion with a high orientation,
while the deposition is still governed by the thermody-
namically stable head–head and tail–tail arrangements
between active and inactive material (see Figure 28.1).

A lot of research is still devoted to the identifica-
tion and design of suitable model systems which meet
the requirements imposed by both the LB technique and
nonlinear optics. The focus of this work is the achieve-
ment of a uniform film with a high nonlinear suscepti-
bility. Furthermore, the film quality should not degrade
with the number of deposition cycles. An established
and quite sensitive test relies on an investigation of the
relation between the second-harmonic generation (SHG)
intensity measured in reflection or transmission and the
layer number. A quadratic dependence provides experi-
mental evidence that the properties of the bilayer do not
change with the deposition. Hence, a bilayer of NLO
active material and spacer can be regarded as a sim-
ple building block for the design of complex molecular
assemblies.

There are numerous investigations which address
these issues, and many systems have been identified
which fulfil these properties. Ashwell and co-workers
have investigated two different systems which all exhibit
the quadratic dependence and which do not show any
signs of degradation during the deposition of many lay-
ers (49–52). The results obtained with a coumarine dye
interleaved with an inert spacer dye are remarkable (53).
These authors report an extremely high susceptibility of
χ

(2)

eff = 190 ± 30 pm/C. This is the highest susceptibil-
ity reported to date. However, this value was measured
under resonance enhancement and should be regarded
with some scepticism. Non-centrosymmetry requires the
processing of two materials and in most studies an
active and an inactive material is used which leads
to a unwanted dilution of the active unit. This prob-
lem was tackled in and reported in refs (54) and (55).
Instead of using active and inactive materials, two dif-
ferent NLO chromophores were processed. The chro-
mophore orientation in one amphiphile is upside-down
with respect to that of the second amphiphile. Thus,
the stable head-to-head and tail-to-tail configurations
are still maintained while the chromophore adopts a
uniform non-centrosymmetric arrangement. Both exper-
iments used a polymeric material with the active unit in
the side-chain. The model systems obeyed the oriented
gas model and lead to a significant enhancement in the
SHG efficiency as a result of the higher number density.

A new approach to second-order nonlinear materi-
als was reported by Verbiest et al. (56) in which chi-
rality plays the key role. These authors investigated
Langmuir–Blodgett films of chiral helicenes which
lack features commonly associated with a high SHG
response. The molecules adopt a helical structure on a
solid support and this chiral supramolecular arrangement
enhances the second-order NLO susceptibility by a fac-
tor of 30 when compared to the corresponding racemic
mixture. An adequate description of the SHG response
in a chiral system requires additional tensor elements.
Experimental evidence was provided that those tensor
elements which are only allowed in a chiral environment
dominate the SHG response of the helicene system.

To summarize these achievements – several model
systems have been designed which allow the formation
of fairly thick layers with a sufficiently high suscepti-
bility to meet the requirement imposed by application.
However, while there are still efforts aiming for the
design of new model systems, the challenging task is
now the integration of structures with a high χ(2) in
photonic devices.

2.1.3 Hyperpolarizabilty and adsorption
trade-off

A discussion of many photonic devices can be found
in the book by Prasad and Williams (44). Promising
application are modulators which exploit the electro-
optic effect or frequency doubler properties for an
extension of the frequency range of laser light sources.
In particular, high-efficiency converters capable of
doubling the continuous-wave (CW) light of near-
infrared laser diodes have a tremendous potential
market. The advent of blue laser diodes is desirable in
order to increase the storage density of optical storage
devices. The storage density is linked to the wavelength
of light used for “reading” and “writing” devices. A
doubling of the frequency increases the storage capacity
by a factor of four. This has motivated intense research
in this field involving different strategies. One is the
frequency doubling of cw-low-power laser diodes by
using supramolecular organic structures and this also
provides a nice example as to how a molecular assembly
can perform new desired functions.

The figure of merit for all devices based on a second-
order effect is given by the ratio of the susceptibility χ(2)

and refractive index n as χ(2)2
/n3. Organic materials

possess a lower refractive index (n ≈ 1.4–1.6) than
inorganic materials (n ≈ 2.2–3.5), and this also gives
them, in this respect, an edge over their inorganic
counterparts.
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All practical applications require the use of a waveg-
uide format. An optical waveguide is a region with an
elevated refractive index, and where the light is con-
fined in one or two dimensions. The propagation of light
can be described in the ray picture by total reflection.
The light is propagating in well-defined modes charac-
terized by a specific field distribution with several nodal
planes. The waveguide format overcomes diffraction and
allows the maintenance of high power over a long inter-
action length. The waveguide format is also compatible
with other concepts of integrated optics (58) and sev-
eral papers have successfully demonstrated the integra-
tion of organic films with semiconductors devices (59,
60). However, several complications are imposed from
the need for a waveguide format. The thickness of a
waveguide is comparable to the wavelength of light and
hence the deposition of several hundreds of bilayers is
required. Furthermore, the waveguide has to be transpar-
ent at all propagating wavelengths in order to prevent a
rapid photodegradation due to the prevailing high power
densities.

The requirement of transparency is accompanied by
a significant loss in the value of the hyperpolarizabilty
β of the molecule. Rikken and co-workers (61, 62) have
investigated the conjugation dependences of molecu-
lar optical hyperpolarizabilities and found a connection
between the maximum of the linear adsorption spec-
trum and the corresponding hyperpolarizability β. A
wide range of different components was investigated,
including benzene, stilbene, diphenylacetylene, various
phenylvinyl heterocyclecs, oligomeric polyphenyl, α-
phenylpolyene, and α,ω-diphenylpolyene, as well as
other extended phenylvinyl derivatives. DC electric-
field-induced second-harmonic generation (EFISH) and
third-harmonic generation (THG) measurements were
used for the determination of the hyperpolarizabili-
ties. The experimental finding within a class of related
derivatives could be described by power laws, i.e. β ∝
λ4 − λ9. Hence, the requirement of blue transparency for
the design of a frequency doubler of low-power diodes
is accompanied by a significant loss in the hyperpo-
larizability. This loss in efficiency can only be coun-
terbalanced by a long interaction length in which the
fundamental and second-harmonic waves propagate with
the same velocity.

2.1.4 Frequency doubler for low-power laser
diodes

The design of a real device is by no means trivial since
a number of performance criteria have to be fulfilled
simultaneously, i.e. a high nonlinearity, transparency,

wave guide with low loss and the establishment of
phase-matching conditions. Numerous materials match
and optimize one property; however, the simultaneous
fulfilment of all requirements still remains a challenge.
Penner et al. (57) have reported on the fabrication of
a low-loss optical waveguide fabricated by the LB
technique in which precise control of the film thickness,
together with inversion of the nonlinear susceptibility
across the film, are used to simultaneously achieve
phase-matching and improve the optical-field overlap
between the propagating (fundamental and second-
harmonic) waveguide modes. The resulting structure
converts low-power near-infrared laser light efficiently
to blue light. The performance in this case reached a
practical level of performance. The assembly used is
depicted in Figure 28.5. The precise control of the film
thickness to a value determined by the linear optical
constants enables phase-matching between the zero-
order mode of the fundamental and the first-order mode
of the second-harmonic wave. The modal dispersion of
a waveguide allows us only to achieve phase-matching
between modes of different order and not between
modes of equal order. Modes of different order possess
a strikingly different field distribution and this leads to
a low overall efficiency due to a nearly vanishing value
of the overlap integral. The latter is a peculiarity of the
waveguide format and is given by the product of the field
distribution of the interacting modes multiplied by the
susceptibility and integrated across the cross-sectional
area of the guide. Since phase matching can only be
achieved between modes of different order, the resulting
overlap integrals would be fairly low. However, if the
sign in χ2 is reversed at the nodal plane of the first-
order mode, the overlap integral would be maximized
as well. The reverse can be achieved by an upside-down
orientation of the NLO active unit. Such a device has
the potential to reach a practical level of performance
and was able to convert low-power CW light to blue
light.

In short, these papers demonstrate significant accom-
plishment and the viability of organic thin-film devices
for nonlinear optics. They also demonstrate the possi-
bility to tune the features of an organic molecule and
establish new functions within a molecular assembly.
Such devices exploit the control of the internal layer
architecture on a molecularly defined level. However,
despite these remarkable accomplishments the strong
competition of other approaches has to be considered
as well, and these alternative approaches may even-
tually be commercially successful. Discussions and a
realistic judgement of the potential of the LB technique
in this context cannot ignore the tremendous progress
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Figure 28.5. (a) Optical layer structure of the waveguide prepared by LB deposition. The thickness was adjusted to achieve
phase-matching between the zero-order mode of the fundamental and the first-order mode of the generated second-harmonic by
using the modal dispersion of the guide. The exact thickness is given by the linear optical constants, with only low tolerances
within the nm region being acceptable. Part (b) shows the electric field distribution for the zero-order mode of the fundamental
at 900 nm and the first-order mode of the second-harmonic light. The power confinement was greater than 80%. Phase-matching
can only be achieved between modes of different order which limits the value of the overlap integral, where the latter is given by
the product of the field distribution of the interacting modes multiplied by and the nonlinear susceptibility. A reversal of the sign
of the nonlinear susceptibility at the nodal plane maximizes the value of the overlap intergral. The sign reversal was achieved by a
macroscopic inverted structure. The layer architecture is schematically represented in (a), where the NLO-active unit in the upper
part is invented with respect to the lower part. The performance of the system scaled up to a channel waveguide confinement
is close to a practical level of performance. (From T. L. Penner, H. R. Motschmann, N. J. Armstrong, M. C. Enzenyilimba and
D. J. Williams, Nature, 367, 49 (1994))

of other technologies such as recent advances towards
direct blue-emitting laser diodes.

2.1.5 Electro-optics

Electro-optic devices do not have the same tight
tolerances as frequency doublers since they do not
require phase-matching. The latter requires a careful
control of the film thickness of the guide with
tolerances in the nm region. All this is not required
for an electro-optic modulator and opens the way

for far simpler preparation techniques, such as the
use of poled polymers (44). Most commonly, electro-
optic modulators are based on a Mach–Zehnder
interferometer in the waveguide format. The refractive
index in one arm of this system is controlled by the
applied electric field which slows down the propagation
of light and induces a phase shift with respect to the
light propagating in the other arm of the interferometer.
Since modulators are operating at the frequencies used
for telecommunications (1.33 or 1.5 µm), the higher
values of the susceptibilities of extended π-systems
can be exploited. Even though LB waveguides meet
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these requirements, the lower tolerances will make this
field the domain of simpler preparation techniques.
The review of Ren and Dalton (64) gives a good
overview on recent accomplishments. However, one
should at least mention some progress with the use of
LB films, such as the hybrid four-layer guide (FLG)
which includes a glass guide and a 2-docosylamino-
5-nitropyridine Langmuir–Blodgett film, as reported
by Palchetti et al. (63). This device did not require
a Mach–Zehnder interferometer and relied instead on
guided mode interference.

2.1.6 Promising future directions

In the future, it will be necessary to process a steadily
increasing flow of information. The processing speed
of the currently used silicon technology has nearly
reached the physical limit, and hence the future will
demand faster alternatives such as all-optical data pro-
cessing (65). The major hurdle for a realization of
this vision is the design of an opto–opto switch, with
the proposed device concepts exploiting third-order,
χ(3), nonlinear optical effects (66). The refractive index
of organic materials with extended π-systems can be
instantaneously changed by the exposure to light of a
sufficiently high power level. The power dependence
of the nonlinear refractive index can be used to con-
trol the phase of a propagating wave and is utilized in
the nonlinear Mach–Zehnder interferometer as an opti-
cal switch. Suitable χ(3) materials for the design of
an opto–opto switch in a waveguide format have to
fulfill a variety of criteria and two merit factors have
been introduced, thus allowing us to judge the qual-
ity of a material and the magnitude of the achievable
nonlinear phase shift (66). There have been tremen-
dous efforts to design suitable materials and a survey
and assessment can be found in the review of Luthor-
Davies and Samoc (67). So far, only a few materials
partially meet the requirements and none have the poten-
tial to reach a practical level of performance, which has
caused some resignation within the χ(3) community. In
the last decade, a much more efficient way to intro-
duce a nonlinear optical phase shift has been identified
which utilizes a cascading of second-order nonlineari-
ties (68, 69). The combination of two second-order non-
linear processes can induce a third-order nonlinearity.
For instance, the combination of frequency-doubling and
difference frequency mixing yields a nonlinear phase
shift which is proportional to the square of the effec-
tive nonlinear susceptibility of the second order, χ(2),
and the same holds for a cascade of optical rectification

and the linear electro-optical effect. A good overview
on the cascaded second-order nonlinear interactions can
be found in the review by Bosshard (70). The con-
cept of cascading is based on second-order effects and
allows utilization of the highly developed knowledge in
designing efficient χ(2) materials and their structures in
a new promising area. It is our belief that there is also
some potential left for LB devices in such applications
and that this would be a promising field for thin-film
assemblies.

2.2 Sensors

Another promising application for LB films is in the field
of sensors. The basic idea is simple and appealing – the
Langmuir–Blodgett films are deliberately functional-
ized by selected moieties which specifically react to
the target species, while the thin-film assemblies ensure
fast response times. This specific interaction or bind-
ing change properties of the LB films are then subse-
quently detected and further quantified. The most simple
way to monitor the binding relies on a measurement
of the mass coverage at the surface via use of the
quartz microbalance; however, a better sensitivity can
be achieved by using optical reflection techniques, such
as ellipsometry or surface plasmon spectroscopy (SPS).
In the last few years, several novel detection schemes
have been developed which are capable of recording a
sub-monolayer coverage, as in, for instance, the hetero-
dyne concept for the phase detection in SPS, as intro-
duced by Nelson et al. (71). A discussion of various
detection schemes and assessments of their sensitivi-
ties, as well as various concepts for miniaturization,
is presented in the review article by Kambhampati and
Knoll (72).

The design of gas sensors is meanwhile quite
advanced, being driven by a growing awareness of the
hazards caused by toxic or flammable gases. Safety reg-
ulations in the workplace demands an easy means to
reliably detect even trace amounts of such gases. A
recent review on this topic can be found in ref. (73).
Many gas sensors utilize the properties of metallo-
phthalocyanine macrocycles (74). The electronic states
of such macrocycles change significantly with oxidiza-
tion, with partial oxidization transforming an insulator
into a conductive material. The resistance is therefore a
function of the concentration of the oxidizing species,
and this can be utilized for the detection of oxidizing
species such as nitrogen dioxide or reducing species
such as amines. The sensitivity is high and values of
about 100 ppm for NO2 or 30 ppm for NH3 have been
reported (75).
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The response time and the sensitivity is linked to
the order within the LB film and the use of mix-
tures of different materials can significantly improve
the device characteristics. Emelianov and Khatko (76)
have reported on an improved kinetic response and sen-
sitivity of NO sensors based on copper tetra-t-butyl
phthalocyanine (CuTTBPc) Langmuir–Blodgett films.
The performance was greatly improved if a mixture of
CuTTBPc with arachidic acid (AA) was used instead of
the phthalocyanine derivative alone. De Saja et al. (77)
have fabricated electronic sensors based on LB films
of phthalocyanine derivatives which monitor volatile
amines produced by the decomposition of fish and
seafood. The sensor consists of an array of differently
functionalized units. Each individual sensing unit under-
goes changes in its electrical resistivity that are pro-
portional to the concentration of volatile amines. The
combined responses of such an array allowed an assess-
ment of the freshness of samples of seafood.

The critical point for all of these sensors is the
specificity for the target species, with different oxidizing
agents, e.g. ozone, O3, leading to similar changes. The
specificity is also a critical issue for biosensors but here
the “lock and key” principle of certain receptors, such
as the biotin streptavidin system, can be exploited (78).

2.3 Command surfaces

Photochromic molecules have attracted a lot of research
in the last few decades due to the possibility of
reversibly changing their properties by the action of
light (79). Photochromism describes the phenomenon
whereby the absorption spectra of certain molecules
change upon photoirradiation. Here, the exposure to
light of a certain wavelength induces a new conforma-
tion or shape of the molecule, plus new physical proper-
ties. Thin-film assemblies of photochromic systems can
be utilized for the design of a command surface, where
a single monolayer of these “Smart” molecules can be
sufficient to control the properties and the order in the
adjacent bulk phase.

The most widely investigated photochromic system
is the azobenzene chromophore (see Figure 28.6). The
azobenzene possesses two distinct conformations, i.e.
the (E)- and (Z)-states. Illumination of light in the
near-ultraviolet region (at around 350 nm) induces an
(E)–(Z) photoisomerization, while exposure to blue
light reverses this isomerization. Such a reversible pho-
toisomerization can take place with little degradation
after thousands of switching cycles. The azobenzene
chromophore can be incorporated in an amphiphile and

processed according to the LB technique. The switch-
ing properties are maintained in the thin-film assembly
provided that there is sufficient free volume. Seki and
Ichimura have investigated in detail monolayer forma-
tion and LB deposition of poly(vinyl alcohol) (PVA)
with an azobenzene side-chain (80). The switching effi-
ciency in the LB films was significantly increased if the
LB layer was deposited from the cis-state, which was
explained in terms of the free volume within this layer.

These Smart surfaces can be used for controlling
order in liquid crystals (LCs). Ichimura has demon-
strated several light-driven liquid crystal systems, and
an overview and detailed discussion is presented in a
recent review article (81). The basic principle is out-
lined in Figure 24.6. The nematic liquid crystal is con-
fined in a cell whose surfaces have been modified by
LB films containing azobenzene units. The orientation
of the nematic liquid crystal is controlled by the cis-
/trans-state at the surface. The trans-state induces a
homeotropic alignment, whereas the corresponding cis-
state leads to a parallel alignment of the liquid crystal. It
is quite remarkable that, on average, one photochromic
molecule in the top-most layer is sufficient to rearrange
the orientation of 104 LC molecules, and for this rea-
son the terms “commander” and “soldier” molecules can
properly describe such systems. The switching process is
reversible and the tilt angle adopted by the LC molecules
can be deliberately controlled by the (E)/(Z) ratio of
the azobenzene at the surface, as monitored by waveg-
uide spectroscopy (82). A systematic variation of the
chemical structure of the command molecules and their
number densities at the surface was performed by Aoki
et al. (83) and new insights on the relevant prerequi-
sites for an efficient photoregulation of LC orientation
have been gained. The nature and the position of the
substituent is decisive, with the best efficiencies being
observed for n-alkyl chains in the p-position. Further-
more, it is advantageous to decouple the azobenzene
from the substrate by a long spacer and adjust the num-
ber density of the azobenzene unit within certain limits.
An area per azobenzene unit of 0.5–1.3 nm2 works best.

Möller et al. have used this command effect to design
surfaces with a photocontrollable wetting behaviour (84).
The surface of a quartz slide was modified by an azoben-
zene species containing fluorinated alkyl chains in the
p-position. Cis and trans surfaces possess different wet-
ting behaviours, which was attributed to a combination
of changes in polarity and orientation order of the fluo-
rinated substituent. It was possible to write rather fine
cis–trans patterns in the surface in a reversible way
and to control the formation of water droplets by light.
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Figure 28.6. Illustration of the command effect. (a) The azobenzene possesses two distinct conformations, i.e. (E) and (Z).
Illumination with UV light leads to the (Z)-state, whereas blue light switches to the (E)-state. This photochromic transition is
reversible. (b) The different shapes of both states are sufficient to change the orientation of a nematic liquid crystal from an
out-of-plane to an in-plane alignment. On average, one photochromic molecule at the top-most layer is sufficient to rearrange
the orientation of 104 LC molecules. (From K. Ichimura, Supramolecular Science, 3 (1996))

Figure 24.7 shows a microscopic image of such a pat-
tern, created by UV light and a mask. The dark areas are
covered with droplets which provide the contrast in the
image.

The wetting properties of structured surfaces have
attracted a lot of research, both from the theoretical,
as well as from the experimental point of view (85),
and several wetting phases with a variety of various
morphologies, such as droplets, channels or films, have
been predicted. LB layers containing photochromic
moieties are suitable and simple model systems for

studying the scale-dependence of the predicted wetting
morphologies.

2.4 Molecular electronics

One of the long-term goal of LB research defined by
some groups is the field of molecular electronics with the
prospect that assemblies of molecules or even individual
molecules can improve certain functions required within
a computer. Recent overviews on this topic can be
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Figure 28.7. A cis–trans pattern was written in an LB mono-
layer containing azobenzene units with fluorinated alkyl chains
in the p-position. Both corresponding surfaces (cis and trans)
differ in their wetting behaviours. Water microdroplets are
formed on the illuminated regions (cis-state) during cooling
of the sample in a humid atmosphere. The optical microscope
image shows the formation of water droplet at two different
stages and magnifications. The width of the bars is 2 µm and
the mesh size is 10 µm. The wetting behavior can be controlled
by light, and droplet formation is reversible. (From G. Möller,
M. Harke, D. Prescher, H. Motschmann, Langmuir, 14, 4955,
(1998))

found in the reviews by Martin and Sambles (86) and
Metzger (87).

2.4.1 Molecular rectifier

Aviram and Ratner (88) proposed in the mid-1970s that
a single organic molecule of the type D–σ –A, with
an electron donor D and an acceptor A, separated by
a σ -bond, can perform as a rectifier of electric current
once properly assembled between two metal electrodes.
The electronic asymmetry between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) of A and D should ease
electron transfer from A to D and act as a high-electron-
tunneling barrier in the opposite direction. Hence, an
organic molecule can perform as a molecular rectifier.
The proposal was made as a “Gedanken experiment” and
leads to vivid research aiming for the design of suitable
molecules and an experimental verification of the recti-
fying properties. It is worthwhile to mention in this con-
text the ongoing activities in China with the foundation
of the Laboratory of Molecular and Biomolecular Elec-
tronics dedicated to these topics (89) and an overview
about these activities in China presented in the review by
Wei (90). Meanwhile, experimental evidence has been
provided that LB multilayer and monolayer can pos-
sess rectifying properties (91–93). Metzger et al. (94)

have observed asymmetries in current–voltage measure-
ments within LB monolayers in benzochalcogenazolium
derivatives which possess a donor–σ –acceptor archi-
tecture. The measurements were carried out on macro-
scopic Al|LB|Al sandwiches, as well as via a scanning
tunnelling microscopy (STM) tip. The maximum rec-
tification ratio was 26:1, although a rapid degradation
in performance with time was also observed. The cur-
rent–voltage measurements are obtained are shown in
Figure 28.8, together with a schematic of the exper-
imental set-up. Brady et al. (95) have also reported
on the rectification behaviour in (D–σ –A) molecules.
In this work, the molecules were assembled in non-
centrosymmetric LB multilayer structures and sand-
wiched between two metal electrodes. The electronic
structure was modelled by a density-functional approach
and the results were used to discuss the underlying con-
duction mechanisms. Thus, about 25 years after it was
first proposed, the Aviram–Ratner mechanism has been
finally verified experimentally.

2.4.2 Challenges and hurdles

Can the knowledge gained in this area be further
exploited for the fabrication of real devices? These
present authors do not share the visions proposed
for molecular electronics in the sense that individual
molecules can “overtake” logic functions. The uncer-
tainty principle is a good argument against overen-
thusiastic proposals which may even jeopardize the
credibility of this area. However, small assemblies of
molecules or nanoparticles have the potential to overtake
the functions required within a computer. In the follow-
ing, we will outline our personal views regarding which
niches, perspectives and problems we foresee in this
context, plus some issues and remarks which also hold
for the currently so-fashionable field of Nanoscience.

There are essentially two approaches to enter the
“microworld”, namely the top-down approach used by
engineers and the bottom-up approach borrowed from
nature. The top-down approach is based on lithography
and related patterning techniques. Microstructures with
function are fabricated by lithography, with a rapid
trend towards smaller and smaller structures. The closest
distance between adjacent electronic components within
an integrated circuit (IC) defines the clock cycles
and determines the speed of a processor. The current
generation of chips is based on 180 nm structures which
are produced by photolithography. There is a trend
known as Moore’s law which states that the scale of an
IC halves every 18 month (96). Meanwhile, structures
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Figure 28.8. Schematic representation (a) of the experimental set-up used to verify molecular rectification in a donor–σ –acceptor
molecule; the electrode (+) for the positive bias and the direction of an easy electron flow for V > 0 are marked.
(b) Demonstration of rectification through a single monolayer sandwiched between Al electrodes. The DC voltage is swept
at a rate of 10 mV/s and the DC current versus applied DC voltage is shown on a linear (c) and logarithmic scale (d). (From
R. Metzger, B. Chen, U. Hopfner; M. Lakshmikantham, D. Vuillaume; T. Kawai, XL Wu, H. Tachibana, T. Hughes, H. Sakurai,
J. W. Baldwin, C. Hosch, M. Cava, L. Brehmer, Journal of the American Chemical Society. 119(43):10455 (1997))

of about 50 nm have been successfully produced by
X-ray or by electron-beam lithography, although the
cost and failure rate increased tremendously, along
with severe engineering problems such as capacitative
coupling between components or heat dissipation (96).
The top-down approach reaches physical and economic
limits, and this is where the bottom-up approach may
contribute as a cheap alternative.

The bottom-up approach is copied from nature and
utilizes the profound knowledge gained in the self-
organization of molecular assemblies and nanocrystals.
Molecules and nanocrystals with different functionalities

can be designed and stacked in the desired fashion to
give superlattices with novel functions. Experimental
evidence has been provided that assemblies of molecules
can overtake functions of the classical domain of
semiconductors. However, the major challenge and
hurdle for a further utilization is a combination of
the macroscopic world with these nanoassemblies.
A molecular assembly which overtakes the function
of a transistor cannot find its place in the next
generation of chips as it is not compatible with
the top-down approach. This linkage between the
two worlds is the major challenge. Eventually, the
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bottom-up approach may provide cheap alternatives
for the currently manufactured devices. However, the
utilization requires a different computer architecture
which takes the inherent imperfection of self-assembled
structures into account. There is also research in this
direction and an interesting study with an experimental
computer has been performed in the laboratories of
Hewlett Packard. This computer has a massively
parallel architecture and was built to investigate a wide
range of computational architectures and in particular
address the influence of hardware defects on the
overall performance (97). The machine contains over
200 000 hardware defects, and although any of these
could be lethal to a conventional computer, yet it
performed much faster than “high-end” single-processor
workstations. The defect-tolerant architecture is due
to a high communication bandwidth which enables a
route around the defects. The underlying philosophy
differs significantly from the usual ideas for building
complex computer systems. The insight gained by these
experiments may have some important implications for
future computers based on any nanoassembly since
the building concept of the machine takes defects into
account as an inherent part of its construction (98).

3 FINAL REMARKS

LB films have been proposed for many practical appli-
cations covering a wide range of different areas from
bio-sensing, to anti-reflection coatings, to all-optical pro-
cessing units. Significant accomplishments in design-
ing molecules and LB structures with functions have
been made and the relationship between the macroscopic
and molecular structures was in great detail addressed.
Meanwhile a sound understanding of the underlying
principles governing the packing and the structure of
an LB film has been established. However, despite this
remarkable progress, LB films have not yet found their
way into the market-place and competitive approaches
have been commercially more successful. Nevertheless,
the LB techniques remains potentially useful due to its
simplicity and the ability to build molecular assemblies
defined on the molecular scale. In this respect, LB films
will continue to serve as valuable model systems for
addressing basic scientific problems such as wettability,
friction and molecular recognition.
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