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Langmuir-Blodgett (LB) films are ultra thin organic films obtained from the successive depo- 
sition of monolayers from the water surface onto a solid substrate. They possess interesting 
properties such as controllable thickness, surface uniformity and a high degree of orienta- 
tional order, which make them potential candidates for application in electronic devices and 
sensors. 

I. Introduction 

One of the most demanding challenges in materials 
science today is the development of new materials with 
tailored properties t o  suit specific applications. The ul- 
timate goal is the engineering of molecules which would 
be the building blocks for sensors and electronic devices, 
in the emerging field of molecular electronics. Such am- 
bitious endeavors will only be achieved if experimental 
techniques are available which allow the assembling of 
molecules to  form two or three dimensional structures. 
The Langmuir-Blodgett (LB) technology is perhaps the 
most promising of such techniques because it allows the 
fabrication of ultra thin, highly ordered organic films. 
In the LB method, a one molecule thick layer (Lang- 
muir monolayer) spread at the airlwater interface is 
transferred onto a solid substrate, a process that can 
be repeated several times with the same substrate to 
form multilayer filrns. 

In this paper, several aspects of LB films and Lang- 
muir monolayers will be reviewed. In Section 11, fol- 
lowing a brief historical note the experimental proce- 
dures for the film fabrication are described. The most 
important LB forming materials are discussed in Sec- 
tion 111, while Section IV deals with the characteriza- 
tion of Langmuir monolayers as well as LB deposited 
films. The many possible applications of LB films are 
discussed in Section V in which a special subsection 
has been provided for introducing the topic of molec- 
ular electronics. Section VI closes the paper with the 
state of the art. Because literature on LB f i lm and 
Langmuir monolayers is abundant (see refs.'-12), only 
a few papers will be listed here which may be starting 
points for those who wish to further their knowledge in 
the field. 

11. Langmuir Monolayer and LB Film Fabrica- 
tion 

Insoluble monolayers are formed on the surface of 
a clean liquid which has a high surface tension (e.g. 
water) by the spreading of insoluble, non-volatile sub- 
stances over the surface. S~reading  occurs when the 
molecules of the substance, generally possessing a hy- 
drophilic head and a long hydrophobic tail (see Section 
111), are attracted to  the water more than they attract 
each other. A one molecule thick film, termed Lang- 
muir monolayer, is formed provided that the area of the 
surface is sufficient to  accommodate a11 the molecules 
spread. The history of insoluble monolayers can be 
traced back to ancient times, for Aristotle in ancient 
Greece was reported to  have noted the calming effect of 
oil on a water surface. Following studies from the end of 
last century by Agnes Pockels and Lord Rayleigh - the 
latter was the first to  suggest that the oil film could be 
one molecule thick - Langmuir in 1917 introduced new 
theoretical concepts and experimental methods which 
were to  prove of major importance to  the study of these 
films. Today, the subject of insoluble monolayers at the 
airlwater interface is a well-established topic addressed 
in the majority of texts of Physical Chemistry of Sur- 
faces. 

The equipment used for the production of Langmuir 
monolayers and/or LB deposited films has become tra- 
ditionally referred to  as a Langmuir trough (Figure 1). 
Basically it consists of a container which holds a liquid 
subphase on which the monolayer is spread, barriers to 
enable film compression and other measuring apparatus 
for monolayer characterization. Included in these are a 
surface pressure sensor and a position detector attached 
to the barriers to measure the surface area of the film. 
The container must be made from an inert material 
such as Teflon which does not contaminate the aqueous 
subphase. The trough and barrier arrangement must 
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Figure 1: Langmuir trough. The monolayer is spread on the surface of an aqueous subphase, and then compressed 
by means of moveable barriers. A pressure sensor/electrobalance arrangement measures the surface pressure, and 
the area per molecule is obtained from the total area given by the barrier position sensor. The dipper controls the 
imrnersion and withdrawal of the solid substrate for monolayer deposition. 

provide a means for constraining and compressing the 
monolayer. 

The material is dissolved in an appropriate organic, 
volatile solvent (e.g. chloroform) and dispensed onto 
the surface of an aqueous subphase. The solvent evap- 
orates within a short time and the molecules then left 
spread over the whole water surface. The monomolecu- 
lar layer, so-called Langmuir monolayer, is compressed 
until the molecules are aligned in a regular arrange- 
ment. Langmuir-Illodgett films are fabricated by im- 
mersing a clean substrate into the monolayer-covered 
aqueous subphase, as illustrated in Figure 2. Repeated 
dippings of the sul~strate result in the deposition of a 
multilayer structu:*e, which in some cases can be up 
to hundreds of mmolayers. A good deposition will de- 
pend not only on tlie nature of the monolayer molecules 
thernselves, but also on subphase conditions such as 
pH, temperature, and ionic contents, on the speed of 
imrnersion and withdrawal of the substrate (dipping 
speed) and on whether the substrate is hydrophilic or 
hydrophobic. 

LB films usually deposit in a syrnrnetrical mode, 
referred to  as Y-type films, in which the molecules in 
successive layers adopt a head-to-head and tail-to-tail 
arrangement as sh'3wn in Figure 3a. In the Y-type de- 
position on a hydrophilic substrate, a monolayer is not 
picked up by the SL bstrate during the first immersion of 
the substrate (downstroke), but in subsequent trips de- 
position always occurs both in the downstrokes as well 
as in the upstrokes. There are two other types of de- 
position, the so-called X and Z-types siiown schemati- 
cally in Figures 3b and 3c, where deposition occurs only 
in the downstrokes or in the upstrokes, respectively. 
Super-lattices can also be built in which monolayers of 

different materials are deposited on the sarne substrate. 
In addition to  the commonly used vertical dipping 

method described above, deposition can also be made 
by surface contact using the horizontal lifting method. 
Almost any type of solid substrate can be employed 
in LB deposition, though deposition will only be suc- 
cessful if a number of requirements are met. !The most 
used materials are glass slides, or metal evaporated- 
glass slides and semiconductor wafers. Prior to deposi- 
tion, substrates must be thoroughly cleaned and usually 
rendered either highly hydrophilic or hydrophobic de- 
pending on the specific type of deposition that is aimed 
at. 

It is essential that the most stringent cleaning pro- 
cedures are adopted in the LB work. The Lang- 
muir trough and its accessories need to be free of 
surface-active materials and greases. Glassware must 
be scrupulously washed and rinsed copiously with ultra 
pure water. High purity solvents must be used to avoid 
any residues being left on the cleaned surface. Also, 
the water must be of very high purity and be changed 
at regular intervals, preferably for each new monolayer 
spread, to avoid bacterial growth known to  occur when 
water is left in the trough for severa1 days. 

Ultra pure water is usually supplied by commer- 
cially available purification systems, based on ultra fil- 
tration and ion exchange techniques. Though these sys- 
tems are provided with a resistivity meter which allows 
continuous assessment of the quality of the water, non- 
ionizable impurities may stilI pass ddetected which 
will affect monolayer behavior. Surface potential and 
lateral conductance measurements have been proven to 
be extremely sensitive to minor concentrations of im- 
purities and may therefore be used to ensure that only 



high purity water is employed in Langmuir monolayer 
and LB film studies. 

It  is also widely recognized that a dust-free envi- 
ronment is an essential requirement for the production 
of high quality Langmuir monolayers and LB deposited 
filrns. Ideally, the LB apparatus should be housed in a 
semiconductor clean room with temperature and rela- 
tive humidity control. To gain access to such a clean 
room researchers should wear overshoes and special 
coats and hats aimed at preventing any dust from con- 
taminating the environment. 

B substrate C 

Figure 2: Monolayer deposition. A monolayer is not 
picked up by the substrate during the first imrnersion 
of the substrate (downstroke), but in subsequent trips 
deposition always occurs both in the downstrokes as 
well as in the upstrokes. 

Figure 3: Types of LB deposition. 
type; c) Z-type. 

111. LB Forming Materials  

The main class of compounds which form stable 
monolayers on the water surface are those referred to as 
amphipathic or amphiphilic. Molecules of these com- 
pounds possess a highly polar group, which is attracted 
to the water, and a sufficiently large non-polar moiety 
(generally a long hydrophobic tail) which prevents the 
monolayer from dissolving into the water. The polar 
group is usually located at one end of the molecule so 
that the molecules can be made to align parallel to each 
other with the hydrophobic tail protruding from the wa- 
ter surface. The simplest amphiphilic materials are the 
long chain alkanoic acids, e.g. stearic acid, and their 

Brazilian Journal of Physics, vol. 22, no. 2, June, 1992 

derivatives which have been the most widely investi- 
gated compounds. (For a review on LB forrning mate- 
r i a l~ ,  see [13]). Chains containing one or more double 
bonds can replace the alkyl chain of fatty acids yield- 
ing monolayers that are amenable to  polymerization. A 
good example of this type of compound is w-tricosenoic 
acid (a 24 carbon fatty acid with a double bond at the 
end of the hydrocarbon chain) that has been used in LB 
resists for electron beam lithography. Aromatic materi- 
ais such as the long-chain anthracenes and azobenzenes 
have also been employed in the fabrication of LB films. 

LB films of these simple molecules, however, are 
usually fragile and have poor thermal stability and me- 
chanical properties. This has prompted the study of LB 
filrns made from polymerizable materials and also per- 
formed polymers in a work pioneered by Tredgold and 
his collaborators in the United ~ i n g d o m ' ~ .  Examples 
of recent use of polymers for LB film fabrication include 
films made from polyimides, polyglutamate, polydi- 
acetylene, polyisocyanides, octadecyl esters of polyamic 
acids, and mixed films of hydrophilic and hydropho- 
bic block copolymers. Poiymerizable films of a styrene 
functionalized surfactant, phospholipids and long-chain 
derivatives of alpha- amino acids and diynoic, trienoic 
and acrylic acids have also been reported. 

The last 2 or 3 years have seen a spectacular increase 
in the interest in conducting polymer LB filrns, as the 
ability to  engineer supermolecular structures of a num- 
ber of conducting polymers has been demonstrated15. 
The wide variety of possible applications together with 
their excellent mechanical and electroactive properties 
make the conducting polymers perhaps the current 
most important class of rnaterials for fabricating LB 
films. Three main farnilies of conducting polymers have 
been used so far, namely the poly-alkyl thiophenes, the 
polypyrroles and the polyanilines. It is worth mention- 
ing that conducting LB films have also been made from 
non-polymeric materials such as the tetracyanoquin- 
odimethane (TCNQ) salts and the tetrathiafulvalene 
derivatives. 

Figure 4: Schematic diagram of a cell membrane. The 
lipid bilayer is responsible for the structural integrity of 
the membrane which is traversed by proteins and other 
constituents. In the picture an ion channel is shown to 
illustrate how charge transport through the membrane 
can occur. 

Another important class of LB rnaterials comprises 
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those which are relivant because of their biological im- 
plications. According to the fluid mosaic model of 
Singer and Nicholson shown schematically in Figure 4, 
the structural framework of a biological membrane is 
forrned from a lipid bilayer, or essentially a two-layer 
LB film: two parallcl monolayers with their headgroups 
on the outside surfwes and the tails pointing inward; 
and containing a variety of proteins and lipopolysac- 
charides (LPS). Thc lipid molecules, such as cholesterol 
and phospholipids itre the most numerous and are re- 
sponsible for the stiuctural integrity of the membrane. 
If proteins and other cell membrane constituents are 
successfully incorporated into LB films, such structures 
could serve as realis tic models of biological systems on 
which useful devicer, could be based. For instance, pro- 
tein LB films have been suggested for biosensors, and 
the incorporation of Gramicidin A into DPPC (dipalmi- 
toyl phosphatidylckoline) LB films has been used in 
high spatial resolution of ionic channels using scanning 
tunneling microscopy. 

There has been renewed interest in the synthesis 
of nove1 compound3 with specifically tailored electri- 
cal and optical prcperties. Accordingly, sulphoxide- 
containing compounds and organo-ruthenium com- 
plexes with a fatty zcid have been used in pyroelectric 
LB films, and dye-irlpregnated LB films have been fab- 
ricated aimed at a variety of applications such as p-n 
junctions, nonlinear optical films, energy transfer, and 
coating of optical fibres. The macrocyclic porphyrin 
and phthalocyanine derivatives have been extensively 
studied for applicai ions that range from gas sensing 
devices to electrochromism. Nove1 materials yielding 
LB films with unusual, almost unexploited properties 
have also been studied. Included in these are the fer- 
roelectric side chain polymers, the liquid crystals, and 
the amphiphilic ortliophenanthroline thiocyanato from 
which magnetic LB films have been deposited. 

Some of the materials mentioned in this section are 
available from chem~cal suppliers but others have to be 
synthesized from basic materials. It is often the case 
that some materials are not suitable for transfer onto 
a solid substrate be:ause they form monolayers which 
collapse a t  relatively low surface pressures. However, in 
many cases long hycirocarbon chains can be chemically 
attached to the molecules of interest to improve their 
stability on the watf r surface. Some polymer monolay- 
ers, on the other h m d ,  are extremely rigid and con- 
sequently depositior is not always successful, but this 
problem can be u s~a l ly  overcome if mixtures of con- 
ducting polymers a l d  fatty acids are used, or if ap- 
propriate functional groups are added to the polymer 
molecules. 

IV. Characterizat íon 

4.1 Langmuir Mono1 ayers 

The fabrication and characterization of Langmuir 
monolayers constituí~e a field of research in its own right 

because of the rich variety of electrical, optical, ther- 
modynarnical and rheological properties of monolayers 
which have been under investigation through a variety 
of experimental techniques. The upsurge of interest in 
LB filrns has added a new dimension to  the subject of 
Langmuir monolayers, for the properties of LB films 
depend on the monolayer characteristics. Important is- 
sues in the monolayer characterization are related to the 
effects of subphase conditions on the monolayer proper- 
ties, and also its homogeneity and stability on the water 
surface. 

Among the many techniques employed in the char- 
acterization of Langmuir monolayers, the surface pres- 
sure and the surface potential methods have been the 
most widespread. After discussing these measurements 
at some length, other techniques which have also pro- 
vided relevant information on monolayer behavior will 
be discussed briefly. 

Surface pressure is defined as the decrease in the 
surface tension of the liquid owing to  the presence of 
the monolayer. It is normally measured using a Wil- 
helmy plate/electrobalance arrangement that monitors 
the force required for the sensing plate to be kept 
stationary against changes in surface tension. The 
pressure-area (?r-A) isotherm, obtained by compressing 
the monolayer, is the most commonly used character- 
istic in the description of a monolayer. Figure 5 (i) 
shows a typical r-A curve for stearic acid, where A is 
the average area occupied on the liquid surface by the 
molecules forming the monolayer. When the monolayer 
is compressed beyond the steep increase in surface pres- 
sure, collapse occurs and the molecules are forced out 
of the monolayer forming lenses. 

The almost featureless r - A  curve shown in Fig- 
ure 5 is characteristic of simple, monofunctionalized 
molecules and can be interpreted unambiguously, at 
least qualitatively. For more complex molecules, there 
is usually the formation of expanded monolayers which 
is dependent upon factors such as the presence of a sec- 
ond polar group which interfere with the tendency of 
the chains to pack closely. This is illustrated in Figure 6 
for a bipolar compound that possesses two hydrophilic 
groups at each end of the molecule. The carboxylic 
group (COOH) is anchored to the water surface while 
the ptolyl sulphoxide group is removed from the water 
surface as the monolayer compression proceeds. 

Although a qualitative explanation for the shape 
of r-A curves can be offered in many cases, a quan- 
titative analysis is much more difficult to be achieved, 
even for the simplest long- chain alkanoic monolayers. 
Theoretical studies have been presented in the litera- 
ture which have attempted to describe phase transi- 
tions in fatty acid and phospholipid monolayers quan- 
titatively. These studies encompass thermodynamical 
analyses based on statistical mechanics and computer 
simulation techniques. 

The surface potential technique is the secdnd most 
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Figure 5: Pressure-area isotherm and molecular config- 
uration. (i) ã-A characteristic for a monolayer of stearic 
acid on ultrapure water. (ii) molecular configuration in 
the three regions marked in the r-A curve; (a) gaseous 
phase, (b) liquid-expanded phase, and (c) condensed 
phase. From ref. [17]. 

frequently used method for characterizing floating 
Langmuir monolayers. The surface potential of a mone  
layer, AV, is defined as the difference in potential be- 
tween a monolayer-covered surface and a clean aqueous 
surface. In most cases, it is measured using a Kelvin 
probe. The technique provides valuable information on 
a number of monolayer effects, especially for identifying 
phase transitions resulting from molecular orientation 
during monolayer compression. 

The interpretation of surface potential measure- 
ments, however, has been plagued with two main types 
of problem. First, although it has long been estab- 
lished that AV arises mainly from the molecular dipoles 
of the film-forming molecules, discrepancies exist be- 
tween the measured and the expected values for these 
dipole moments. Second, the measured monolayer sur- 
face potentials for large areas per molecule are usually 
not reproducible, changing drastically even for consec- 
utive compressions of the same monolayer. Over the 
last four years these problems have been overcome to a 
great extent as explained in the following. 

The measured AV can now be successfully related 
to  the group dipole moment of individual molecules if 
the monolayer is treated as a 3-layer parallel plate ca- 
pacitor. In this so-called Demchak and Fort model16, 
the measured surface potential is assumed to arise from 
three main contributions: a moment ,ui which is caused 
by the reorientation of water molecules induced by the 
presence of the monolayer; a moment ,uz due to the 
dipoles of the hydrophilic headgroups; and a moment 
p3 assigned to the hydrophobic tails. Each of the 3 lay- 
ers has a different relative permittivity to account for 
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the different polarisabilities of the medium immediately 
surrounding the dipoles (Figure 7). When a monolayer 
is ionized, an additional contribution to  the measured 
surface potential arises from the Gouy-Chapman elec- 
trical double layer. 

Quantitative agreement between theory and experi- 
ment has now been obtained for condensed monolayers 
of a number of aliphatic compounds by Taylor and co- 
workers a t  Bangor, U.K. [16]. An alternative, slightly 
different model has been suggested by Vogel and Mo- 
bius from Goettingen in Germany, in which a 2-layer 
rather than a 3-layer capacitor is used, and the local 
permittivities are not considered explicitly. Despite the 
success of these models, so far they have been applied 
only to a limited class of compounds and still contain 
severa1 arbitrary assumptions whose validity needs to 
be confirmed. 

The non-reproducibility of surface potential data for 
expanded monolayers was a major problem for a long 
time. The large fluctuations usually observed in the 
surface'potential was attributed to non-homogeneity in 
the monolayer with the formation of clusters and is- 
lands. This non-homogeneity has been identified as 
originated from extremely low amounts of impurities 
present in the water surface, and it has been demon- 
strated that reproducible results can now be obtained 
for expanded monolayers provided that adequately pu- 
rified subphase water is employed. While this may be 
taken as indicator of a (macroscopically) homogeneous 
monolayer, it has been unequivocaliy established, on 
the other hand, that the rnonolayers are not homoge- 
neous at the microscopic level. Domains of the order 
of tens of microns have been observed in monolayers 
of fatty acids by phase contrast rnicroscope and reflec- 
tometry under the Brewster angle, and in monolayers 
of phospholipids and porphyrin-fatty acids by means of 
fluorescence rnicroscopy. The existence of domains has 
also been predicted in molecular dynamics simulations 
for fatty acid monolayers. 

steoric acid 

( c )  

Another recent important finding relating to mono- 
layer structuring has been obtained by measuring di- 
rectly the lateral conductance of phospholipid and fatty 
acid monolayers. The conductance was shown to occur 
only when the molecules are packed at or below a crit- 
ical area per molecule, and has been suggested to arise 
from proton hopping through a hydrogen-bonded net- 
work at the water/monolayer interface. The existence 
of a critical area has also been confirmed by surface 
potential, ellipsometry and microscopy measurements, 
and appears to be related to the growth of the mono- 
layer domains. 

Surface pressure, surface potential, and lateral con- 
ductance measurements provide only information on 
the collective behavior of the assembled molecules, and 
so do some other measurements like surface viscosity 
and ellipsometry which have also been used in the char- 
acterization of Langmuir monolayers. In recent years, 
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Figure 6: Bipolar compound. (i) ?r-A characteristic for a monolayer of p-tolyl sulphoxide acid (TSA) on ultrapure 
water. (ii) possiblo molecular configuration in the three regions marked in the ?r-A curve. From ref. [17]. 

molecular ordering has been investigated in which non- 
linear optical techniques, synchrotron X-ray diffraction 
and reflection and neutron reflection have been used. 
These latter methods provide detailed information on 
chain orientation itnd packing characteristics, and al- 
low the thickness of the monolayer to be measured to 
an accuracy of one Angstron. 

polar 

Figure 7: The Dcmchak and Fort model. The 3- 
layer capacitar model of a condensed monolayer at the 
air/water interface. The contribution of the dipoles in 
each layer, pj ,  to thc surface potential, AV, depends on 
the local permittivi.;y, r, of each layer. From ref. [17]. 

4.2. Langmuir-Blodgett Deposited Filrns 

There are a number of characteristics which need to 
be investigated before the properties of LB filrns can 

be used in actual applications. First of all, it is neces- 
sary to establish whether deposition really took place 
and whether the film deposited is indeed a gcnuine LB 
film or simply a sample prepared using the LB method. 
By measuring the transfer ratio of a particular mono- 
layer in successive depositions, it is usually possible to 
know the type of film deposited (Y, X or Z) and also 
investigate which pararneters affect deposition. How- 
ever, the measurement of the transfer ratio on its own 
cannot ensure whether the film is uniform or highly or- 
dered. Severa1 other techniques must be used in order 
to gain such information. The thickness of the LB film 
and the intermolecular distances may be determined by 
ellipsometry, surface plasmon resonance, X-ray diffrac- 
tion and neutron diffraction and reflection, and electron 
diffraction. Synchrotron X-ray reflection, for instance, 
allows the thickness to be determined to an accuracy 
of one Angstrom. The thickness can also be obtained 
when the film is part of a MIM (metal-insulator-metal) 
structure by measuring the capacitance of the structure. 

Some of the techniques mentioned above can be used 
to study the orientational order of the molecules in the 
film, but this can also be investigated by Raman scat- 
tering, electron spin resonance, Near Edge X-ray Ab- 
sorption Fine Structure (NEXAFS), linear dichroism 
and Fourier Transform Infra Red (FTIR) spectroscopy. 
Film texture and the presence of defects can be investi- 
gated using scanning electron microscopy (SEM), trans- 
mission electron microscopy (TEM), scanning tunnel- 
ing microscopy (STM), atomic force microscopy (AFM) 
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and optical rnicroscopy. Possible reasons for non- ho- 
mogeneities in LB films are the reorientation of the 
molecules during deposition or after it, or even non- 
homogeneity on the monolayer at the air/water inter- 
face. At the molecular level, non-homogeneities are 
bound to exist since domain structures have been re- 
ported for fatty acid and phospholipid Langmuir mono- 
layers. Surprisingly, hqwever, regular arrangement (to 
an accuracy of the order of Angstroms) of fatty acid 
molecules has been observed in STM measurements. 

For conducting LB films, the in-plane conductiv- 
ity has been measured using mechanically pressed con- 
tacts, conducting paste or evaporated gold electrodes, 
but has also been obtained through Hall effect and sur- 
face acoustic wave (SAW) devices. Though some at- 
tempts have been made t o  investigate the mechanisms 
responsible for the conductivity in LB films, consider- 
able theoretical work is still required for these mecha- 
nisms be established. 

The characterization of LB films can be a rather 
cornplex matter. Structural differences may exist be- 
tween the first and subsequent layers, including tilt of 
the chains in relation t o  the substrate. Some authors 
have reported that the structural arrangement of fatty 
acid films may change from hexagonal to orthorhombic 
a t  thicknesses greater than a monolayer. These dif- 
ferences probably arise from substrate-film interaction 
which tend to die off with the increase in the number 
of layers. Capacitance-voltage measurements, on the 
other hand, have shown that in some films the thickness 
is proportional to  the number of layers, which would in- 
dicate that within the accuracy of the measurements a11 
layers were equivalent. 

Stability is a major problem for applications of LB 
filrns. In addition to  the poor thermostability of films 
built from aliphatic compounds, there have been re- 
ports of changes in film properties with time. The 
surface potential of sulphur- containing LB films has 
been shown to decrease by 40% in a month of deposi- 
tion when they are stored in ambient conditions. Films 
stored in a dry air atmosphere presented a much smaller 
decrease which shows that storage conditions are im- 
portant for film stability17. Also, Z and X-type films 
have been observed to relax to  the more stable Y-type, 
indicating that structural changes may occur as well. 

Apart from the experimental methods already men- 
tioned in this section, other techniques which have 
also been used in the characterization of LB filrns in- 
clude thermo and photodesorption measurements, elec- 
tron spin resonance, Penning ionization electron spec- 
troscopy, surface plasmon resonance, Auger electron 
spectroscopy, cyclic voltammetry, photoacoustic spec- 
troscopy and Stark spectroscopy. 

V. Possible AppIications 

The multitude of possible applications which have 
been suggested over many years are a legacy from the 

pioneering work of Prof. Kuhn and his collaborators in 
Goettingen, Germany, where charge and energy trans- 
fer in LB films were studied. An extensive review of 
the possible applications of LB filrns has recently been 
provided by Petty". 

The potential applications of LB films stem from 
their unique blend of features: they are ultra thin films 
(of the order of nm) and possess a high degree of struc- 
tural order. Also, some films have interesting optical, 
electrical and biological properties characteristic of or- 
ganic cornpounds. The LB technology offers the possi- 
bility of tailoring material properties either by molecu- 
lar engineering of the individual molecules using mod- 
ern methods of organic chemistry or the control over 
the architecture of the films as shown in Figure 8. This 
latter control permits the observation in LB film form of 
useful physical properties of organic compounds which 
is not possible for the same material in its bulk crys- 
talline form because of structural restrictions. For ex- 
ample, most organic materials crystallize with a centre 
of symmetry and therefore second order nonlinear phe- 
nomena such as second harmonic generation and pyro- 
electricity cannot be observed, but rnay be present in 
LB films made from these very materials. 

b b b b b b b b b b b b  
??PPVP?PPPP?  
b b b b b b b b b b b b  

288 8Z8888 
PPP PPPP V bbb!?bbb2A 
PYPP i:,:: E,! PPPP 

Figure 8: Supermolecular structures. Different possible 
structures for LB films of conducting polymers. From 
ref. 1151. 

A great number of possible applications of commer- 
cial interest have been suggested for LB films. The 
films may be used as passive layers in MIS (metal- 
insulator-semiconductor) structures, in resists for sub- 
microlitography, in the passivation of n-GaAs surfaces, 
in surface acoustic wave (SAW) devices, and in the lu- 
brication of thin film magnetic disks to  enhance the use- 
ful life of high density hard disks. Many other possible 
applications include non-linear optical devices, pyro- 
and piezoelectric devices, chemical and biological sen- 
sors, photodiodes, conducting filrns for electrode mate- 
r ia l~ ,  thermochromic devices, coating of optical fibers 
for nonlinear optical properties, ultrafiltration mem- 
branes and the building of molecular electronic devices. 
This latter possible application has brought so much 
excitement to the scientific community that a special 
subsection has been reserved for molecular electronics 
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in this paper. 
Among the rriany classes of materials that have been 

used for LB filni formation, the conducting polymers 
deserve special attention. Perhaps the most exciting 
development in ,,he area in recent years has been the 
demonstration of the use of a conducting polymer based 
LB film as the active element of an electronic device. 
FETs have been fabricated by Stubb's group in Fin- 
land, and also by Rubner's group in the USA, in which 
mixed LB films of different conducting polymers have 
been used 15. 

5.1. Molecular Electronics 

The research , m  the possible fabrication of Molec- 
ular Electronic Iievices (MED) has raised hopes for 
the development (perhaps in the not very distant fu- 
ture) of the so-called nanotechnology, whereby devices 
will have nanomet ric dimensions. Such an achievement 
would certainly provoke a revolution in electronic de- 
vices, information technology and in science and tech- 
nology as a whole These systems will be fabricated in 
such a way as to  make use of specific interactions be- 
tween molecules, iiiteractions that will lead to  functions 
being performed s,milar to  those now realized by semi- 
conductor and magnetic materials. The realization of 
such systems will caly be possible if suitable techniques 
are developed for <issembling molecular structures. Of 
the many possible approaches, the Langmuir-Blodgett 
(LB) technology i:r certainly one of the most impor- 
tant, for i t  providt!~ not only a method of assembling 
molecular systems in a controlled manner but can also 
take advantage of i he self-assembling nature of certain 
molecular species. 

The first requirement for building an MED is the 
development of a nolecular switch capable of shifting 
information, reversibly, from one stage to  the other. 
This achievement 1~ould be equivalent to the discov- 
ery of the transistoi in conventional microelectronics'g. 
The information must be accessible at the molecular 
level, so that the "state" of the switch can be deter- 
mined. The information must be transported over dis- 
tances by moleculai wires and/or molecular networks. 
Finally, the switches and networks need to be assem- 
bled in three dimensional structures or arrays that will 
ultimately lead to  tlie MED. Work on LB filrns has en- 
compassed a11 the different stages mentioned. Both op- 
tical and electricallj reversible switching, for example, 
have been observed in LB films in which the switch- 
ing function originated from a number of different pro- 
cesses such as electrochromism, photodimerization and 
electron transfer. Figure 9 illustrates a porphyrin- 
phthalocyanine arrangement in which electron trans- 
fer can occur upon excitation by visible laser light2'. 
Three- dimensional rnolecular memories have been sug- 
gested based on electron motion perpendicular t o  LB 
multilayers of macro:yclic compounds. 

Figure 9: Electron transfer. LB film of porphyrin- 
phthalocyanine heterodimers in which electron transfer 
can occur parallel to  the substrate by exposing the film 
to visible laser light. From ref. [20]. 

The need to access individual molecules in order to 
store and retrieve data is a problem which appeared to  
be almost unsurpassable until very recently. Now that 
instruments such as the scanning tunneling microscope 
(STM) and atomic force microscope (AFM) are avail- 
able it is possible to  probe surface properties of LB 
films down to  atomic dimensions. Accordingly, these 
techniques have been used for molecular resolution im- 
ages of LB films which paves the way for investigations 
on the access of individual molecules. 

Despite the worldwide effort of interdisciplinary 
teams working on the different aspects of M.E., real 
applications remain something for the future. Severa1 
issues are yet to be addressed including the need to 
detect and repair failures in components that do not 
perform correctly. Additionally, the interpretation of 
some of the most important recent results is still open 
to discussion. For instante, organic molecular rectifiers 
based on LB filrns have been built but there has been 
some debate .as to  whether the observed rectifying func- 
tion is molecular in origin'? Also, i t  cannot be claimed 
at the moment that the STM and AFM data are com- 
pletely free from experimental artefacts. 

VI. The State of the Art 

Conducting polymers are now at the forefront of re- 
search in LB films because of their improved mechanical 
and thermal properties, and also because some of them 
are electroactive and therefore suitable for fabricating 
electronic devices. For the characterization of Langmuir 
monolayers on the water surface and LB deposited films 
there is a trend towards the use of experimental meth- 
ods that are capable of providing information a t  the 
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