The prospects of using organic materials in
electronics and optoelectronics applications
have attracted scientists and technologists since
the 1970s. This field has become known as
molecular electronics. Some successes have
already been achieved, for example the liquid-
crystal display. Other products such as organic
light-emitting displays, chemical sensors and
plastic transistors are developing fast. There is
also a keen interest in exploiting technologies at
the molecular scale that might eventually replace
silicon devices. This chapter provides some of
the background physics and chemistry to the
interdisciplinary subject of molecular electronics.
A review of some of the possible application
areas for organic materials is presented and
some speculation is provided regarding future
directions.

Molecular electronics is concerned with the exploita-
tion of organic and biological materials in electronics
and optoelectronics [53.1-3]. The subject, as it has ma-
tured over the last 30years, can broadly be divided
into two themes. The first area, molecular materials
for electronics, has its origins in materials science and
concerns the development of devices that utilise the
unique macroscopic properties of organic compounds.
The most successful commercial product to date is the
liquid-crystal display. However, following many years
of research, devices such as organic light-emitting dis-
plays, pyroelectric detectors for infrared imaging, and
chemical and biochemical sensors are beginning to make
a technological impact. The Nobel prize in Chemistry
for 2000 was awarded to three scientists working in this
area: Alan Heeger, Alan MacDiarmid and Hideki Shi-
rakawa, who have made significant contributions to the
development of electrically conductive polymers. More
challenging is molecular-scale electronics. Here, the fo-
cus is on the behaviour of individual organic molecules
or groups of molecules. Topics such as molecular
switches [53.3-9], molecular memories [53.10-13], mo-
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lecular rectifiers [53.14], negative differential-resistance
junctions [53.15], deoxyribonucleic acid (DNA) elec-
tronics [53.16] and molecular manufacturing [53.17,18]
have all been described in the literature. It is much too
early to say which, if any, of these could find their way
into the commercial arena.

This chapter provides an introduction to the inter-
disciplinary world of molecular electronics. In the first
instance, the physics background to semiconductive or-
ganic compounds is outlined. A review of the available
materials is presented and some of the possible device
applications are described. There are currently a limited
number of ways in which organic molecules can be de-
posited and manipulated on surfaces to form solid films,
which can then be used in device structures. The most
popular methods are outlined, and methods to pattern
the films are described. The prospects for molecular-
scale electronics are contrasted with the progress of the
inorganic semiconductor industry. Finally, a selection
of the ongoing work on molecular-scale devices is de-
scribed and some speculation about future developments
is given.
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53.1 Electrically Conductive Organic Compounds

Metallic and semiconductive behaviour is not restricted
to inorganic materials. Figure 53.1 shows that the room-
temperature conductivity values for organic polymers
can extend over much of the spectrum of electrical con-
ductivity, from insulating to semiconducting, and even
metallic, behavior [53.19]. The physical explanation can
be found in the nature of the chemical bonds that hold
solids together.

53.1.1 Orbitals and Chemical Bonding

Carbon-based materials are unique in many respects.
This is due to the many possible configurations of the
electronic states of a carbon atom. Carbon has an atomic
number of six and a valency of four. Its electron configu-
ration is 1s2, 2s2, 2p2, i.e. the inner 1s shell is filled and
the four valence electrons available for bonding are dis-
tributed two in the 2s orbital and two in the 2p orbitals.
As the 2s orbital is spherically symmetrical, Fig. 53.2, it
can form a bond in any direction. In contrast, the 2p or-
bitals are directed along mutually orthogonal axes and
will tend to form bonds in these directions. When two or
more of the valence electrons of carbon are involved in
bonding with other atoms, the bonding can be explained
by the construction of hybrid orbitals by mathemati-
cally combining the 2s and 2p orbitals. In the simplest
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Fig.53.1 Room-temperature conductivity values of con-
ductive polymers compared to other materials. (After
Roth [53.19], with permission ©) Wiley)

case, the carbon 2s orbital hybridises with a single p or-
bital. Taking the sum and difference of the two orbitals
gives two sp hybrids; two p orbitals then remain. The
sp orbitals are constructed from equal amounts of s and
p orbitals; they are linear and 180° apart.

Other combinations of orbitals lead to different hy-
brids. For example, from the 2s orbital and two 2p
orbitals (e.g. a 2p, and a 2p,), three equivalent sp? hy-
brids may be constructed. Each orbital is 33.3% s and
66.7% p. The three hybrids lie in the xy plane (the same
plane defined by the two p orbitals), directed 120° from
each other, and the remaining p orbital is perpendicular
to the sp> plane. Four sp> hybrids may be derived from
an s orbital and three p orbitals. These are directed to
the corners of a tetrahedron with an angle between the
bonds of 109.5°; each orbital is 25% s and 75% p.

A chemical bond can also be formed from a mixture
of the above hybrid orbitals, e.g. it is possible to have
a hybridised orbital that is 23% s and 77% p. Thus,
sp, sp> and sp> hybrids must be considered as limiting
cases. Electrons in s orbitals have a lower energy than
electrons in p orbitals. Therefore, bonds with more s
character tend to be stronger.

Carbon forms four bonds in most compounds, result-
ing from its four valence electrons. In ethane, CoHg, the
C—H bonds are all approximately C(sp>)—H(s) while
the C—C bond is approximately C(sp>)—C(sp>). How-
ever, in the ethylene molecule, C;Hg4, each of the two
carbons is attached to just three atoms while in acetylene,
C,Hj, each carbon atom is only attached to one carbon.
In these compounds, the two carbon atoms are bound
together by double (CH,=CH>) or triple (CH=CH)
bonds, which involve sp” and sp hybrids, respectively.
These bonds can be considered to have two distinct com-
ponents. For example, in ethylene, two sp> hybrids on
each carbon bond with the hydrogens. A third sp> hy-
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Fig.53.2 Top: 2s orbital. Bottom: 2p,, 2p, and 2p; orbitals
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brid on each carbon forms a C(spz)—C(spz) single bond,
leaving a p orbital ‘left-over’ on each carbon. This or-
bital lies perpendicular to the plane of the six atoms. The
two p orbitals are parallel to each other and have regions
of overlap above and below the molecular plane. This
type of bond, consisting of two separate sausage-like
electron clouds lying above and below the planes of the
carbon nuclei, is called a pi () bond. In contrast, the
bond formed by the head-on overlap of the two carbon
sp? orbitals is known as a sigma (¢’) bond and the elec-
tron cloud is densest at the midpoint between the carbon
nuclei. The 7 bond has little electron density in the re-
gion between the carbon atoms and is much weaker than
the o bond. Figure 53.3 illustrates sigma and pi bonding.
Carbon compounds that contain 7 bonds are said to be
unsaturated, meaning that the carbon atoms, while hav-
ing formed the requisite number of bonds, are not fully
saturated in terms of their number of potential neigh-
bours. Saturated carbon molecules, on the other hand,
contain only single bonds.

53.1.2 Band Theory

The application of quantum mechanics to the electrons in
the bonds of inorganic semiconductors led to the devel-
opment of band theory, one of the great success stories
of modern physics. Whenever two identical atoms are
brought close together, the electron orbitals overlap and
the energy level associated with each electron in the sep-
arated atoms is split into two new levels, with one above
and one below the original level. A rigorous, quantum-
mechanical description of the bonding reveals that the
total number of orbitals must be conserved, i. e. the to-
tal number of molecular orbitals must be the same as the
number of atomic orbitals that went into their formation.
Consider, for example, the formation of a hydrogen mol-
ecule from two separated atoms. When the two atoms
approach each other so that their 1s orbitals overlap, two
new orbitals (o bonds) are formed around the atoms,
symmetric with respect to the interatomic axis. In one

orbital, the bonding orbital, the electron has a lower en-
ergy than in the isolated atomic orbital and in the other,
the antibonding orbital, an electron has a higher energy.
In the hydrogen molecule, the electron pair normally re-
sides in the bonding orbital. The energy of the electrons
in this orbital is lowered relative to that in the atomic
orbitals, which is why the atoms remain bound together.

In an extended solid many atoms can interact and
many similar splittings of energy levels occur. For a solid
containing approximately 10%° atoms (Avogadro’s num-
ber) each energy level splits, but the energies between
these split levels are very small and continuous ranges
or bands of energy are formed. Two such important
bands are the valence band and the conduction band,
analogous to the bonding and antibonding levels of the
two-atom model. The energy gap, or band gap, between
them is a forbidden energy range for electrons. Electrical
conduction takes place by electrons moving under the
influence of an applied electric field in the conduction
band and/or holes moving in the valence band. Holes
are really vacancies in a band but, for convenience, they
may be regarded as positively charged carriers. For an
electron, or hole, to gain energy from an applied elec-
tric field, and therefore for conductivity to occur, the
charge carrier must be able to move into an unoccupied
higher energy state. If the carrier cannot be accelerated
by the field, then it cannot contribute to the electrical
conduction. In a metal, the various energy bands over-
lap to provide a single energy band that is only partly
full of electrons. An insulator has a full valence band
and a relatively large energy separation (> 5¢V) to the
higher conduction band. Most semiconductors possess
the band structure of an insulator, but a forbidden energy
gap of only 0.1-3 €V, so that carriers may be produced
in the conduction and/or valence bands by optical or
thermal means, or by doping with impurities.

An important feature of the band model is that the
electrons are delocalised or spread over the lattice. The
strength of the interaction between the overlapping or-
bitals determines the extent of delocalisation that is
possible for a given system. For many polymeric or-
ganic materials, the molecular orbitals responsible for
bonding the carbon atoms of the chain together are the
sp> hybridised o bonds, which do not give rise to exten-
sive overlapping. The resulting band gap is large, as the
electrons involved in the bonding are strongly localised
on the carbon atoms and cannot contribute to the con-
duction process. This is why a simple saturated polymer
such as polyethylene, (CH»),, is an electrical insulator.

A significant increase in the degree of electron de-
localisation may be found in unsaturated polymers, i. e.
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Fig.53.4 (a) Chemical 7 bonding in polyacetylene.
(b) Electronic band structure showing the normally empty
7* band (conduction band) and the normally filled 7= band
(valence band)

those containing double and triple carbon—carbon bonds.
If each carbon atom along the chain has only one other
atom, e.g. hydrogen, attached to it, the spare electron in
a p;-orbital of the carbon atom overlaps with those of
carbon atoms on either side forming delocalised molecu-
lar orbitals of w-symmetry. For a simple lattice of length
L = Na, where N is the total number of atoms and a is
the spacing between them, it can be shown that the to-
tal number of electron states in the lowest energy band
is equal to N. This result is true for every energy band
in the system and applies to three-dimensional lattices.
Allowing for the two spin orientations of an electron,
the Pauli exclusion principle requires that there will be
room for two electrons per cell of the lattice in an energy
band. If each atom contributes one bonding electron, the
valence band will be only half filled.

It might therefore be expected that a linear polymer
backbone consisting of many strongly interacting copla-
nar p; orbitals, each of which contributes one electron
to the resultant continuous 7 electron system, would be-
have as a one-dimensional metal with a half-filled band.
In chemical terms, this is a conjugated chain and may be
represented by a system of alternating single and double
bonds. It turns out that, for one-dimensional systems,
such a chain can more efficiently lower its energy by in-

troducing bond alternation (alternating short and long
bonds). This limits the extent of electronic delocalisa-
tion that can take place along the backbone. The effect
is to open an energy gap in the electronic structure of
the polymer. All conjugated polymers are semiconduc-
tors, with band gaps more than about 1.5 eV, rather than
metals (N.B. the band gap in silicon is 1.1 eV at room
temperature). Figure 53.4 shows the chemical 7 bond-
ing and the electronic band structure of polyacetylene.

53.1.3 Electrical Conductivity

In polyacetylene, the valence band, or 7 band, is nor-
mally filled with electrons while the conduction band, or
7* band is normally empty. Like silicon, the conductiv-
ity of polyacetylene can be changed by the addition of
impurity atoms. However, the term doping is a misnomer
as it tends to imply the use of minute quantities, parts
per million or less, of impurities introduced into a crys-
tal lattice. In the case of conductive polymers, typically
1% to 50% by weight of chemically oxidising (electron
withdrawing) or reducing (electron donating) agents are
used to alter physically the number of -electrons on the
polymer backbone, leaving oppositely charged counte-
rions alongside the polymer chain. These processes are
redox chemistry. For example, the halogen doping pro-
cess that transforms polyacetylene to a good conductor
is oxidation (or p-doping).

3x
[CH], + -1 — [CHI, " + 15 .

Reductive doping (n-doping) is also possible, e.g. using
an alkali metal.

[CH], +xNa — [CH]}™ +xNa* .

In both cases, the doped polymer is a salt. The counteri-
ons, I3 or N a*, are fixed in position while the charges on
the polymer backbone are mobile and contribute to the
conductivity. The doping effect can be achieved because
a i electron can be removed (or added) without destroy-
ing the o backbone of the polymer so that the charged
polymer remains intact. The increase in conductivity can
be as much as eleven orders of magnitude.

The electrical properties of semiconductive organic
polymers are not directly comparable to those of silicon.
An important material parameter is the mobility of the
charge carriers w. This determines the (additional) ve-
locity that a charge carrier (an electron or hole) acquires
because of an applied electric field, and is defined by

Ud
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Table 53.1 Room-temperature field-effect carrier mobili-
ties for field-effect transistors based on organic semicon-
ductors [53.20,21]. The electron mobilities in single-crystal
silicon and gallium arsenide are also given

Material Mobility (cm?/Vs)
Si single crystal (electrons) 1500

GaAs single crystal (electrons) 8500
Polythiophene 1073

Polyacetylene 104
Phthalocyanine 10~4-1072
Thiophene oligomers 10-4-10~!

Organometallic dmit complex 0.2
Pentacene 10731
Ceo 0.3

where vy is the drift velocity of the carrier and E is the
electric field. The mobility may be further related to the
electrical conductivity o by the expression

o=lqlnu,
where n is the density of charge carriers and |g| is
the magnitude of their charge (charge on an electron
=1.6x10~'2 C). The carrier mobility provides an indi-
cation of how quickly the carriers react to the field (i. e.

53.2 Materials

Many conductive polymers have been synthesised to
provide certain electronic features (e.g. band gap, elec-
tron affinity). The monomer repeat units are often based
on five- or six-membered (benzene) carbon ring systems,
including polypyrrole, polythiophene (and various other
polythiophene derivatives), polyphenelenevinylene and
polyaniline [53.22]. The chemical structure of some of
these materials is shown in Fig.53.5. Such polymers
generally show lower electrical conductivity than poly-
acetylene, however they can have the advantage of high
stability and processability.

Conductive polymers represent only one category of
organic electrical conductors. Another important class
are the charge-transfer compounds [53.23, 24]. These
are formed from a variety of molecules, primarily aro-
matic compounds (i.e. based on benzene) which can
behave as electron donors (d) and electron acceptors (a).
Complete transfer of an electron from a donor to an ac-
ceptor molecule results in a system that is electrically
insulating (e.g. the transfer of a valence electron in a Na

the frequency response of the material). The greater the
degree of electron delocalisation, the larger the width
of the bands (in energy terms) and the higher the mo-
bility of the carriers within the band. For inorganic
semiconductors such as silicon or gallium arsenide, the
three-dimensional crystallographic structure provides
for extensive carrier delocalisation throughout the solid,
resulting in a relatively high mobility .

Electrical conduction in polymers not only requires
carrier transport along the polymer chains but some kind
or transfer, or hopping, between these chains, which tend
to lie tangled up like a plate of spaghetti. The charge-
carrier mobilities in organic polymers are therefore quite
low, making it difficult to produce very high-speed
electronic computational devices that are competitive
with those based on silicon and gallium arsenide. How-
ever, some improvement in the carrier mobility can
be achieved by both increasing the degree of order
of the polymer chains and by improving the purity of
the material. Table 53.1 contrasts the room-temperature
carrier mobility values for Si, GaAs and a number
of different conductive organic compounds [53.20,21].
Although the values are quite low for the organic ma-
terials, other features make them attractive for certain
types of electronic device, as indicated in the later
sections.

atom to a CI atom, forming the compound NaCl). How-
ever, if the ratio of the number of donor molecules to the
number of acceptor molecules differs from 1: 1, e.g. the
stoichiometry is 1:2 or 2: 3, or if there is incomplete
transfer of an electron from a donor to an acceptor (say,

a) b)

9] d)

N /Y

S

n

Fig.53.5a-d Chemical structures of conductive polymers:
(a) polypyrrole, (b) polyparaphenylene, (c) polyphenylene-
vinylene, and (d) polythiophene
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Fig.53.6 (a) Chemical structures of the charge-transfer
compounds tetrathiafulvalene (TTF) and tetracyanoquin-
odimethane (TCNQ). (b) Oxidation and reduction of TCNQ

six electrons in every ten are transferred), then partially
filled electron energy bands can be formed and electron
conduction is possible.

Charge-transfer interactions are strongest between
donor molecules of low ionisation potential and accep-
tor molecules of high electron affinity, provided that the
donor and acceptor molecules have similar symmetry
and are able to approach closely [53.24]. Well-known
donor and acceptor molecules are tetrathiafulva-
lene (TTF) and tetracyanoquinodimethane (TCNQ),
Fig. 53.6a. The latter compound is a very strong accep-
tor forming first the radical anion and then the dianion,
Fig. 53.6b. The stability of the semireduced radical ion,
TCNQ™°, with respect to the neutral molecule mainly
arises from the change from the relatively unstable
quinoid structure to the aromatic one, allowing extensive
delocalisation of the 7 electrons over the carbon skele-
ton. As a consequence, TCNQ not only forms typical
charge-transfer complexes but is also able to form true
radical-ion salts, incurring complete one-electron trans-
fer. Thus, on addition of lithium iodide to a solution of
TCNQ, the simple lithium TCNQ salt is formed:

. 1
TCNQ +Lil & LitTCNQ ™ + 512 .

Following removal of the free iodine precipitate, the
TCNQ salt may be crystallised. The crystals show an
electronic conductivity of about 107 S /cm.

A 1:1 TCNQ:TTF salt exhibits a high room-
temperature conductivity (5x10>S/cm) and metallic
behaviour is observed as the temperature is reduced to
54 K. The molecules in such compounds are arranged
in segregated stacks, in which the donors and accep-

Fig.53.7a=c Chemical structure of Cgg (fop) and three
classes of single-wall carbon nanotube (SWNT) (a) (10,10)
armchair SWNT, (b) (12,7) chiral SWNT and (c) (15,0)
zigzag SWNT

tors form separate donor stacks (ddddd...) and acceptor
stacks (aaaaa...). The molecules are stacked in such
a way that the 7 bonds on successive molecules can
overlap to form bands. This overlap is different from
the p-orbital overlap forming the v bands in conjugated
polymers. The crystalline packing in these, and other,
charge-transfer compounds generally leads to carrier
mobility values that are higher than for semiconductive
polymers.

Other electroactive compounds that may find ap-
plication in molecular electronics are based on forms
of pure carbon. Graphite consists of vast carbon sheets
stacked one on top of another like a sheaf of papers.
In pure graphite, these layers are about 0.335 nm apart,
but they can be separated further by intercalating vari-
ous molecules. The bonding between the carbon atoms
in the planes is mainly sp> hybridisations consisting of
anetwork of single and double bonds. Weak interactions
between the delocalised electron orbitals hold adjacent
sheets together. The delocalised electron system in the
planes results in semiconductive electrical behaviour.

Under certain conditions, carbon forms regular clus-
ters of 60, 70, 84 etc. atoms [53.25,26]. A Cgo cluster,
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shown in Fig.53.7, is composed of 20 hexagons and
12 pentagons and resembles a football. The diameter
of the ball is about 1 nm. As with graphite, each car-
bon atom in Cg is bonded to three other carbon atoms.
Thus Cgp can be considered as a rolled up layer of
a single graphite sheet. The term buckministerfullerene
was given originally to the Cep molecule because of
the resemblance to the geodesic domes designed and
built by Richard Buckminster Fuller. However, this
term (or fullerene or buckyball) is used quite generally
to describe Cgp and related compounds. For example,
a molecule with the formula C7¢ can be formed by in-
serting an extra ring of hexagons around the equator
of the sphere, producing an elongated shell more like
a rugby ball.

In addition to the spherical-shaped fullerenes, it
is possible to synthesise tubular variations — carbon
nanotubes [53.26, 27]. Such tubes are comprised of
graphite-like sheets curled into a cylinder. Each tube
may contain several cylinders nested inside each other.
The tubes are capped at the end by cones or faceted hemi-
spheres. Because of their very small diameters (down to
around 0.7 nm), carbon nanotubes are prototype one-
dimensional nanostructures. An important feature of
a carbon nanotube is the orientation of the six-membered
carbon ring in the honeycomb lattice relative to the axis
of the nanotube. Three examples of single-wall carbon
nanotubes (SWCNs) are shown in Fig. 53.7. The primary
classification of a carbon nanotube is as either being chi-
ral or achiral. An achiral nanotube is one whose mirror
image has an identical structure to the original. There are
only two cases of achiral nanotubes: armchair and zigzag
(these names arise from the shape of the cross-sectional
ring). Chiral nanotubes exhibit a spiral symmetry whose

53.3 Plastic Electronics
53.3.1 Diodes and Transistors

Since the discovery of semiconducting behaviour in
organic materials, there has been a considerable re-
search effort aimed at exploiting these properties in
electronic and optoelectronic devices. The term plas-
tic electronics refers to electronic devices incorporating
polymeric organic compounds (although this term is
often used more widely to include devices incorporat-
ing other semiconducting organic materials). Organic
semiconductors can have significant advantages over
their inorganic counterparts. For example, thin layers

mirror image cannot be superimposed on the original
structure. Carbon nanotubes are characterised by the
chiral index (n, m) where the integers n and m specify
each carbon nanotube uniquely [53.27]. An armchair
nanotube corresponds to the special case n = m, while
for a zigzag nanotube m = 0. All other (n, m) indexes
correspond to chiral nanotubes. The electronic struc-
ture of a SWCN is either metallic or semiconducting,
depending on its diameter and chirality.

Atlow temperature, a single-wall carbon nanotube is
a quantum wire in which the electrons in the wire move
without being scattered. Resistance measurements for
various nanotube samples show that there are metallic
and semiconducting nanotubes [53.27]. Carbon nano-
tubes can also be doped either by electron donors or
electron acceptors [53.28]. After reaction with the host
materials, the dopants are intercalated in the intershell
spaces of the multiwalled nanotubes, and, in the case of
single-walled nanotubes, either in between the individ-
ual tubes or inside the tubes.

The above confirms carbon’s uniqueness as an elec-
tronic material. It can be a good conductor in the form
of graphite, an insulator in the form of diamond, or
a flexible polymer (conductive or insulating) when re-
acted with hydrogen and other species. Carbon differs
from other group IV elements, such as Si and Ge,
which exhibit sp> hybridisation. Carbon does not have
any inner atomic orbitals except for the spherical 1s
orbital, and the absence of nearby inner orbitals facil-
itates hybridisations involving only the valence (outer)
s and p orbitals. The fact that sp and sp®> hybridisa-
tions do not readily occur in Si and Ge might be related
to the absence of organic materials made from these
elements.

of polymers can easily be made by low-cost meth-
ods such as spin coating. High-temperature deposition
from vapour reactants is generally needed for inorganic
semiconductors. Synthetic organic chemistry also offers
the possibility of designing new materials with differ-
ent band gaps. As noted in Sect. 53.1.3, the mobilities
of the charge carriers in organic field-effect transistors
are low. Nevertheless, the simple fabrication techniques
for polymers have attracted several companies to work
on polymer transistor applications such as data stor-
age and thin-film device arrays to address liquid-crystal
displays [53.20,29-31].
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Semiconducting organic compounds have been used
in a similar fashion to inorganic semiconductors (e.g.
Si, GaAs) in metal/semiconductor/metal structures.
A diode, or rectifying device, can be made by sandwich-
ing a semiconductor between metals of different work
functions. In the ideal case, an n-type semiconductor
should make an Ohmic contact to a low-work-function
metal and a rectifying Schottky barrier to a high-
work-function metal [53.32]. One example is that of
a semiconductive organic film sandwiched between alu-
minium and indium-tin-oxide electrodes [53.33]. This
device also exhibits photovoltaic behaviour.

Organic materials have been used as the semi-
conducting layer in field-effect transistor (FET)
devices [53.20, 34-36]. These are three-terminal struc-
tures: a voltage applied to a metallic gate affects an
electric current flowing between the source and drain
electrodes. For transistor operation, charge must be in-
jected easily from the source electrode into the organic
semiconductor and the carrier mobility should be high
enough to allow useful quantities of source—drain current
to flow. The organic semiconductor and other materials
with which it is in contact must also withstand the op-
erating conditions without thermal, electrochemical or
photochemical degradation. Two performance parame-
ters to be optimised in organic field-effect transistors are
the field-effect mobility and the on/off ratio [53.35].

The operating characteristics of organic transistors
and integrated circuits have improved markedly over
recent years. This has been brought about by both
improvements in the material synthesis and in the
thin-film processing techniques [53.37-45]. State-of-
the-art organic FETS possess characteristics similar to
those of devices prepared from hydrogenated amorphous
silicon, with mobilities around 1cm?/Vs and on/off ra-
tios greater than 10°. A number of groups have also
demonstrated transistor devices incorporating carbon
nanotubes [53.46—48]. However, some key issues need
to be addressed before nanotubes can be exploited fully
in such applications. These include the reproducible
fabrication of low-resistance electrical contacts and the
accurate control of nanotube growth parameters [53.49].
The nanotube transistor devices realised experimentally
have typical dimensions in the micron range. The real
promise of carbon nanotube devices, however, lies in the
possibility of nanoscale devices.

Thin-film transistors based on organic semiconduc-
tors are likely to form key components of plastic circuitry
for use as display drivers in portable computers and
pagers, and as memory elements in transaction cards
and identification tags.

53.3.2 Organic Light-Emitting Structures

Reports of light emission from organic materials on
the application of an electric field (electroluminescence)
have been around for many years. However, there has
been an upsurge in interest following the initial report of
organic light-emitting devices (OLEDs) incorporating
the conjugated polymer polyphenylenevinylene (PPV,
Fig. 53.5) [53.50]. The simplest OLED is an electro-
Iuminescent compound sandwiched between metals of
high and low work function, as depicted in Fig.53.8.
The anode electrode is normally indium tin oxide (ITO)
as this material is semitransparent, allowing the light
out of the device. On application of a voltage, elec-
trons are injected from the low work function electrode
into the lowest unoccupied molecular orbital (LUMO)
level (conduction or 7* band in the case of an organic
compound possessing a delocalised electron system) of
the organic compound and holes from the high-work-
function electrode into the highest occupied molecular
orbital (HOMO) level (valence or 7 band in the case
of an organic compound possessing a delocalised elec-
tron system). The recombination of these oppositely
charged carriers then results in the emission of light.
Work is focused on the use of low-molecular-weight or-
ganic molecules and polymers and there is considerable
industrial interest in the application of such materials
to various display technologies [53.51-54]. It is esti-
mated that the global market for OLED displays will

Energy

Anode

Polymer Cathode

or dye

Fig.53.8 Schematic energy band structure of an organic
light-emitting device (OLED). The recombination of elec-
trons and holes results in the emission of light of frequency
v and energy hv
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Fig.53.9 External quantum efficiency versus current for
OLEDs fabricated with MEH-PPV/DFD blended layers us-
ing blends with various concentrations (by weight) of DFD.
(After Ahn et al. [53.56], with permission, © AIP)

increase from $ 112 million in 2003 to almost $2.3
billion by 2008 [53.55]. Organic light-emitting devices
offer anumber of advantages over liquid-crystal displays
(LCDs) and the other technologies that currently domi-
nate the flat-panel display market: OLEDs do not require
backlighting and they can be made thinner and lighter.
Furthermore, OLED displays provide higher contrast
and truer colours, higher brightness, wider viewing an-
gles, better temperature stability and faster response
times than LCDs [53.54].

Many techniques have been used in attempts to
optimise the performance of OLEDs. For example,
a thin inorganic insulating layer such as LiF, or an
organic monolayer may be inserted between the cath-
ode and the emissive material [53.57, 58]. Electron-
and hole-transporting layers can also be introduced
between the cathode and the emitting layer and be-
tween the anode and the emitting layer, respectively,
to improve and balance the injection of charge carri-
ers [53.51]. As an alternative, OLEDs based on blended
single layers of emissive and charge-transport mater-
ials may be fabricated [53.56, 59-61]. Such devices
generally possess lower efficiencies than multilayer
structures but they have the considerable advantage of
ease of manufacture. Figure 53.9 shows how the exter-
nal quantum efficiency of a blended layer OLED based
on a polymer — poly[2,-(2-ethylhexyloxy)-5-methoxy-
1,4-phenylenevinylene] (MEH-PPV) — and an electron-

Table 53.2 Performance of polymer-based organic light-
emitting devices. (Data from Cambridge Display Technol-
ogy [53.54])

Colour  Voltage Efficiency at Measured lifetime

(V) 100 cd/ m? at room tempera-
(Im/W) ture at fixed lumi-
nance (h) at (cd /mz)
Red 3.6 1.5 1790 at 2000
Green 2.6 9.4 2867 at 2000
Blue 55 3.9 1426 at 720
Yellow 3.3 6.5 2420 at 4000

2 All data taken using common cathode and may
include an interlayer

transport compound — 2,7-bis[2-(4-tert-butylphenyl)-
1,3,5-oxadiazol-5-y1]-9,9-dihexylfluorene (DFD) — var-
ies as the ratio MEH-PPV :DFD is changed in
a spin-coated film [53.56]. The device efficiency in-
creases with the amount of DFD so that the OLED
fabricated with a 95% blend is about 100 times more ef-
ficient than that of pure MEH-PPV. For all the devices,
the electroluminescence originates from the MEH-PPV
material, indicating that the energy, or charge, trans-
fer between the electron-transport compound and the
polymer is very efficient.

When an electron and a hole recombine to form
an excited molecular state in an organic material, the
spins of the electrons in the excited and ground levels
can either point in the same direction (triplet state) or
in the opposite directions (singlet state). For quantum-
mechanical reasons, 75% of recombination events are
associated with triplet states which, in most cases, do
not emit photons when they decay to the ground state.
Hence, the production of emission from the triplet state
of organic materials is a further means to improve the
device efficiency [53.52,62].

Table 53.2 shows some important parameters of
polymer-based OLEDs with different colour out-
puts [53.54]. There is also a keen interest in developing
white-light organic displays. For example, a large-area
white-light-emitting OLED could provide a solid-state
light source that might compete with conventional
lighting technologies. Different methods of making an
intrinsically white-emitting OLED by blending emis-
sive species, either in single or multiple layers have
been demonstrated [53.63-65]. Alternatively, a blue
OLED can be used with one or more down-conversion
layers [53.66].
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53.3.3 Photovoltaic Devices

Concerns over global climate change, local air pollution
and resource depletion are making photovoltaics (PVs)
an increasingly attractive method of energy supply. The
current technology is based on single-crystal silicon so-
lar cells. These have developed since the 1940s and now
possess conversion efficiencies of around 15% for com-
mercial devices (although figures of around 25% are
reported in the laboratory). However, the technology is
more expensive than conventional power generation and
there is much research on alternative materials. Photo-
voltaics using organic compounds, such as polymers or
dyes, offer the possibility of large-scale manufacture at
low temperature coupled with low cost. Until the end
of the 20" century little progress had been made and
energy conversion efficiencies of up to only about 1%
were achieved. However, the availability of new con-
ductive organic materials and different PV designs have
significantly improved on this figure. To 2004, sev-
eral laboratories have reported conversion efficiencies
of 4—5%, with lifetimes of around 10* hours [53.67].
An organic solar cell device is very similar in struc-
ture to the OLED described in the previous section. If
the incoming photons have energy greater than the band
gap of the polymer (or greater than the HOMO-LUMO
separation in the case of organic molecular materials)
then the light will be absorbed, creating electrons and
holes. In an inorganic photovoltaic cell, these electrons
and holes would be generated within, or close to, a de-
pletion region in the semiconductor and they would be
free to migrate to opposite electrodes, where they can
do useful work in an external electrical load. How-
ever, in the organic material the electrons and holes
are bound together in excitons. An immediate prob-
lem in organic PV cells is to split these excitons. This
can be conveniently done at an interface, the simplest
being the junction between the electrodes and the or-
ganic material. Under open-circuit conditions, holes
are collected at the high-work-function electrode (e.g.
ITO) and electrons at the low-work-function electrode
(e.g. Al). The open-circuit output voltage of the PV
device depends on the work-function difference be-
tween the electrodes. Improvements in the efficiency
of the exciton-splitting process can be achieved using
organic compounds incorporating electron-donating and
electron-accepting species. By creating interfaces of dif-
fering electron affinities, it is possible to enhance the
probability of electron transfer between the molecules.
An alternative approach to organic PVs exploits
a dye-sensitised solar cell, or Gritzel cell [53.68]. Here,

the incoming photons are absorbed by molecules of a dye
on a semiconductor surface with subsequent energy and
electron transfer to the semiconductor. An electron is
returned to the oxidised dye via an electrolyte. The
efficiency of such devices can approach 10% [53.69].

53.3.4 Chemical Sensors

The development of effective devices for the identifi-
cation and quantification of chemical and biochemical
substances for process control and environmental mon-
itoring is a growing need [53.70-72]. Many sensors
do not possess the specifications to conform to exist-
ing or forthcoming legislation; some systems are too
bulky/expensive for use in the field. Inorganic mater-
ials such as the oxides of tin and zinc have traditionally
been favoured as the sensing element [53.73]. However,
one disadvantage of sensors based on metallic oxides is
that they usually have to be operated at elevated tempera-
tures, limiting some applications. As an alternative, there
has been considerable interest in trying to exploit the
properties of organic materials. Many such substances,
in particular phthalocyanine derivatives, are known to
exhibit a high sensitivity to gases [53.74]. Lessons can
also be taken from the biological world; one household
carbon-monoxide detector is designed to simulate the
reaction between CO and haemoglobin. A significant
advantage of organic compounds is that their sensitivity
and selectivity can be tailored to a particular application
by modifications to their chemical structure. Moreover,
thin-film technologies, such as self-assembly or layer-
by-layer electrostatic deposition, enable ultrathin layers
of organic materials to be engineered at the molecular
level [53.75].

There are many physical principles upon which
sensing systems might be based; changes in electrical
resistance (chemiresistors), refractive index (fibre-optic
sensors) and mass (quartz microbalance) have all been
exploited in chemical sensing. The main challenges in
the development of new sensors are in the production of
cheap, reproducible and reliable devices with adequate
sensitivities and selectivities.

A simple chemiresistor sensor exploits the resistance
change of a thin layer of a gas-sensitive material. For
example, the conductivity of phthalocyanine thin films
can be changed in the presence of oxidising or reducing
gases [53.76]. This effect is analogous to the doping of an
inorganic semiconductor, such as silicon, with acceptor
or donor impurities (Sect. 53.1.3). A problem associated
with these chemiresistor devices is that the current out-
puts are low (typically picoamperes) requiring elaborate
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detection electronics and careful shielding and guard-
ing of components. This difficulty may be overcome
by incorporating the organic sensing layer into a sili-
con field-effect transistor. A schematic diagram of such
a structure is shown in Fig.53.10 [53.77,78]. Changes
in the sheet resistance of the sensing layer are reflected
in the variation in both the amplitude and phase of the
transfer function of the device. These devices have been
shown to respond well to low (vapour parts per million)
concentrations of NO, [53.79]. It is also possible to use
a chemically sensitive organic film as the semiconduc-
tive layer in a diode or a transistor. In these cases the
device must be fabricated so that the gas can interact
readily with the organic material.

While many sensing devices show adequate sen-
sitivities, the selectivity can be poor. For example,
a semiconductive polymer may show a similar change
in electrical resistance to a range of oxidising (reduc-
ing) gases. To get around this difficulty, one approach
that is being embraced enthusiastically by researchers is
to use an array of sensing elements, rather than a single
device. This is the method favoured by nature. The hu-
man olfactory system has many receptors cells (sensors),
which are individually nonspecific; signals from these
are fed to the brain via a network of primary and sec-
ondary neurons for processing. It is generally believed

53.4 Molecular-Scale Electronics
53.4.1 Moore's Laws

The second strand to molecular electronics (molecular-
scale electronics) recognises the spectacular size
reduction in the individual processing elements in
integrated circuits over recent years. The first micropro-
cessor chip manufactured in 1972 by Intel (8008) had
aclock speed of 200 kHz and contained 3500 transistors.
There are 55 million transistors on the Pentium® 4 chip
(November, 2002), fabricated using 0.13-pwm process
technology, and operating at a clock speed of 3 GHz.
Moore’s law (or Moore’s first law) states that the
functions per chip double every 1.5 years. This will
probably describe developments over at least the next
decade. The semiconductor industries have produced
an international technology roadmap for the future of
complementary metal oxide semiconductor (CMOS)
technology [53.81]. Figure 53.11 shows the anticipated
growth in the density of the transistors in both the micro-
processor unit (MPU) and the dynamic random-access
memory (DRAM) of a CMOS chip over the next decade.

Metallization Polymer

Gate

Source otk

p-channel
p+ p+

Silicon substrate (n-type)

Fig.53.10 Structure of hybrid silicon/organic field-effect
transistor for chemical sensing. (After Barker et al. [53.78])

that the selectivity of the olfactory system is a result
of a high degree of parallel processing in the neural ar-
chitecture. Artificial neural networks can emulate the
connectivity of the olfactory neurons. The electronic
nose is an attempt to mimic the human olfactory system
and there are now several companies marketing such
equipment [53.80]. Individual sensors can be based on
polymer films. Each element is treated in a slightly dif-
ferent way during deposition so that it responds uniquely
on exposure to a particular gas or vapour. The pattern of
resistance changes in the sensor array can then be used
to fingerprint the vapour.

Transistor (bits/cm?)

A
1010
DRAM
10°
108
MPU
107
6 >
1995 2000 2005 2010 2015

Year

Fig.53.11 Predicted feature size in CMOS devices. (Af-
ter [53.81])
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Table 53.3 Information content for various applications.
(After Tour [53.3])

Application Typical information content
(bytes)

Color photograph 10°

Average book 106

Desktop computer 108

Genetic code 1010

Human brain 1013

Library of congress 100

The prediction is for a 30-nm minimum feature size (gate
length) for the MPU and 10'° transistors per cm? in the
case of the memory by the year 2012. These figures
are regularly updated. This device density is remarkable
and provides the means to store significant amounts of
data, Table 53.3 [53.3]. However, molecular-scale elec-
tronics has the potential for further increases in device
density. For example, using -1-3 nm organic molecules
as the processing elements, 10'3—10'% ‘devices’ could
be fitted into 1 cm? [53.3].

There are, however, a number of technological prob-
lems issues that will need to be overcome for the
predictions for the CMOS-based roadmap to be re-
alised [53.82]. Not least, are the materials limitations of
the silicon/silicon dioxide system. For example, charge
leakage becomes a problem when the insulating silicon
dioxide layers are thinned to a few nm. Heat dissipa-
tion is another key factor. A Pentium® 4 chip, with
107108 transistors operating at the current nanosecond
rate can emit 50—60 W of heat. Financial issues are also
problematic as ever more complex integrated circuits
are produced. Intel’s Fab 22, a chip-fabrication facility
(FAB) which opened in Chandler, Arizona in October
2001, cost $2 billion to construct and equip. The cost
of building a fab is projected to rise to $ 15-30 bil-
lion by 2010 and could be as much as $ 200 billion by
2015 [53.83]. This significant increase in cost (Moore’s
second law) is due to the extremely sophisticated tools
that will be needed to form the increasingly small fea-
tures of the devices. Molecular-scale technology will, of
course, also need to address such problems — plus many
more.

53.4.2 Nanoscale Organic Films

Before organic molecules can be exploited in device
architectures (i.e. those familiar from Si-based micro-
electronics) ways must be found to deposit them onto
surfaces. Well-established methods of organic film de-

Set pressure
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Substrate
Floating
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Barri
arrier Drive
Subphase motor

Pressure
sensor

Dipping well

Fig. 53.12 System for the deposition of Langmuir-Blodgett
films

position include electrodeposition, thermal evaporation
and spinning [53.84]. The Langmuir-Blodgett (LB)
technique, self-assembly and layer-by-layer electrostatic
deposition are further means for producing layers of or-
ganic materials. These allow ultrathin-film assemblies
of organic molecules to be engineered at the molecular
level and are of particular relevance to molecular-scale
electronics [53.85, 86].

Langmuir-Blodgett films are prepared by first de-
positing a small quantity of an amphiphilic compound
(i. e. one containing both polar and nonpolar groups) dis-
solved in a volatile solvent onto the surface of purified
water [53.86,87]. The classical materials are long-chain
fatty acids, such as n-octadecanoic acid (stearic acid).
When the solvent has evaporated, the organic molecules
may be organised into a floating two-dimensional crystal
by compression on the water surface. As the area avail-
able to the organic molecules is reduced, the floating film
will undergo several phase transformations. These are,
to a first approximation, analogous to three-dimensional
gas, liquid and solid phases. The phase changes may
readily be identified by monitoring the surface pressure
as a function of the area occupied by the molecules
in the film. This is the two-dimensional equivalent to
the pressure-versus-volume isotherm for a gas. In the
gaseous state the molecules are far enough apart on the
water surface that they exert little force on one another.
As the surface area of the monolayer is reduced, the hy-
drocarbon chains will begin to interact. The liquid state
that is formed is generally called the expanded mono-
layer phase. The hydrocarbon chains of the molecules in
such a film are in a random, rather than regular orienta-
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tion, with their polar groups in contact with the subphase.
As the molecular area is progressively reduced, con-
densed phases may appear. There may be more than one
of these and the emergence of each condensed phase
can be accompanied by constant-pressure regions of the
isotherm, as observed in the cases of a gas condensing
to a liquid and a liquid solidifying. In the condensed
monolayer states, the molecules are closely packed and
are oriented with their hydrocarbon chain pointing away
from the water surface. The area per molecule in such
a state will be similar to the cross-sectional area of the
hydrocarbon chain, i.e. 2 0.19 nm? /molecule.

If the surface pressure is held constant in one of
the condensed phases, then the film may be trans-
ferred from the water surface onto a suitable solid
substrate simply by raising and lowering the latter
through the monolayer—air interface. Figure 53.12 shows
a schematic diagram of the equipment required for
LB film deposition. In this technique, introduced by
Langmuir and Blodgett [53.86] the floating condensed
monolayer is transferred, like a carpet, as the substrate
is raised and/or lowered through the air/monolayer in-
terface. A number of different LB deposition modes are
possible. The most commonly encountered situation is
Y-type deposition, which refers to monolayer transfer on
both the upward and downward movements of the sub-
strate. Instances in which the floating monolayer is only
transferred to the substrate as it is being inserted into the
subphase, or only as it is being removed, are also ob-
served. These deposition modes are called X-type and
Z-type deposition, respectively.

Self-assembly is a much simpler process than that
of LB deposition. Monomolecular layers are formed by
the immersion of an appropriate substrate into a solu-
tion of the organic material [53.85]. The best known
examples of self-assembled systems are organosilicon
on hydroxylated surfaces (SiO,, Al,O3, glass etc.) and
alkanethiols on gold, silver and copper. However, other
combinations include: dialkyl sulphides on gold; dialkyl
disulphides on gold; alcohols and amines on platinum;
and carboxylic acids on aluminium oxide and silver.
The self-assembly process is driven by the interactions
between the head group of the self-assembling mol-
ecule and the substrate, resulting in a strong chemical
bond between the head group and a specific surface site,
e.g. a covalent Si—O bond for alkyltrichlorosilanes on
hydroxylated surfaces.

The combination of the self-assembly process with
molecular recognition offers a powerful route to the
development of nanoscale systems that may have tech-
nological applications as chemical sensing or switching

b-d-8-A

Polyanion Wash Polycation ‘Wash

Fig.53.13 Deposition of layer-by-layer polyelectrolyte
films by the sequential immersion of a solid substrate in
solutions of the polyanions and polycations

devices. For instance, the complexation of a neutral or
ionic guest at one site in a molecule may induce a change
in the optical or redox properties of the system. Mono-
layers containing both an electroactive TTF unit and
a metal-binding macrocycle assembled onto platinum
have been shown to exhibit electrochemical recognition
to Ag™ ions [53.88].

The self-assembly process, as described above, is
usually restricted to the deposition of a single mo-
lecular layer on a solid substrate. However, chemical
means can be exploited to build up multilayer or-
ganic films. A method pioneered by Sagiv is based on
the successive absorption and reaction of appropriate
molecules [53.89,90]. The head groups react with the
substrate to give a permanent chemical attachment and
each subsequent layer is chemically attached to the one
before in a very similar way to that used in systems for
supported synthesis of proteins.

Another technique for building up thin films of
organic molecules is driven by the ionic attraction be-
tween opposite charges in two different polyelectrolytes,
the so-called layer-by-layer assembly technique [53.91—
93]. A solid substrate with a positively charged pla-
nar surface is immersed in a solution containing an
anionic polyelectrolyte and a monolayer of polyan-
ion is adsorbed, Fig.53.13. Since the adsorption is
carried out at relatively high concentrations of the poly-
electrolyte, most of the ionic groups remain exposed
to the interface with the solution and thus the sur-
face charge is reversed. After rinsing in pure water,
the substrate is immersed in a solution containing the
cationic polyelectrolyte. Again, a monolayer is adsorbed
but now the original surface charge is restored, re-
sulting in the formation of a multilayer assembly of
both polymers. It is possible to use a sensitive opti-
cal technique, such as surface plasmon resonance to
monitor, in situ, the growth of such electrostatically
assembled films [53.94]. The layer-by-layer method
has been used to build up layers of conductive poly-
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Fig.53.14 Atomic force micrograph of a 12-layer, n-
eicosanoic-acid Langmuir—Blodgett film deposited onto
silicon. (After, in part, with permission from Evanson
et al. [53.98]. © (1996) ACS)

mers, e.g. partially doped polyaniline and a polystyrene
polyanion [53.95]. Biocompatible surfaces consisting of
alternate layers of charged polysaccharides and oppo-
sitely charged synthetic polymers can also be deposited
in this way [53.96]. A related, but alternative, approach
uses layer-by-layer adsorption driven by hydrogen-
bonding interactions [53.97].

The organisation of the organic molecules in
multilayer assemblies may be investigated by a num-
ber of analytical techniques including X-ray and
neutron reflection, electron diffraction and infrared spec-
troscopy [53.86]. Figure 53.14 shows an example of an
atomic force micrograph of a 12-layer n-eicosanoic acid
LB film deposited onto single-crystal silicon [53.98].
Lines of individual molecules are evident at the mag-
nification shown. Figure 53.15 contrasts the molecular
organisation expected in an LB multilayer with that in
electrostatically deposited layer-by-layer films. For the
latter case, the polyelectrolyte chains within each layer
will become entangled, and may even penetrate into the
layers above and below, leading to a less-ordered film
than that produced by LB deposition.

53.4.3 Patterning Technologies
The problem of connecting together the individual pro-

cessing elements in any future molecular computer is
challenging. Each one of the 55 million transistors in the

Fig. 53.15a,b Molecular organisation in (a) a Langmuir—
Blodgett multilayer assembly and (b) a polyelectrolyte
multilayer deposited by the electrostatic method

Pentium®4 chip is addressable and connected to a power
supply. Organic molecules can be difficult to arrange on
a surface or in a three-dimensional array such that each
molecule is addressable. Planar inorganic materials are
normally patterned using photolithography. Here, a sur-
face is first covered with a light-sensitive photoresist,
which is exposed to ultraviolet light through a contact
mask. Either the exposed photoresist (positive resist)
or the unexposed regions (negative resist) can then be
developed to leave a positive or negative image of the
mask on the surface. This approach is routinely used in
the fabrication of devices based on inorganic semicon-
ductors. However, difficulties can be encountered when
used with organic films, as the photoresists themselves
are based on organic compounds.

Brittain et al. [53.99] describe a series of soft
lithographic methods that may be better suited to the
patterning of organic layers. Pouring a liquid polymer,
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Fig.53.16 Dip-pen patterning showing the transfer of an
ink onto paper using the tip of an atomic force microscope.
(After Piner et al. [53.100])

such as polydimethylsiloxane (PDMS) onto a master
made from silicon forms a pattern-transfer element. The
polymer is allowed to cure to form an elastomer, which
can then be removed from the master. This replica can
subsequently be used as a stamp to transfer chemical
ink, such as a solution of an alkanethiol, to a surface.

Scanning microscopy methods offer a powerful
means of manipulating molecules. Careful control of an
atomic force microscope (AFM) tip can allow patterns
to be drawn in an organic film [53.101, 102]. Such tech-
niques can also be used to reposition molecules, such as
the fullerene Cgp, on surfaces and to break up an indi-
vidual molecule [53.103]. A further approach that has
recently been developed is called dip-pen nanolithogra-
phy (DPN) [53.100], Fig. 53.16. This is able to deliver
organic molecules in a positive printing mode. An AFM
tip is used to write alkanethiols on a gold thin film in
a manner analogous to that of a fountain pen. Molecules
flow from the AFM tip to a solid substrate (paper) via
capillary transport, making DPN a potentially useful tool
for assembling nanoscale devices. Recent developments
of DPN have included an overwriting capability that al-
lows one nanostructure to be generated and the areas
surrounding that nanostructure to be filled with a sec-
ond type of ink [53.104]. Perhaps the greatest limitation
in using scanning probe methodologies for ultrahigh-
resolution nanolithography over large areas derives from
the serial nature of most techniques. However, an eight-
pen nanoplotter capable of doing parallel lithography
has been reported [53.105]. The DPN method has also
been used to deposit magnetic nanostructures [53.106]
and arrays of protein molecules [53.107].

The need to combine large-area coatings with de-
vice patterning has resulted in the development of
direct-write fabrication methods, such as ink-jet print-
ing [53.108-110]. Although ink-jet printhead droplet

ejection can be achieved with thermal (bubble-jet)
and piezoelectric modes of operation, the majority of
published literature on ink-jet printing as a tool for man-
ufacturing organic devices has been the result of using
piezoelectric-actuated printers. Piezoelectric printhead
technology is favoured primarily because it applies no
thermal load to the organic inks and is compatible
with the printing of digital images. The combination
of solution-processable emissive polymers with ink-jet
printing offers some promise in the development of low-
cost high-resolution displays [53.111]. The technique
has also been applied to the manufacture of all-polymer
transistor circuits [53.112, 113].

53.4.4 Molecular Device Architectures

The bottom-up approach to molecular electronics offers
many intriguing prospects for manipulating materials
on the nanometre scale, thereby providing opportuni-
ties to build up novel architectures with predetermined
and unique physical and/or chemical properties. Two
relatively simple examples of organic superlattice
structures are the incorporation of an electric po-
larisation into a multilayer array to form thin films
exhibiting pyroelectric behaviour [53.114] and the
use of non-centrosymmetric layers for second-order
nonlinear optical response, e.g. second-harmonic gen-
eration [53.115]. In both instances, the multilayer thin
films can be built up using the LB approach.

To realise functional nanoelectronic circuits, a num-
ber of workers have investigated the electrical char-
acteristics of structures in which organic molecules
are sandwiched between two metallic electrodes. Of
particular interest is the possibility of observing mo-
lecular rectification using monolayer or multilayer films.
This follows the prediction [53.116] that an asym-
metric organic molecule containing a donor and an
acceptor group separated by a short o-bonded bridge, al-
lowing quantum-mechanical tunnelling, should exhibit
diode characteristics. There have been many attempts
to demonstrate this effect in the laboratory, particularly
in organic thin films [53.117-119]. Asymmetric current-
versus-voltage behaviour has certainly been recorded for
many metal/insulator/metal structures, although these
results are often open to several interpretations as a result
of the asymmetry of the electrode configuration.

In other cases switching behaviour has been re-
ported [53.3-8, 12, 13, 119]. As with the work on
molecular rectification, the origin of the switching is
not always clear. For example, is this a property of
the organic molecules, the metallic electrode or of the
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Fig. 53.17 (a) Bistable rotaxane. (b) Schematic diagram of cross-wire structure for switching studies. (After Chen

et al. [53.5])

presence of any interfacial (e.g. oxide) layer (or a combi-
nation of these)? Bistable rotaxane molecules have been
used as the basis of some of these studies, an example
is shown in Fig. 53.17a. This molecule is amphiphilic
and the ring component can move between the polar and
nonpolar regions of the main part of the molecule. The
molecules can be assembled on an electrode using the
LB approach and a top electrode then deposited to form
the crossbar structure shown in Fig. 53.17b [53.5-7]. Al-
ternatively, the molecules can be solution-cast between
Pt source and drain electrodes (with gaps of 1-2nm) in
transistor structures [53.9]. In some of the experiments,

the absence of switching using control compounds sug-
gests that the rotaxane molecule itself is responsible for
the bistability [53.7]. Such results augur well for the
development of molecular-scale logic circuitry.
Nanoscale organic devices can also exploit charge
storage on nanoparticles or at interfaces. One impor-
tant metal oxide semiconductor (MOS) device is the
flash memory [53.120]. This is similar in structure
to a MOS field-effect transistor (MOSFET), except
that it has two gate electrodes, one on top of the
other. The top electrode forms the control gate, be-
low which a floating gate is capacitively coupled to the

Normalized capacitance C/C,,,

A
1.0
0.8
0 nm
0.6
BN
LB film_1
% i SIOZ = Q 9O 9O O 9O 9O Q9 .
0.0

— Si/SiO,
—— CdAr,/Si0,/Si
---- CdAr,/gold nano/SiO,/SI

-6

5 4 3 2 -1 0 I 2 3 4 5 6
Voltage (V)

Fig.53.18 Left: metal-insulator—semiconductor (MIS) structure incorporating gold nanoparticles; a transmission electron
micrograph of the nanoparticles is shown. Right: normalised capacitance versus voltage characteristics for different MIS

devices. (After Paul et al. [53.10], © (2003) ACS)



Molecular Electronics | 53.5 DNA Electronics 1235

a) b)
lumﬂ

lpm/ 7 4 []A

(B

Electron energy

Floating gate

eS|

Si0,

A\ 4

‘ FET inversion layer .

Fig.53.19 (a) Molecular memory holding N bits (top)
compared to a conventional silicon memory holding 1 bit
(bottom). (b) Electron energy versus perpendicular distance
for molecular memory with no applied electric field. (Af-
ter Burrows et al. [53.123], with permission, (©) Elsevier
[123])

control gate and the underlying silicon. The memory
cell operation involves putting charge on the floating
gate or removing it, corresponding to two logic levels.
Nanoflash devices utilise single or multiple nanoparti-
cles as the charge-storage elements. These are usually
embedded in the gate oxide of a field-effect transis-
tor and located in close proximity (2—3nm) to the
transistor channel [53.121]. Figure 53.18 shows the char-
acteristics of a memory device incorporating metallic
nanoparticles deposited by the LB technique [53.10].
The device structure is shown schematically in the fig-
ure. The gold nanoparticles (Q-Au) were of nominal

53.5 DNA Electronics

The study of the electronic behaviour of organic com-
pounds has led some scientists to work on the electrical
properties of biological materials. Deoxyribonucleic

diameter 10nm and passivated with an organic cap-
ping layer. Cadmium arachidate (CdAr;) LB layers were
used to provide an insulating gate layer. Figure 53.18
also shows the normalised capacitance versus voltage
(C — V) data, measured at 1 MHz and at a voltage scan
rate of 40mV/s for three different device structures:
Al/SiO,/p-Si; Al/20 LB layers CdAr,/SiOy/p-Si; and
Al1/20 LB layers CdAr,/one LB layer Q-Au/p-Si. The C—
V curve for the reference Al/SiO,/Si sample reveals the
usual accumulation/depletion/inversion characteristics
associated with metal-insulator—semiconductor (MIS)
structures, with a flat-band voltage of approximately
—1 V. Negligible hysteresis was evident on reversing the
voltage scan. The data for the Si/SiO2/CdAr; structure
also show clear accumulation, depletion and inversion
regions, again with no hysteresis on reversing the direc-
tion of the voltage scan. The most significant difference
in the structures with and without the Q-Au nanoparti-
cles is the relatively large hysteresis in the MIS structure
containing the Q-Au layer. This was thought to be indica-
tive of charge storage in the gold nanoparticles [53.10].
In a somewhat different approach, the same group has
used a self-assembly technique to chemically attach gold
nanoparticles to a SiO» surface [53.122]. When incorpo-
rated into a transistor structure, the resulting device was
shown to behave as a nonvolatile electrically erasable
programmable read-only memory.

Molecular-scale electronics may also offer increased
device densities by fabricating three-dimensional archi-
tectures. In 1989, the principle of a three-dimensional
memory based on LB films was described [53.123]. The
device requires a molecule with a central conjugated re-
gion of high electron affinity (for an n-type material,
the electron affinity is the energy difference between the
bottom of the conduction band and the vacuum level)
surrounded by aliphatic substituents of low electron
affinity, A multilayer structure, as shown in Fig. 53.19,
could be used to store one N-bit word, the presence or
absence of charge on the n-th layer representing a 0 or 1
of the n-th bit. The LB film could be assembled on the
gate of an FET and, on application of an electric field,
transport of bits across the layers may be detected as
induced charge on the gate.

acid (DNA) is arguably the most significant molecule
in nature. It may also be an important material for
molecular electronics applications. Reports into the

G°€G |3 Med
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Fig.53.20 DNA double helix showing the position of the
four bases: guanine (G), cytosine (C), adenine (A) and
thymine (T)

electronic properties of DNA have already generated
controversy in the literature [53.16, 124—128]. Accord-
ing to some, DNA is a molecular wire of very small
resistance. Others, however, find that DNA behaves as
an insulator. These seemingly contradictory findings
can probably be explained by the different DNA se-
quences and experimental conditions used to monitor
the conductivity [53.16].

The DNA strand in the double-helix arrange-
ment consists of a long polymer backbone consisting
of repeating sugar molecules and phosphate groups,
Fig.53.20. Each sugar group is attached to one of
four bases, guanine (G), cytosine (C), adenine (A) and
thymine (T). The chemical bonding is such that an
A base only ever pairs with a T base, while a G always
pairs with a C. Some of the electron orbitals belonging
to the bases overlap quite well with each other along
the long axis of the DNA. This provides a path for elec-

53.6 Conclusions

Organic compounds possess a wide range of fascinat-
ing physical and chemical properties that make them
attractive candidates for exploitation in electronic and

tron transfer along the molecule, in a similar fashion
to the one-dimensional conduction seen in conjugated
polymers, Sect. 53.1.2.

Theoretical and experimental work now suggests
that a hole (i. e. a positive charge) is more stable on a G—
C base pair than on an A-T base pair [53.16]. The energy
difference between these two pairs is substantially larger
than the thermal energy of the charge carrier. Under these
conditions, a hole will localise on a particular G—-C base
pair. Because the A-T base pairs have a higher energy,
they act as a barrier to hole transfer. However, if the dis-
tance between two G—C base pairs is small enough, the
hole can tunnel quantum-mechanically from one pair to
the next. In this way, charge carriers are able to shuttle
along a single DNA molecule over a distance of a few
nanometres.

DNA chips exploit the fact that short strands of DNA
will bind to other segments of DNA that have comple-
mentary sequences, and can therefore be used to probe
whether certain genetic codes are present in a given
specimen of DNA. Microfabricated chips with many
parallel DNA probes are becoming widespread in an-
alytical and medical applications. Currently, the chips
are read out optically, but further miniaturisation might
require new read-out schemes, possibly involving the
electron-transfer properties of DNA.

Computations by chemical or biological reactions
overcome the problem of parallelism and interconnec-
tions in a classical system. If a string of DNA can be
put together in the right sequence, it can be used to
solve combinational problems. The calculations are per-
formed in test tubes filled with strands of DNA. Gene
sequencing is used to obtain the result. For example,
Adleman [53.129] calculated the travelling-salesman
problem to demonstrate the capabilities of DNA com-
puting. DNA computing on parallel problems potentially
provides 10'* millions of instructions per second (MIPS)
and uses less energy and space than conventional super-
computers. While CMOS supercomputers operate 10°
operations per Joule, a DNA computer could perform
about 10'? operations per Joule. Data could potentially
be stored on DNA in a density of approximately 1 bit
per nm> while existing storage media such as DRAMs
require 10'2 nm? to store 1 bit.

optoelectronic devices. It is not, however, anticipated
that these materials will displace silicon in the fore-
seeable future as the dominant material for fast signal
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processing. It is much more likely that organic materials
will find use in other niche areas of electronics, where
silicon and other inorganic semiconductors cannot com-
pete. Examples already exist, such as liquid-crystal
displays and certain chemical sensors. Organic light-
emitting structures are likely to make a major impact in
the marketplace over the next ten years.

Over the first decades of the 21% century, classi-
cal CMOS technology will come up against a number
of technological barriers. The bottom-up approach to
molecular electronics provides an alternative and attrac-
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tive way forward and, as such, it is currently an area
of exciting interdisciplinary activity. However, the chal-
lenges in fabricating molecular switches and connecting
them together are formidable. Living systems use a dif-
ferent approach; these assemble themselves naturally
from molecules and are extremely energetically efficient
when compared with man-made computational devices.
More radical approaches to materials fabrication and de-
vice design, exploiting self-organisation, may be needed
to realise fully the potential offered by molecular-scale
electronics.
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