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1. Introduction
Over the past three decades, a number of studies have been

undertaken to characterize the interactions of gases and
chemical species with semiconductors as well as to develop
useful sensing devices based on these effects.1 Examples
include gas detectors using metal-oxide semiconductor field-
effect transistors,2-4 metal-oxide semiconductor capacitors,5

as well as Schottky barrier diodes.6 Among those, Schottky
barrier diode sensors are devices which are extremely simple
to fabricate, obviating the need for photolithography or high-
temperature diffusion/oxidation steps. These sensors may be
broadly classified into two categories: (1)interface-
controlled deVices, in which the species of interest are
adsorbed at the metal surface and thus affect interfacial
polarization, and (2)bulk-controlled deVices, which are
dependent on the change in bulk properties of the semicon-
ductor caused by absorption of and interaction with the
diffusing species.

Schottky barrier based gas sensors have been fabricated
with a number of inorganic semiconductors using catalytic
metals as the metal contact,6-11 mostly for detection of
hydrogen. Due to various hydrogen-induced changes in
catalytic metals, the change of the interface properties of
the Schottky barrier diode readily lends itself to applications
in interface-controlled sensors devices.6 The metal/inorganic
semiconductor Schottky diodes can exhibit a very high
sensitivity and low detection limit to hydrogen. The success
of these devices translates into a huge number of papers
published on the subject of hydrogen sensing. Unfortunately,
the range of applicability is limited to the detection of
hydrogen and hydrogen-producing gases or vapors, which
comes from the exclusive solubility and permeability of
atomic hydrogen in such materials.

This limitation does not apply to the class of organic
semiconductors, which includes organic molecules as well* E-mail: potje@imm-mainz.de.
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as conjugated polymers. They show almost unlimited perme-
ability for gases and vapors, and the concomitant ability to
form charge-transfer complexes with the matrix. Moreover,
they offer the possibility to tune the sensitivity and selectivity
toward gases and vapors by chemical alternation of the
polymer backbone, addition of side groups, alternation of
the lengths of the polymer chain, and alternation of the nature
of the dopant. Variations in the chemical and physical
properties of the organic semiconductors are manifold and
represent a further advantage for organic semiconductors in
this application area. For this reason, the focus of this review
is on the progress in metal/organic semiconductor based
Schottky barrier junction sensors.

The use of organic semiconducting materials has received
considerable interest as the active component in electronic
device structures,12-18 such as organic light emitting diodes
(OLEDs),19,20solar cells,21,22and organic field-effect transis-
tors,23,24Schottky diodes,25 and gas sensors.26-30 In the case
of field-effect transistors (FETs), the organic semiconductor
can either be the active component, i.e., the current carrying
material, of the organic FET (OFET) or the selective layer
used as the gate electrode in a chemical sensitive FET
(CHEMFET). The interaction of gases or vapors with the
bulk of organic semiconductors affects the work function of
the organic semiconductor, which modifies the electrical
properties of the electronic device. This leads to the applica-
tion of organic semiconductors in bulk-controlled devices.

The metal/semiconductor interface is the obvious com-
ponent in any semiconductor device and controls the Schot-
tky barrier device characteristic. The theoretical aspects of
interfaces in devices based on organic semiconductors closely
resemble those of inorganic ones. This allows in general the
use of the extensive knowledge accumulated during many
years of studies of the electronic properties of inorganic
semiconductors.

The purpose of this review is to introduce the reader to
the field of metal/semiconductor junctions, in particular
metal/organic semiconductor junctions, by providing insights
into some of the theoretical and experimental approaches
that have been employed thus far, although it is not meant
to be an exhaustive study of all of the research work and
techniques employed in the study of interface formation in
semiconductor devices. This topic is too broad and is beyond
the scope of this review.

The second section gives an introduction to the physics
of organic semiconductors, which are relevant to the
understanding of the peculiar properties of interfaces in
organic semiconductor devices. The third section deals with
some theoretical aspects concerning metal/semiconductor
junctions and their use in chemical sensing. The fourth
section is a review of this area of semiconductor junction
gas sensors and deals with the electrical and gas sensing
properties of Schottky barrier diodes. Both sections cover
inorganic and organic semiconductor Schottky barrier diodes.
Furthermore, section 4 shows how experimental and struc-
tural parameters of semiconductors can influence the Schot-
tky barrier junction and hence the diode characteristics. The
reader who is familiar with organic semiconductor polymers
and the electrical properties of semiconductor contacts can
skip directly to section 4, and those interested in an overview
of this class of materials and of these types of devices may
find sections 2 and 3 to be useful.

2. Properties of Organic Semiconductors

The word “organic semiconductors” includes polymers and
low-molecular-weight organic materials. The former are
usually characterized by ill-defined chain lengths while the
latter show both a well-defined composition and length. The
use of the name “organic semiconductor” is based on the
extrinsic semiconducting properties of organic systems, i.e.,
the capacity to transport charge generated by light, injected
by electrodes, or provided by chemical dopants. Due to the
weak electronic coupling between organic molecules, dis-
order plays a central role in the understanding of these
materials. Disorder manifests itself in varying the energy
levels of the electronic states of different molecules and the
structure of the solid state. Both strongly influence the
transport mechanism of charge carriers and charge injection
at metal/semiconductor interfaces.

2.1. Electronic Properties of Organic
Semiconductors

2.1.1. Molecular Semiconductors

In inorganic semiconductor crystals such as silicon or
germanium, the strong coupling between the atoms and the
long-range order lead to the delocalization of the electronic
states and the formation of allowed valence and conduction
bands, separated by a forbidden energy gap. By thermal
activation or photoexcitation, free electrons are generated
in the conduction band, leaving behind positively charged
holes in the valence band. The transport of these free charge
carriers is described in the quantum mechanical language of
Bloch functions, k-space, and dispersion relations familiar
to solid-state physicists.31

In organic solids, intramolecular interactions are mainly
covalent, but intermolecular interactions are due to much
weaker van der Waals and London forces. As a result, the
transport bands in organic crystals are much narrower than
those of their inorganic counterparts and the band structure
is easily disrupted by introducing disorder in the system.
Thus, even in molecular crystals, the concept of allowed
energy bands is of limited validity and excitations as well
as interactions localized on individual molecules play a
predominant role. The common electronic feature of molec-
ular semiconductors is theπ-conjugated system, which is
formed by the overlap of carbon pz-orbitals. In Figure 1 the

Karin Potje-Kamloth studied chemistry at Ludwigs Maximilians Universität
München and received her Ph.D. and Habilitation in physical chemistry.
Currently, she is a senior scientist at Institut fuer Mikrotechnik Mainz GmbH.
Her main research areas of interest are low cost chemical sensors, thin
film technology of advanced polymer materials, energy harvesting, and
chemical sensing platforms for microsystems
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molecular structure of a typical representative of this class
of semiconductors, metallophthalocyanine tetrasulfonate
(MPcTS), is shown. The orbital system of the ring comprises
42 π-electrons. Due to the orbital overlap, theπ-electrons
are delocalized within the molecule and the energy gap
between the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) is
small, i.e., exhibiting transition frequencies within the visible
range.

Activation of free electrons by photoexcitation or chemical
doping can lead to a tremendous increase of the electric
conductivity from about 10-12 S cm-1 to values in the range
of 102 S cm-1, which indicates the semiconducting character
of the material.

2.1.2. Conducting Polymers
Polymers are typically associated with flexible, processible

materials having electrically insulating properties. Although
this is true of most polymers, a special class of these materials
called conjugated polymers has the electrical and optical
properties traditionally associated with metals and semicon-
ductors, yet they retain the mechanical properties and the
processability of plastics.

Conjugated polymers are characterized by repeated units
in which atomic valence is not satisfied by covalent bonds.
The leftover valence electrons of adjacent carbon atoms
overlap and form double bonds that give rise toπ-bonds, in
which theπ-electrons are delocalized over large segments
of the polymer chain. They are forming the so-called
π-conjugated system, which is responsible for the electronic
properties of the conjugated polymers. The chemical struc-
tures of the most thoroughly studied conducting polymers
are shown in Figure 2.

Polymers can consist of on the order of 105 to 106 (or
even a greater number) monomers strung together to form a
macromolecular chain. Typical conjugated polymers include
straight chain units, five or six-membered rings, and all
combinations of these. The addition of heteroatoms (atoms
other than carbon and hydrogen) and side chains allows for
an even larger variety in this class. Their electronic properties
can be tailored by the synthesis, and their electrical conduc-
tivity can be varied from about 10-12 S cm-1 to values in
excess of 105 S cm-1. In order to understand the operation
of polymer devices better, it is useful to first examine some
basic properties of organic semiconductors based on conju-
gated polymers, because they differ qualitatively from those
of crystalline inorganic semiconductors in several important
respects.

In crystalline materials, the properties are determined by
the three-dimensional arrangement of the atoms and their
resulting interactions. Conjugated polymers are treated as a
quasi-one-dimensional system, wherein the polymer chains

are assumed to behave independently of one another, and
their physical and chemical properties depend on interactions
within the single chains. Theπ-bonding scheme of conju-
gated polymers decreases the gap between occupied (HOMO)
and unoccupied (LUMO) states. The valence band and
conduction band of conducting polymers are generally
derived from suchπ-bonds. The band gap of these polymers
tends to lie between 1.5 and 3 eV (see Figure 2), in the same
range as that of inorganic semiconductors. Since the bonds
formed by σ-orbitals are stronger than theπ-bonds, the
polymers do not break apart when excited states are created
in theπ-electron levels. Also, in most polymers, there is only
a weak overlap between theπ-orbitals between neighboring
polymer chains, so electrons and holes tend to be delocalized
on individual polymer chains, although they can hop between
chains. Theπ-electron delocalization along the chain and
the weak interchain bonding give conjugated polymers a
quasi-one-dimensional nature and give rise to strong anisotro-
pies when the macromolecules are chain extended and chain
aligned. Due to the electron-phonon-coupling of theπ-elec-
trons, which leads to a lattice distortion (Peierls distortion),
a gap is generated at the Fermi level. If an electron is added
or removed to/from the polymer chain, a self-localized elec-
tronic state within the previously forbidden semiconductor
band gap is formed as a result of the easy deformability of
the polymer lattice without chain scissoring. The creation
of electronic defects allows charge transport within a single
chain. This property of conjugated polymers demonstrates
that many ideas are used to explain why inorganic semicon-
ductors do not directly carry over to conjugated polymers.

Early on, most of the research effort was concentrated on
the conducting properties of the doped conjugated poly-
mers,32 which were often referred to as ‘‘conducting poly-
mers’’. In this review, this notation is used throughout the
text to describe this class of polymers when they are in both
pristine and doped states.

2.2. Doping in Organic Semiconductors and
Self-localized States

Doping of a disordered organic semiconductor by charged
moieties has two counteracting effects: (1) the increase of
concentrations of charge carriers and, thus, the change of
the Fermi level;33,34(2) the increase of energetic disorder by
formation of additional deep Coulomb traps of the opposite
polarity. Therefore, the average hopping rate is controlled

Figure 1. Molecular structure of metallophthalocyanine tetrasul-
fonate (MPcTS) salt.

Figure 2. Schematic representation of the chemical structures of
the most commonly studied conjugated polymers, as well as their
corresponding nomenclature and energy band gapEg.
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by the charge carrier release from the Coulomb traps.35 The
former effect facilitates conductivity; the latter strongly
suppresses the charge carrier hopping rate. This process
determines, together with the intrinsic order, the temperature
dependence of the mobility. Arkhipov et al. showed that the
doping efficiency on charge carrier hopping strongly depends
on the energy disorder and the external field.35

Upon doping by ionized species, charge neutrality must
be maintained. There are two ways to accomplish this. One
is electrochemical doping. If the ionization (or reduction)
potential of the electrode more or less matches the HOMO
of the organic semiconductor, a negatively charged majority
carrier can be injected, provided that the electrolyte supplies
appropriate counterions that can diffuse into the semiconduc-
tor. For p-conducting organic semiconductors, positively
charged majority carriers are injected, as the oxidation
potential of the electrode matches the LUMO. An example
is the oxidation of polyhexylthiophene by injection of holes
from a solution containing tetraethylammonium perchlorate.
Charge injection is compensated for by concomitant “doping”
with perchlorate anions. The alternative method is doping
by a neutral entity, whose electron affinity is different enough
to allow for charge transfer from the semiconductor to the
dopant. In both cases, excess mobile majority carriers and
immobile countercharges (i.e., dopants) are generated that
roughen the energy landscape, in which the charge carriers
migrate, but in the “neutral” doping case, in addition, charge
redistribution can and does occur. The majority of charge
carriers will actually form metastable geminate pairs, whose
dissociation is facilitated by the ambient phonon bath and
the external electric field.

A high charge carrier concentration can be reached without
introducing counterions due to either field effect or high level
of monopolar charge injection across a contact. Under these
circumstances, the Coulomb interaction between charge
carriers can strongly change the effective potential landscape.
The interaction between charges of the same sign is repulsive
and, therefore, cannot create Coulomb traps. It gives rise to
transiently fluctuating potential barriers that affect the
mobility.

2.2.1. Molecular Semiconductors
Doping of organic molecular films has been investigated

relatively little compared to the doping of inorganic semi-
conductors or of conjugated polymers. The main reason is
that, unlike inorganic semiconductors, traditional n- and
p-doping has not been a requirement for achieving bipolar
transport in the most common molecular devices, i.e., OLEDs
and OFETs. The ability to stack electron and hole transport
layers, to build organic/organic or metal/organic junctions,
alleviates the need to “dope” the organic materials in order
to inject electrons or holes into the active layer(s) of the
organic device. However, the performance of organic devices
is now reaching a level at which electrical doping seems to
be attractive as a means to further improve efficiency. In
this respect, considerable work remains to be done, however,
to understand and control doping in materials which exhibit
fundamental differences with standard inorganic semicon-
ductors. The weak intermolecular bonds, large energy gaps,
and small dielectric constants of these materials are not
particularly conducive to low dopant ionization energies.
Several groups have started to investigate doping mechanisms
and their effect on the electronic structure of the host organic
molecular semiconductors.36-39 Particularly important are the
relative energies of the dopant and the host molecular levels,

which determine the ‘‘ionization energy’’ and doping ef-
ficiency. Doping of metal/organic contacts with inorganic
donors, such as lithium in aluminum tris(8-hydroxychinoline)
(Alq3),40 and with inorganic acceptors, such as antimony
pentachloride inN,N′-diphenyl-N,N′-bis(3-methylphenyl)-
1,1′-biphenyl-4,4′-diamine (TPD),41 has shown the potential
for significant improvements in current injection. Similar
results could be obtained by doping with molecular acceptors,
e.g., tetrafluorotetracyanoquinodimethane (F4-TCNQ),37,42

and molecular donors, e.g., bis(ethylenedithio)tetrathiaful-
valene (BEDT-TTF).43

2.2.2. Conducting Polymers
When an electron is added to (or withdrawn from) a rigid

band semiconductor, it must go into the conduction band
(or come from the valence band) because the lower energy
valence band is completely filled. However, when an electron
is added to (or withdrawn from) a conducting polymer, a
chain deformation takes place around the charge, which costs
elastic energy and puts the charge in a lower electronic
energy state. The competition between elastic deformation
energy and electronic energy determines the size of the lattice
deformation, which can be on the order of 20 polymer units
long.44

This localized charged particle together with the simul-
taneous chain deformation is known as a polaron and is
defined in the semiconductor literature as an electron that is
dressed by a phonon cloud. The lattice distortion by the
charges is also called self-trapping. In Figure 3A, the doping
process of p-type polypyrrole (PPy) is depicted, which
represents a typical conducting polymer. The corresponding
band structures and the allowed electronic transitions are
shown in Figure 3B.

Bipolarons are similar to polarons, but they are double
charged. Instead of being a single charge that distorts the
chain, there are two charges, which are bound together in
and by the same chain deformation. Although these charges
repel each other via the Coulomb interaction, they remain
bound together by their common chain deformation; the
energy increase to form two distinct chain deformations
rather than a single one is greater than the Coulomb energy
gained by their separation.

Associated with each one of these excitations are energy
states located in the energy gap of the p-doped polymer
(Figure 3B). The polaron has two subgap states, of which
the lower one is singly occupied and the higher one is empty
for a positive polaron (i.e., an electron and a hole). The
doubly charged bipolaron has its subgap states completely
empty for a positive bipolaron. A significant difference be-
tween polarons and bipolarons is their spin signatures: polar-
ons have charge(1 and spin1/2, the same spin and charge
as a free electron. Bipolarons have a zero spin and are doubly
charged, mainly because of the pairing of the electrons.

The charge injection into the macromolecular chain, i.e.,
the creation of any of the above-mentioned defects (polaron,
bipolaron) in the conjugated backbone of the polymer, is
called doping. Besides this charge injection, doping in
polymers also implies the insertion or repulsion of a
counterion (referred to as “dopants” or “doping ions”) to
maintain charge neutrality. In order to match conventions
between physicists and chemists, a polymeric cation-rich
material is called p-doped, and a polymeric anion-rich
material is called n-doped. Since every monomer is a
potential redox site, conducting polymers can be doped to a
high density of charge carriers. The doping level is up to 5
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orders of magnitude greater than that in common inorganic
semiconductors. The standard value of the doping levels lies
in the range of 0.27-0.5 positive charge per monomer (27-
50% by mol), depending on the anion and the type of
conducting polymer. A slight decrease in the doping level
is observed with an increase of the molecular weight and
the negative charge of the anion. For all conjugated polymers,
except for polyacetylene, polarons and bipolarons are the
entities through which charge transport is accomplished in
conducting polymers.45 They can travel along the chain as
an entity, with the atoms in the path changing their positions
so that the deformation travels with the electron or hole.46

Doping in polymers can be accomplished chemically,
electrochemically, and photochemically, as well as by charge
injection at the metal/insulator/semiconductor (MIS) inter-
face.47 In the case of electrochemical and/or chemical doping,
the induced electrical conductivity is permanent, until the
charge carriers are purposely removed by dedoping, i.e., by
reversing the electrochemical reactions, or until the charge
carriers are chemically compensated.

Initially, conducting polymers have been regarded as one-
dimensional semiconductors, because theπ-conjugated sys-
tems extend over the whole polymer chains, thus allowing
for delocalized states in one direction. In their pioneering
work, Su, Schrieffer, and Heeger48 studied the interaction
of an excitation with an ideal one-dimensional lattice,
neglecting Coulomb interactions and disorder effects. Today,
conducting polymers are discussed either as one-dimensional
semiconductors with strong electron/phonon interactions or
as disordered molecular solids with strong Coulomb interac-
tions. The discussion of the precise nature and dynamics of
excited states in conducting polymers is still very much alive.
The one-dimensional semiconductor nature of conducting
polymers might play a role in experiments on highly ordered,
stretch-oriented materials or on isolated single chains.
Furthermore, in conducting polymers, the influence of
chemical dopants on the morphology of the polymer layer
and on the charge-transporting states is still a matter of

controversy. The (quasi) one-dimensional nature of the
conducting states may explain the exceptionally high con-
ductivities in doped conducting polymer systems.49

2.3. Transport Mechanism in Organic
Semiconductors

A feature common to all amorphous and disordered
systems, among them organic semiconductors, is the fre-
quency dependent conductivity that increases approximately
linearly with frequency, at least in the range 101-107 Hz,
i.e.,σ(ω) ∝ σωs, where the frequency exponents e 1.50 The
origin of this obviously universal behavior of the dispersive
componentσac of the conductivity has been ascribed either
to the relaxation process or to a transfer process. The former
is caused by the motion of charge carriers by thermally
assisted quantum mechanical tunneling between localized
states lying deep within the band gap. The latter is called
hopping and involves classical thermal activation over the
barrier height, separating two sites with an energy difference
∆E. The frequency exponents is predicted to have a
temperature dependence, and the magnitude ofs at any
temperature is determined by the binding energy of the
charge carrier in its localized site.51

The temperature dependence of the dc conductivity term
provides first-hand information on the possible processes
involved in the conduction in amorphous materials. One of
the theoretical models most successfully used to predict the
probable transport mechanism in disordered materials is the
Mott’s variable-range hopping (VRH).52 It describes a
phonon-assisted quantum mechanical transport process, in
which a balance is obtained between the thermodynamics
constraint on a charge carrier moving to a nearby localized
state of different energy and the quantum mechanical
constraint53 on a charge carrier moving to a localized state
of similar energy, but spatially far away. The VRH model
is equally applicable to charge carriers such as electrons,
polarons, or bipolarons, provided that the appropriate wave

Figure 3. (A) Neutral (undoped) state of polypyrrole and doped (polaron and bipolaron) structures of lightly and heavily doped polypyrrole,
respectively. (B) Corresponding schematic energy band structures and the allowed electronic transitions.
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function is incorporated. This model and its field of applica-
tions have been extensively reviewed by various authors.52,54

According to the phonon-assisted quantum mechanical
transport process, the temperature dependence of the dc
conductivity provides information about the conduction
mechanism and the dimensionality of the charge transport
mechanism, which ranges from a three-dimensional to a one-
dimensional transport process.

Considering a one-dimensional system, the most com-
monly invoked descriptions are charging-energy-limited
tunneling (CELT),55 fluctuation-induced tunneling (FIT),53

and quasi-one-dimensional variable-range hopping.52,56

2.3.1. Molecular Semiconductors

Charge carrier hopping within a positionally random and
energetically disordered system of localized states was shown
to be an adequate model for the description of both the
equilibrium and the nonequilibrium conductivity in noncrys-
talline organic semiconductors.57-60 Bässler et al. discussed
the effect of doping on the charge carrier hopping in
disordered organic semiconductors.58,61Doping such a system
by charged moieties will create a random distribution of
dopant ions that will coulombically interact with charge
carriers localized in randomly located intrinsic hopping sites62

and, thus, broaden the effective density of states distribution.
This effect is especially important for molecular semiconduc-
tors, because the dielectric permittivity is low, and the range
of the Coulomb potential is large in organic solids.

2.3.2. Conducting Polymers

Much work has focused on the nature of charges in doped
conducting polymers. Even though there is a high density
of conduction electrons at the Fermi level for the highly
doped polymers, the charge carriers may be spatially
delocalized, so that they cannot participate in the electronic
transport except through hopping. The prime source of
localization in conducting polymers is structural disorder.
Most conducting polymers are noncrystalline, i.e., amorphous
materials, although some of these systems possess a molec-
ular low crystallinity, in which regions of the material are
more ordered and other regions are more disordered. The
percentage of crystallinity may vary from near zero to 11%
for polypyrroles,63 20-30% for polyanilines,64 and ap-
proximately 80% for highly doped polyacetylenes.65

The charge carrier mobilities in these low-conducting
amorphous solids are frequently estimated to be very low,µ
, 1 cm2 V-1 s-1.66 These values bear witness against a band
transport mechanism. However, detailed knowledge of their
charge transport is usually quite limited. Nevertheless, the
basic principles underlying electronic states and electronic
transport in this class of solid materials are those of
amorphous solids. It should be emphasized that the great
variety of polymer constituents and structures yields a
diversity of interesting and perhaps specific electronic
properties. The dimensionality of the system can play a major
role in determining the nature of both electronic states and
electronic transport. The intrinsic contributions to charge
transport are strongly intermixed, and it is often not trivial
to quantify the individual contributions from various param-
eters (e.g., interchain interactions, anisotropic diffusion of
charge carriers, the role of dopant ions, the extent of disorder,
etc.). The theoretical modeling of transport properties in
conducting polymers is a challenging problem because of
the extreme complexity of these systems.

For a transport mechanism to be described in a certain
material, charge carriers must be present. In conducting
polymers, upon injection of an electron or a hole, a defect
in the polymer chain is created, i.e., a polaron or a bipolaron,
as already mentioned. These charged defects are the real
charge carriers in nondegenerated conducting polymers.

Charge transport in conducting polymers consists generally
of two components: intrachain and interchain transport.67,68

Intrachain charge transport occurs along the polymer back-
bone and requires less energy than interchain charge
transport, which involves the hopping of the charge to
neighboring chains. The dopant compounds play a very
important role in the hopping process during interchain
charge transport.

The charge carrier mobility may be thought of as a
measure of the ease with which the charge carriers move
through the material. It is sensitive to the level of structural
order present in the polymer. Thus, structural defects decrease
the conductivity by lowering the mobility. It is interesting
that the theoretical conductivity of perfectly aligned defect-
free polyacetylene is believed to be greater than 106 S cm-1.67

As a general consideration, the conjugation length appears
to be the most significant structural parameter controlling
the charge mobility. It has been recognized that the effective
conjugation length of most conducting polymers is finite,
because of the imperfect planarity of the conjugated system.
It is supposed that the chain architecture of a conducting
polymer consists of rigid blocks of a conjugation length of
several polymer units separated by flexible nonconjugated
polymer segments. This kind of macromolecular chain
architecture should be kept in mind when one deals with
the structure-property relationship of conducting polymers.

Currently, the description of the conductivity in these kinds
of disordered materials remains open, and the understanding
of the influence of the disorder, which is present at every
scale of the structure (defects on the chains, heterogeneities
in the doping distribution, etc.) is far from being complete.
Moreover, several studies have been devoted to the theoreti-
cal search for microscopic pictures leading to different new
descriptions, such as Fermi glass,69 Coulomb glass,70 super-
localization,71 multifractal localization,72 etc. Such a great
variety of theoretical approaches reflects the wide range of
phenomena involved in electronically conducting polymers.
Furthermore, the transport process may differ from one
polymer to another, as well as from one sample to another,
principally according to the preparation method.

3. Metal/Semiconductor Junctions and Their Use
in Gas Sensing

3.1. Introduction

In the following sections, the behavior of basic metal
contacts with semiconducting materials and their application
in chemical gas sensing are described. The elucidation of
the interfacial electronic structure forms the basis for
understanding and improving the performance of electronic
devices. A key theoretical prediction is that the electric field
at the semiconductor/metal interface should, in principle,
respond to changes in the Fermi level of the contacting
metal.73,74The behavior of such contacts has been discussed
thoroughly in several books and reviews articles,75-77

although the interfacial chemistry of these systems is still
controversial.
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Metal/semiconductor contacts are components of any
semiconductor device. At the same time, such contacts cannot
be assumed to have a resistance as low as that of two
connected metals. In particular, a large mismatch between
the Fermi energy of the metal and the semiconductor can
result in a high-resistance rectifying contact. A proper choice
of materials can provide a low-resistance ohmic contact.
However, for a lot of semiconductors, there is no appropriate
metal available. Instead, one then creates a tunnel contact.
Such a contact consists of a thin barrier, obtained by heavily
doping the semiconductor, through which charge carriers can
readily tunnel. Thin interfacial layers also affect the forma-
tion, which is discussed for metal/organic semiconductors
contacts.

3.2. Interfacial Electronic Structure sIdeal
Junction Characteristics

3.2.1. Formation of a Schottky Barrier

Experiments on rectifying contacts started in 1874 with
the pioneering work of Braun, who observed asymmetries
in the transport of electrical current across metal/semicon-
ductor interfaces.78 The following decades brought a variety
of technical applications, but it took more than 60 years until
Schottky,79 and independently Mott,80 used microscopic
concepts to describe these so-called Schottky contacts. Since
then, metal/inorganic semiconductor contacts have been
extensively studied and have become rather well understood.
The subject of interfacial electronic structure can be roughly
divided into two aspects: (1) the energy level alignment at
the interface and (2) the band bending in the space-charge
region.81 The former is important for charge carrier injection;
the latter is essential for charge carrier separation. A complete

overview of the works on Schottky contacts is beyond the
scope of this review. Several excellent textbooks report on
their electronic properties and the development of the
field.81-83

Figure 4 illustrates the band diagram of Schottky’s
Gedankenexperimentfor the formation of a Schottky barrier.
The metal and the semiconductor are supposed to be
electrically neutral and to be separated from each other for
an n-type semiconductor with a work functionφs smaller
than that of the metalφm (Figure 4A). When the metal and
the semiconductor come in electrical contact, the two Fermi
levels are forced to coincide and electrons pass from the
semiconductor into the metal. The result is an excess of
negative charge on the metal surface and the formation of a
positive charge depletion zone with a thicknessWS in the
semiconductor near its surface (Figure 4B). These excess
charges form an interface dipole and produce an electric field,
directed from the semiconductor to the metal. By bringing
the metal and the semiconductor closer together, the gap
between the two materials vanishes and the electric field
corresponds now to a gradient of the electron potential in
the depletion layer, resulting in the well-known band-bending
regime (Figure 4C).

The Mott-Schottky model leads to the Schottky barrier
heightφb. For an ideal contact between a metal and an n-type
semiconductor, the height of the barrierφb measured relative
to the Fermi level is given by

or

Figure 4. Formation of a barrier between a metal and a semiconductor: (A) neutral and isolated; (B) electrically connected; (C) in perfect
n-type rectifying contact (φm >φs); (D) n-type ohmic contact (φm < φs); (E) p-type ohmic contact (φm > φs); (F) p-type rectifying contact
(φm < φs). o denotes electron in conduction band;+ denotes donor ion.

φb ) φm - øS (1)

φb ) eVd + ê ) φbi + ê (2)
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whereøs is the electron affinity of the semiconductor, defined
as the difference in energy between an electron at rest outside
the surface and an electron at the bottom of the conduction
band just inside the surface,e is the electronic charge,ê is
the difference between the bottom of the conduction band
EC and the Fermi level of the semiconductor,eVd is the band
bending at zero bias voltage, andeVd, the diffusion potential
at zero bias voltage, usually called the built-in potentialφbi

or the contact potential formed between the metal and the
semiconductor, is given by82

whereND is the donor concentration,εs is the permittivity
of the semiconductor, andWS is the depletion layer width.
Equation 2 has been referred to as the Mott-Schottky limit.
In obtaining it, a number of important assumptions have to
be made, namely that (1) the surface dipole contributions to
φm andøS do not change when the metal and semiconductor
are brought into contact, (2) there are no localized states on
the surface of the semiconductor, and (3) there is a perfect
contact between the semiconductor and the metal (i.e., there
is no interfacial layer).

In the case that the work function of the n-type semicon-
ductorφs is larger than that of the metalφm, the contact is
biased so that electrons flow from the semiconductor to the
metal. They encounter no barrier (Figure 4D). If a bias
voltage is applied such that electrons flow in the reverse
direction, the comparatively high concentration of electrons
in the region where the semiconductor bands are bent
downward (usually referred to as the accumulation region)
behaves like a cathode, which is easily capable of providing
a copious supply of electrons. The current is then determined
by the bulk resistance of the semiconductor and the applied
voltage. Such a contact is termed ohmic contact.

A p-type semiconductor/metal junction, for whichφm

exceedsφS, represents an ohmic contact (Figure 4E). The
case of a p-type semiconductor, for whichφS exceedsφm, is
shown in Figure 4F. Bearing in mind that holes have
difficulty in going underneath a barrier, one sees that Figure
4F is the p-type analogue of Figure 4C and gives rise to
rectification, which is the case of Schottky contacts based
on p-type organic semiconductors. The barrier heightφb for
an ideal contact between a metal and a p-type semiconductor
is given by

3.2.2. Charge Carrier Transport Mechanism across the
Junction Potential Barrier

The models initially developed for charge carrier transport
across potential barriers in crystalline materials have also
been used for noncrystalline systems. The current across a
metal/semiconductor junction is mainly due to majority
carriers. Three distinctly different mechanisms exist: diffu-
sion of charge carriers from the semiconductor into the metal,
thermionic emission of charge carriers across the Schottky
barrier, and quantum mechanical tunneling through the
barrier. The diffusion theory assumes that the driving force
is distributed over the length of the depletion layer. The
thermionic emission theory, on the other hand, postulates
that only energetic charge carriers, which have an energy
equal to or larger than the conduction band energy at the

metal/semiconductor interface, contribute to the current flow.
Quantum mechanical tunneling through the barrier takes into
account the wave-nature of the electrons, allowing them to
penetrate through thin barriers. In a given junction, combina-
tions of all three mechanisms exist. However, typically one
finds that only one charge carrier mechanism dominates.

Thermionic Emission Theory. Thermionic emission
theory assumes that the barrier heightφb is much larger than
kT and that electrons, with an energy larger than the top of
the barrier, will cross the barrier, provided they move toward
the barrier. The actual shape of the barrier is hereby ignored.
The current density,J, can be expressed as

or

whereA** is the effective Richardson constant for thermionic
emission, neglecting the effects of optical phonon scattering
and quantum mechanical reflection (equal to 120 A cm-2

K-2 for free electrons),T is the absolute temperature,k is
the Boltzmann constant,V is the bias voltage, andJ0 is the
saturation current density, given as

Diffusion Theory. For semiconductors with low charge
carrier mobility (µ < 10-4 cm2 V-1 s-1), it has been shown
that the dominant barrier transport mechanism is diffusion.81

The diffusion theory by Schottky81 is derived from the
assumption that the depletion layer is large compared to the
mean free path, so that the concepts of drift and diffusion
are valid. The resulting current density equals

or

whereNC is the effective density of states in the conduction
band,µe is the electron mobility, andËmax is the maximum
field strength at the metal/semiconductor interface given by
Ëmax ) eNDW/εs. It can be seen that eq 9 is almost, but not
quite, of the form of the ideal rectifier characteristic for
thermionic emission. The difference arises becauseËmax is
not independent of bias voltage but is proportional to (V0 -
V)1/2. For large values of reverse bias, the current does not
saturate but increases roughly with|V|1/2.

3.2.3. Ohmic Contact and Space Charge Limited Current
A metal/semiconductor junction results in an ohmic contact

(i.e., a contact with voltage independent resistance), if the
Schottky barrier heightφb is zero or negative. In such cases,
the charge carriers are free to flow in and out of the semi-
conductor so that there is a minimal resistance across the
contact (see Figure 4D and E). For an n-type semiconductor,
the work function of the metal must be close to or smaller

φbi ) eVd )
eNDWS

2

2εS
(3)

φb ) Eg - (φm - øs) (4)

J ) A** T2 exp(φb

kT)[exp(eV
kT) - 1] (5)

J ) J0[exp(eV
kT) - 1] (6)

J0 ) A** T2 exp(- φb

kT) (7)

J ) eNcµeËmax exp(- φb

kT)[exp(eV
kT) - 1] (8)

J ) JSD[exp
eV
kT

- 1] (9)
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than the electron affinity of the semiconductor. For a p-type
semiconductor, it requires that the work function of the metal
must be close to or larger than the sum of the electron affinity
and the band gap energy. Since the work function of most
metals is less than 5 V and a typical electron affinity is about
4 V, it can be problematic to find a metal that provides an
ohmic contact to p-type semiconductors with a large band
gap such as GaN, SiC, or organic semiconductors. The values
of the work function of organic semiconductors strongly
depends on the preparation method and the doping level.
The values range between 4.0 and 5.3 and can even differ
for the same type of polymer and doping because of differ-
ences in the treatment of the material. Therefore, the reader
is referred to the literature to obtain information on the work
function values of the organic semiconductors of interest.

Effect of Background Doping-Bulk Limited Trans-
port. In J-V characteristics, a slope of the lnJ versus lnV
plot of approximately unity indicates an ohmic conduction.
Assuming conduction is via holes, the current flow may be
expressed in the form84

whereh0 is the concentration of thermally generated holes
in the valence band,µh is the hole mobility, andL is the
thickness of the semiconductor. The concentration of holes
at thermal equilibrium is given by

whereNV is the effective density of states in the valence
band and (EF - EV) is the separation of the Fermi level from
the valence band edge. The current density in the ohmic
region becomes

By plotting ln(J/V) against 1000/T, the valueseµhNV and
(EF - EV) can be calculated from the slope and the intercept
at 1/T ) 0.

When holes are injected into the p-type bulk of a metal/
p-type semiconductor Schottky diode, the total hole density
NV(x) at the pointx measured from the ohmic (metal) contact
consists of two parts: (1) the density of the existing holes
h0 induced by the background acceptors and (2) the density
[NV(x) - h0] of the injected holes. The total density of the
holes determines the current. The space charge is determined
by the distribution of injected holes, provided that the charge
of the existing holesh0 is compensated by the ionized fixed
dopant ions. As long as the total hole densityNV(x) is equal
to the doping density over most of the sample thickness, there
is no space charge present, and it is expected that Ohm’s
law will be obeyed. The electric field in the doped samples
becomes constant over practically the whole length of the
sample. This assumption would be equivalent to performing
an electrochemical experiment in which the resistance of the
solution dominates and no electrochemical activity at the
surface electrode (i.e., contact) can be detected. In effect,
such a case corresponds to a chemiresistor in which the useful
information is obtained from the changes of bulk resistivity
of the sensing layer. This is not the case for Schottky barrier
junctions.

If current is passing through a forward biased junction with
a low doped semiconductor or a semiconductor exhibiting
low mobility, a depletion layer will be formed in front of
the ohmic contact of the Schottky barrier diode, as discussed
by Chen et al.85 It can be described in analogy to the
depletion polarization effect in an electrochemical experiment
by a limited charge carrier transport process inside the
semiconductor toward the ohmic contact. The width of the
mass-transport limited contact resistance can be modulated
by the external field. The time dependence of the polarization
resistance is controlled by the charge carrier mobility and
by the geometry of the contact. In most Schottky barrier
devices, the ohmic contact resembles an electrode with a
rectangular geometry, for which the polarization resistance
increases with 1/xt at constant applied voltage. The current
increases roughly with|V|1/2 (see also section 3.2.2).

Moreover, a second bulk effect has to be taken into account
in the presence of an intrinsic or low doped semiconductor
forming the Schottky barrier junction. If the semiconductor
has no free or low charge carrier density due to doping or
due to intrinsic thermal ionization, the theory of space charge
limited current (SCLC) applies and the current densityJ is
given by theV2 (Mott-Guerney) Law81,86

whereεs is the permittivity of the semiconductor andL is
the thickness of the sample. With increasing applied voltage,
the charge carrier density of the undoped sample increases
continuously withx. The injected charge carrier density
becomes considerably larger than the doping induced density
in most of the volume of the sample and the electric field
increases withxx.

The behavior of the current density at high currents, and
therefore at high voltages, is quite different. The curves for
high and low doped semiconductors become identical. One
would therefore expect that the current would obey the SCLC
V2 law at high voltages in the doped material as well.

The transition from Ohm’s law to SCLC takes place at
the point at which the Ohm’s law straight line and the SCLC
line (corresponding to theV2 law) meet. Therefore, an
expression for the voltageVtr, at which the transition occurs,
can be derived by equating the ohmic current and the SCLC
(eqs 10 and 13):

This equation provides a method for determining the
background doping concentration. The transition voltageVtr

can be experimentally determined.
Effect of Trapping and Field Dependent Mobility. A

modification of theV2 law occurs when trapping and the
dependence of the mobility on the electric field are taken
into account. The effects of trapping and field dependent
mobility on theJ-V curves have been discussed by several
authors.86-89 Most workers have assumed an exponential
distribution of trapsNtr given by

whereNV is the density of states for a p-type semiconductor

J ) eh0µh(VL) (10)

h0 ) NV exp[- (EF - EV)

kT ] (11)

J ) eµhNV(VL) exp[- (EF - EV)

kT ] (12)

J ) 9
8
εsµ

V2

L3
(13)

Vtr )
8eh0L

2

9εs
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andTtr is the characteristic temperature of the distribution.
The ratio of free to trapped charge carrier densityθ for a
p-type semiconductor is given by

where (Et - EV) is the activation energy of hole traps. For
the distribution of traps, the current densityJ is given by
theJ ) ktrVm power law, wherektr is a constant and the value
of the exponentmdepends on the characteristic temperature
Ttr. The effect of field dependent mobility has also been
discussed by several authors.89,90Most authors have used the
following equation for the mobility:

Variations of this equation are discussed by Campbell et
al.89 It is shown that both SCLC with traps and field
dependent mobility can give rise to the equationJ ) ktrVm.
However, experimental currents measured at different tem-
peratures could not be described with one value ofm. At a
given temperature and in a small voltage range, theVm law
with constantm has been experimentally verified.89

Figure 5 shows a typical current density vs applied voltage
curve of an Al/PPy Schottky diode. The diode is forward
biased at positive voltages, implying that the Al contact is
negative. The current density in the low bias region between
0.1 and 1.5 V varies exponentially with the bias voltage and
fits closely with the thermionic emission theory (eq 6). At a
bias voltage> 1.5 V, the current starts to become linear,
indicating a dominant contribution of the bulk resistance,
which is in series with the resistance of the depletion layer
of the diode. As the voltage increases to more than 5 V, the
current increases again. This indicates the transition from
the contribution of the ohmic current to the contribution of
the SCLC, according to eq 14. The current densityJ varies
with Vm. The determination of the exponentm by plottingJ
as a function ofVm gives information if the SCLC regime is
trap free and the mobility is field independent (m ) 2) or
controlled by trapping or by the effect of the electric field
on the mobility (m > 2).

3.2.4. Tunneling through the Barrier
An alternate and more practical contact is a tunnel contact,

if no appropriate metal is available to form an ohmic contact.
It can be particularly problematic to find a metal that provides
an ohmic contact to doped organic semiconductors that
usually show work functions of about 5 V or higher. Tunnel
contacts do have a positive barrier at the metal/semiconductor
interface. They also have a high enough doping level in the

semiconductor that there is only a thin barrier separating the
metal from the semiconductor. For heavily doped semicon-
ductors (doping level: 1019 cm-3 or higher) exhibiting a
depletion region width at the metal/semiconductor interface
on the order of 3 nm or less, or for operation at low
temperature, it may be possible for electrons with energies
below the top of the barrier to readily tunnel across such
barriers by quantum mechanical tunneling.82 If the tunneling
current dominates the current flow, the current-voltage
relationship is of the form

where E00 ) (h/4π)(ND/m*εs)1/2/eV, whereh is Planck’s
constant andm* is the effective mass of the electron. The
equation indicates that the tunneling will increase exponen-
tially with xND.

A possible mechanism for the charge transfer from the
metal to a conductive polymer based on tunneling through
the barrier is given by Gustafsson et al.91 Mobile charges in
the conducting polymer exist in the form of polarons and
bipolarons which occupy states in the band gap (see section
2.2.2). They are different from the valence band holes
normally encountered in inorganic semiconductors. Injection
of a hole by tunneling or by thermionic emission into the
polymer should be similar to the photogeneration of charge
in conducting polymers, where, after its formation, a rapid
relaxation to polaronic/bipolaron states occurs.92 Thus, the
majority carrier transfer from the metal to the polymer is
based on (1) tunneling through the barrier to the valence
band, followed by (2) an immediate relaxation to a polaron
or bipolaron defect state, whereas, in the opposite direction,
the charge transfer occurs by direct tunneling from the defect
state to the metal. This gives rise to different tunneling paths
at different energy levels in the forward and reverse bias
voltage directions, which probably can affect the rectification
ratio of the device.

3.3. Interfacial Electronic Structure sDeviations
from the Ideal Case

3.3.1. Introduction of the Ideality Factor
Real Schottky diodes do not always follow the expressions

derived for the ideal case of a charge carrier transport
mechanism across a potential barrier. Deviations from ideal
behavior arise from imperfections in fabrication, or factors,
which are not included in the relatively simple theories taken
for derivation of eqs 5-9 and eq 18. A few of the major
limitations are given below. In practice, diodes never satisfy
eq 5 exactly but can be more closely described by the
modified eq 19.82

or

wheren is the ideality factor, which can be estimated from
the slope of the straight part of the lnJ vs V plot and is
usually greater than unity. The ideality factorn is introduced
in eq 19 to account for the failure of the simple, single-

Figure 5. Dark J-V characteristic of an Al/doped PPy Schottky
diode. The dashed line indicates the fit of lnJ vs V according to
thermionic emission (see section 3.2.2).
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carrier theories of barrier behavior, e.g., when image lowering
of the potential barrier occurs. There are many other possible
reasons whyn should exceed unity, e.g., series resistance of
the bulk semiconductor, generation-recombination within the
depletion region, tunneling through the barrier, interface
states, and the presence of an insulating interfacial layer.82,93

In the case of polymeric diodes, bulk resistance and
interfacial layer effects are likely to be the most important.

3.3.2. Schottky Barrier Lowering
It has been assumed that the Schottky barrier height

remains constant under all conditions of applied voltage.
However, the barrier height varies with applied voltage
because conduction electrons experience a force from their
image charges in the metal. This force attracts the electrons
toward the metal surface, effectively lowering the barrier and
allowing voltage-dependent deviations from ideal behavior.
In theory, this “image force” should give the reverse current
a fourth-power dependence of bias upon voltage, rather than
the constant value implied by eq 7. This effect is usually
not observed, because charge carrier generation in the
depletion region at high reverse bias and tunneling effects
dominate the reverse leakage. At forward biases above
approximately 0.1 V, the effect causes a slight deviation of
the ideality factorn from unity. For a diode that is assumed
to be ideal except for barrier lowering, the ideality factor is

where dφb/dV is the derivative of the barrier height with
respect to the applied voltage. The image force lowering of
the barrier∆φbi is given as

Ëmax is the maximum field at the interface, andε0 ) 8.85
× 10-14 C cm-1 V-1 is the permittivity of free space.

3.3.3. Effect of Interface States
Very often, a deviation from the ideal Mott-Schottky

behavior is observed. It can be measured in terms of the
slope parameter

describing the dependence of the Schottky barrier height on
the metal work function. According to the Mott-Schottky

model,S should be equal to unity, whileS is smaller than
unity for any deviation.

An important limitation of the Mott-Schottky model is
the neglect of intrinsic surface states with energy levels
located in the semiconductor band gap which are pinning
the metal Fermi level as shown in Figure 6. In this extreme
case, the Schottky barrier height does not depend at all on
the metal work function, i.e.,S ) 0.

Considering a continuum of interface states, a phenom-
enological formula for the Schottky barrier height can be
formulated76

whereS is the slope factor andφ0 is the barrier height when
the charge neutrality level of the continuum of interface states
coincides with the Fermi level at the interface. The barrier
height becomes independent of the metal work function and
is determined entirely by the doping and surface properties
of the semiconductor. In real situations, the constantS lies
between 0 and 1. “Fermi level pinning” indicates that the
Fermi level position at the surface of the semiconductor
measured relative to the vacuum level does not vary when
either the work function or the Fermi level or the contacting
phase is varied. Under strong Fermi level pinning, a constant
electric potential is dropped across the semiconductor regard-
less of the nature of the metal. The remaining potential is
dropped across a thin dielectric layer near the metal/
semiconductor junction.

Besides the interface states, other reasons have been
proposed for inorganic semiconductor/metal junctions as
explanations for the Fermi level pinning behavior, i.e.,
chemical reactions such as alloy formation,94 or other
stoichiometry changes,95 and/or quantum mechanically in-
duced interface states.96 Although these theories were
primarily developed to explain the behavior of inorganic
semiconductor/metal contacts, many of them also make
testable predictions regarding the behavior of contacts
comprising organic semiconductors in Schottky barrier
junction sensors.

3.3.4. Metal/Organic Semiconductor Junctions with an
Interfacial Layer

The elucidation of the interfacial electronic structure,
particularly the energy-level alignment at organic/substrate
interfaces, forms the basis for understanding and improving
the performance of organic electronic devices.97,98 Despite
the advances in device application, there is still only a limited
understanding of the interface between organic materials and
metals. A number of recent studies have helped to understand
the basic properties of the interface; see, e.g., the review by

Figure 6. Schematic band diagram of the band bending interface in the presence of surface states for a metal/semiconductor: (A) before
contact; (B) after contact formation. The Fermi level is pinned by a high density of surface states of the semiconductor.
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4πε0
)1/2

(22)

S)
dφb

dφm
(23)

Semiconductor Junction Gas Sensors Chemical Reviews, 2008, Vol. 108, No. 2 377



Seki at al.99 and references therein. In particular, ultraviolet
and X-ray photoemission spectroscopy (UPS, XPS) have
been used to investigate metal/organic100,101 and organic/
organic102-104 interfaces. The organic layers employed in such
studies were nominally undoped, although the purity of the
organic layers is usually insufficient to achieve intrinsic
behavior.

The simplest model used to discuss the energy level offset
at these interfaces is the “vacuum-level alignment” model
(i.e., Mott-Schottky limit, eq 2). The band of an organic
semiconductor in contact with a metal is bent to achieve the
alignment of the Fermi level of the metal with the Fermi
level of the organic layer fixed somewhere in the band gap,
simply by analogy to an interface between a doped inorganic
semiconductor and a metal.

As shown for several interfaces between an undoped
organic semiconductor and a metal layer prepared in UHV,
this is not always true.105 If the Fermi level fixing and its
alignment with the metal Fermi level occur by atmospheric
doping for an organic semiconductor, this assumption may
become valid for practical devices prepared and used under
atmospheric conditions such as ambient air. The doping
process is expected to cause a characteristic band bending
at organic semiconductor/metal interfaces. Several problems
have remained in understanding whether or not this simple
model is applicable to typical organic/inorganic and organic/
organic interfaces. Among these, the two main problems are
(1) little is confirmed experimentally about the effects of
the molecular orientation and/or packing structure on elec-
tronic structures near organic/organic and organic/inorganic
interfaces and (2) it is not easy to clearly distinguish the
electronic structure in the “contact interface” from that in
the bulk region.106 Changes in the molecular orientation
during film growth may cause unintentional dipole-layer
formation in the film107 and unintentional changes in the
ionization potential of the film.108 In contrast, several groups
have reported the electronic structure of a well-defined
organic/substrate contact interface.109-111

The organic/substrate interface can be divided into two
adsorption systems:99 (1) a chemisorbed system, in which
the interface dipole is formed by chemical interactions and
electron transfer, which gives rise to pinning of the energy
levels of the organic semiconductor to the substrate Fermi
level, independent of the initial semiconductor work function,
and (2) a physisorbed system, in which the interface dipole
is formed by the push-back effect and electron transfer.

The important aspects can be discussed using Figure 7.
When a metal and an organic solid come into contact, a
dipole layer may be formed right at the interface, due to

rearrangement of electronic charge. Several mechanisms have
been identified to explain this type of interface dipole.38,112

Possible origins of the rearrangements are, e.g., charge
transfer across the interface, redistribution of the electron
cloud spilled out of the metal surface, mirror force, formation
of an interfacial electronic state, interfacial chemical reaction,
and aligned permanent dipoles of adsorbed molecules.99 Such
interfacial dipole layer formation results in an abrupt shift
of the potential across the dipole layer, leading to a shift of
hypothetical vacuum levels (eVi) at the interface, as shown
in Figure 7.

If the organic semiconductor is doped, for example by an
acceptor, as shown in Figure 7A, the dopant can be ionized
to form a fixed space charge, and the energies of the occupied
and unoccupied levels are shifted with increasing distance
from the interface, indicating the space-charge region at the
metal/semiconductor interface. However, most organic semi-
conductors are used, at least nominally, undoped and the
electronic structure of the semiconductor is represented
without surface “band bending”, as shown in Figure 7B.

The presence of a space-charge region at the interface
between a doped semiconductor and a metal, with a
significant molecular level bending in the doped layer, has
been amply demonstrated.39,113The magnitude of the space-
charge region has also been shown to be larger in wide band
gap semiconductors with low intrinsic charge carrier con-
centrations and low conductivity,114 which are common
characteristics of organic semiconducting materials.

Nishi et al. discussed the effect of bulk oxygen doping on
the interfacial electronic structure of titanyl phthalocyanine
films (TiOPc) deposited on various metal substrates.105 Films
prepared under UHV did not show the alignment of the metal
Fermi level with the Fermi level of the organic semiconductor
at fixed energy within the band gap, as shown in Figure 7B,
possibly because of insufficient charge density in the TiOPc
films. On the other hand, there is a conversion from n- to
p-type semiconductor seen, when the film is exposed to O2,
as well as a clear alignment of the Fermi level together with
the formation of a space-charge region and an upward
molecular level bending (Figure 7A).

Heeger et al. presented a model to understand the
interactions at doped polymer/metal interface48,115which was
refined by Brazovskii et al.116 The model considers specif-
ically the charge carriers in degenerated conjugated polymers.
The nondegenerate continuum model of Davids et al.117

extended the work toward conjugated polymers with a
nondegenerate ground state. Based on the relative energies
between the Fermi level of the metal (EF) and the formation
energy of polarons and bipolarons of the polymer,Eform,

Figure 7. Energy diagram of the organic/metal interface with (A) band bending leading to Fermi level alignment and (B) without band
bending. Evacuumdenotes the vacuum level,EF is the Fermi level,eVi is the shift of the vacuum level at the interface due to the dipole layer
formation, and∆ is the interfacial layer thickness.
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conclusions about the extent of charge transfer during
interface formation can be made. IfEF of the contact is higher
in energy than theEform of the negative bipolaron/polaron,
the transfer of a large negative charge density into the
polymer occurs, whereas a large positive charge density is
transferred ifEF of the contact is lower thanEform of the
positive bipolaron/polaron. In addition, Davids et al. sug-
gested that the presence of traps in the polymer will
accommodate charges as well.117 After values are assigned
to the polaron and bipolaron formation energies, as well as
to the trap energies and densities, it is possible to model the
potential and charge density at the metal/polymer interface
for a given Fermi energy with respect to the center of the
energy gap by solving the Poisson equation. As a result, the
transferred charge remains close to the metal/polymer
interface.

By considering the metal/polymer interactions from the
microscopic point of view of quantum interactions, a
molecular modeling was carried out, which took into account
the quasi-one-dimensionality of the polymer system.118-120

As a result of the difference in the Fermi levels of the metal
and the conducting polymer, it is expected that charge
transfer may occur across the interface. Furthermore, the
quantum calculation approach considers specific chemical
reactions or even charge donation between the metal and
the polymer as a result of bringing metal atoms in the vicinity
of a conjugated system and observing the changes in the
electronic structure of the resulting system. Based on such
calculations, it has been postulated that the metal plays an
important role in determining the extent of charge transfer
that occurs in metal/conducting polymer interfaces: Ca and
Na appear to transfer charge at the interface without
significantly altering its chemistry.118,119 Al, on the other
hand, disrupts the chemical structure of the surface of the
conducting polymer.119 The results obtained in the case of
Ca and Na agree with the general behavior postulated by
Davids et al.,117 whereas Al deposition introduces an ad-
ditional effect of surface chemical reactions, which are not
considered by the continuum model.

3.4. Gas/Solid Interactions in Schottky Barrier
Junction Devices

The key difference between organic and inorganic Schot-
tky barrier junction devices is the ability of many gases and
vapors to penetrate through the organic semiconductor either
to change the Schottky junction resistance or to interact with
the semiconductor itself, which causes a work function
change of the material, as shown in section 3.4.1. In the case
of an inorganic Schottky barrier junction device, gas
permeation toward the metal/semiconductor interface works
only for hydrogen or hydrogen-producing compounds and
then gives rise to formation of a dipole layer, as discussed
in section 3.4.2. Adsorption at the catalytic metal surface
has only a limited secondary effect, i.e., the dissociation of
molecular hydrogen to atomic hydrogen.

3.4.1. Bulk Effect upon Gas DopingsModulation of the
Electron Work Function

The rectifying behavior of the Schottky diodes relates
directly to the Fermi level of the layer of the organic
semiconductor and can be influenced not only by the
structure, the dopant type, and the doping level,121 but also
by the interaction of the semiconductor with gases or vapors.
By exposure of the organic semiconductors to certain gaseous

species exhibiting electron donor or acceptor behavior, the
Fermi level position is changed27,30,122by either a decrease
or an increase in the doping level. In this case, a gas-induced
change of the Schottky barrier characteristics can be ob-
served, which can be exploited for gas sensing measurements.

In 1980, Van Ewyk et al. proposed the formation of a
charge-transfer complex due to an electron donator/acceptor
interaction during the absorption of strong electron donating
or accepting gases on organic p-type semiconductors.123 The
absorption causes a change in the doping level of the
semiconductor and thus a change in its conductivity. The
transfer of a partial amount of electron density without
complete ionization of the reacting species is generally
known for adsorption processes of molecules on conducting
surfaces and has been treated comprehensively, from both
the catalysis124 and chemical125 points of view. It was
assumed that this type of reaction is also responsible for the
chemical modulation of the electron work function of the
polymer layer due to gas absorption.126

This type of interaction process is often described as a
secondary doping of the sensitive semiconducting layer. The
primary doping process is carried out during formation of
the semiconducting sensing layer by incorporating doping
ions. In the case of an organic semiconductor, primary doping
is carried out during the chemical or electrochemical
preparation process.67,127

Janata presented a model that describes the potential
concentration relationship based on the formation of a charge-
transfer complex between the secondary dopant (gas or
vapor) and the matrix (sensitive phase), which is combined
with a fractional charge transferδ.128

The dependence of the Fermi level position of the sensitive
material on the partial pressure,pgas, of the dopant gas or
vapor is given by

where inE0
/ the donor/acceptor level of the organic semi-

conductor and the equilibrium coefficients of all relevant
reactions are combined. Forpgas) 1, EF equalsE0

/, denoted
as the value of the Fermi level under standard conditions. A
change of the Fermi level is reflected in the change of the
work functionEWF of the semiconductor

Equation 25 has the familiar form of the Nernst equation
for ion and electron transfer across the interface of two
condensed phases, except that they account for the fractional
charge transferδ. The magnitude and the polarity of the
response depend on the value of the charge-transfer coef-
ficient δ, and with 2|δ| < 1, a fractional value of the slope
is possible. It depends on the ability of the entering gas or
vapor molecules to exchange charge density with the semi-
conductor matrix either by oxidizing (2δ < 0) or reducing
(2δ > 0) the active sites of the matrix. The gas/vapor behaves
like an electron acceptor and donor, respectively.

In the absence of interfacial layer and Fermi level pinning,
the gas-induced change of the Fermi level causes a change
in the Schottky barrier characteristics in the low bias region.
The diode current is then exponentially related to the change
of the Fermi level, i.e., the work function of the semiconduc-
tor and the applied voltage, according to eq 5.

EF ) E0
/ + kT

2δ
ln(pgas+ const) (25)

∆EF ) ∆EWF (26)
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3.4.2. Formation of a Dipole and an Interfacial Layer
It is known that a number of metals, e.g., palladium or

platinum, adsorb and dissolve hydrogen and that the adsorbed
atoms change the work function of the metal surfaces. By
using a thin metal film as the catalytic metal electrode of
the Schottky diode, hydrogen and other gases that react with
the catalytic metal can be detected.

Hydrogen molecules are adsorbed and dissociated on the
outer metal surface. Then, the atomic hydrogen permeates
through the bulk lattice toward the metal/semiconductor,
causing a perturbation at this interface that gives rise to a
change in the sensor output signal. Two hypothetical steps
were proposed to explain the detection mechanism:129 (1)
the hydrogen atom is polarized at the metal/semiconductor
interface, which gives rise to a dipole layer, or (2) an excess
of charge states at the metal/semiconductor interface is
created in the presence of hydrogen and reduces the Schottky
barrier height.

Figure 8 illustrates the band diagrams without and with
hydrogen adsorption, respectively. The hydrogen-polarized
layer, arising from the intrinsic electric field of the diode,
redistributes the charges in the depletion region and abates
the degree of band bending. Hence, the corresponding current
is correlated with the number of hydrogen atoms adsorbed
at the metal/semiconductor interface.

When atomic hydrogen has been formed on the outer metal
surface, which is exposed to the ambient (see Figure 9), an
equilibrium between the hydrogen concentration at this metal
surface and that at the metal/semiconductor interface is
reached. Based on this model, the change in theJ-V
characteristics and the decrease in the Schottky barrier height
are strongly related to the hydrogen concentration. Assuming
that the adsorption is not affected by conditions outside the
metal surface, the metal/semiconductor interface has similar
adsorption properties as the free metal surface. The fractional
coverageθ is equal at the outer surface and the inner interface
in the steady state. At the outer surface, the following reaction
occurs in pure hydrogen:

where (g) refers to gas-phase species and (a) refers to

adsorbed species. In the steady state, the coverage is

whereθ is the fractional coverage of hydrogen andpH2(g) is
the hydrogen gas pressure. Equation 28 is valid, for both
the metal/semiconductor interface and the outer metal
surface. The change in the build-in voltage can be written
as130

whereµ is the dipole moment of an adsorbed hydrogen atom,
Nads is the density of adsorption sites, andεS is the
permittivity of the semiconductor. Moreover, the increase
of the interfacial charge density causes the change in the
ideality factor. The analytical relation between the ideality
factor and the interfacial charge density is given by131

where∆ is the interfacial layer thickness (see Figure 7),εi

andεs are the permittivities of the interfacial layer and the
semiconductor substrate, respectively,W is the depletion
layer width,e is the electronic charge, andNssb(cm-2 eV-1)131

is the density of the interface states that are in equilibrium
with the semiconductor.

3.5. Extraction of Schottky Diode Parameters for
Sensor Applications

3.5.1. Introduction
In Figure 9, a cross section of a typical chemical sensor

based on a Schottky junction is shown. Each Schottky barrier
diode comprises two contacts, or junction areas, by defini-
tion: (1) between metal I and the semiconductor forming
the Schottky barrier junction, which is the origin of the sensor
signal, and (2) between metal II and the semiconductor
forming the ohmic contact, which has to be inactive and,
hence, should not contribute to the sensor response. The type
of contact is defined by the work function of the materials
used for fabrication (see section 3.2.1 and Figure 4). It should
be noted that the area of the ohmic contact of the sandwich
structure shown in Figure 9 is much larger than that of the
Schottky junction, in analogy to auxiliary and working
electrodes in electrochemical experiments.

In Figure 10, the schematic band diagram and the
equivalent circuit of a chemical sensor based on an ideal
Schottky junction device, i.e., without an appreciable inter-
facial layer or interface states, is shown. The equivalent
circuit of the Schottky barrier diode in Figure 10 shows those
parts which can be influenced by the chemical interaction
of gases with the chemical sensing material: (1) the barrier
region (of thicknessWJ) formed by metal I and the
semiconductor having a capacitanceCJ in parallel with the
junction resistanceRJ, and (2) the neutral bulk (of thickness
WB) of the semiconductor with a bulk capacitanceCB in
parallel with the bulk resistanceRB.

Both metal I and the semiconductor, forming the Schottky
barrier junction, can be used as the chemical sensing
components interacting with gases and vapors. Their choice
and combination defines the working principle as well as

Figure 8. Band diagrams of a catalytic metal/semiconductor
Schottky diode without and with hydrogen adsorption, respectively.

Figure 9. Cross-sectional view of a typical geometrical arrange-
ment of a Schottky barrier diode used for chemical sensing
applications.

H2(g) 798
c1

d1
2Ha (27)

θ
(1 - θ)

) (c1

d1
)1/2

pH2(g)
1/2 (28)

∆Vbi ) -µNadsθ/εS (29)

n ) 1 + ∆
εi

(εs

W
+ eNssb) (30)
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the sensitivity and the selectivity of the sensor device. The
generation of the “sensor response”, i.e., sensor signal, of
the Schottky barrier diode is originated in the change of the
junction characteristics (i.e.,J-V or C-V characteristics)
by alternating the Schottky barrier height or the built-in
voltage. The response can be due either toadsorptionof the
species of interest at the metal surface affecting interfacial
polarization by formation of a dipole layer or toabsorption
of gases or vapors of interest by the semiconductor and their
interaction with the semiconductor, which changes its work
function and, hence, the contact potential or built-in voltage
of the diode. The former is mostly related to Schottky barrier
diodes based on inorganic semiconductors and is discussed
in section 4.1, whereas the latter is related to Schottky barrier
diodes based on organic semiconductors discussed in section
4.2.

It should be noted that the interaction of gases or vapors
with the semiconductor, which causes a change of the doping
level, leads not only to a change of the work function of the
semiconductor, i.e., a change of the junction resistanceRJ

and the junction capacitanceCJ of the Schottky barrier
junction, but also to a change of the bulk resistanceRB of
the semiconductor (see Figure 10). In this case, the sensor
device works as both a junction controlled device, with a
diode current in the low bias voltage region exponentially
related to the change of the built-in voltage, and a bulk
controlled device in the high bias region, with a diode current
linearly related to the change in conductivity. The latter
represents a simple chemiresistor device. These compensa-
tory effects are discussed in section 4.2.4.3.

In general, the gas sensitivity of diodes is represented by
the so-called gas-induced voltage shift,∆V, extracted from
current voltage characteristics and is defined as29,132

whereVgas and Vair are the applied voltages at a constant
current density in gas and in air, respectively. In Figure 11
a typical change in theJ-V characteristic of a Schottky
barrier diode due to interaction with a gas or vapor of interest
is shown.∆V indicates the gas or vapor induced voltage shift

at constant current density. It can be either junction (i.e.,
∆VJ) or bulk (i.e.,∆VB) controlled, as discussed above.

The extraction of the sensing information from Schottky
barrier diodes can be done by operation in constant current
mode. Hence, the sensor response is the output voltage.
Figure 20 shows a typical example of an experimentally
obtained transient response of the output voltage of a
Schottky barrier diode operated in the constant current mode.

3.5.2. Current−Voltage Characteristic
Taking into account the image force between an electron

and the surface of the metal, eq 7 can be rewritten as82

For metal/semiconductor contacts, the value ofJ0 can be
readily correlated with a thermodynamic property of the
interface, the barrier height of the junction,φb.

Provided that the current-voltage characteristics are
sufficiently close to ideal characteristics to allow a reliable
value ofJ0 to be determined, the effective barrier height can
be deduced in two ways:

(1) If A** is known, the value ofJ0, found by extrapolating
the straight part of the ln{J/[1 - exp(-eV/kT)]} vs V plot
to V ) 0 (eq 19), immediately gives the effective barrier
height φe ) φb - ∆φbi. A** is often not known with any
great precision, but because an error of a factor of 3 inA**
gives rise to an error of aboutkT/e in φe, an imprecise value
can usually be used unless a very accurate measurement of
φe is required. The determination of the zero-bias barrier
height from current-voltage characteristics is only reliable
if the semilog plot ofJ vs V is linear with a low value ofn
(1 < n < 1.1). For large values ofn or a nonlinear plot of
ln J as a function ofV, the Schottky barrier is far from ideal.
This is probably due to the presence of a thick interfacial
layer and/or to recombination in the depletion region and/or
to tunneling conduction.

(2) If A** is not known, a plot of ln(J0/ T2) againstT-1

should give a straight line of slope-φe/k and intercept on
the vertical axis equal to lnA**. This is the most common
case for the Schottky diodes based on organic semiconduc-
tors, because of the lack of the effective mass of charge
carriers. The barrier height is generally a decreasing function
of temperature, because the expansion of the lattice causes
a change in the band gap. To a first approximation, one can
write φe(T) ) φe(0) - bT, in which case the method gives
the barrier height at absolute zero.

Figure 10. Schematic band diagram and equivalent circuit of an
ideal Schottky barrier diode.

∆V ) Vgas- Vair at J ) constant (31)

Figure 11. Typical change in theJ-V characteristics of a Schottky
barrier diode due to interaction with a gas or vapor of interest. ∆V
indicates the gas or vapor induced voltage shift at constant current
density.

J0 ) A** T2 exp[- φb - ∆φbi

kT ] (32)
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A problem arises if the diode has a large series, i.e., bulk
resistance (see Figure 10), or the semiconductor is low doped.
This is typical for most polymeric Schottky diodes.133 The
resistance is mainly due to the resistivity of the polymer film.
In this case, the region over which the plot of lnJ vs V is
linear may be small, and accurate extrapolation to zero
voltage may be difficult. Moreover, the polymer surface
cannot be exposed to any chemical etching process; therefore,
it can be expected that irregularities will be brought into
contact with the metal and the effective area of the junction
will be somewhat uncertain.

To circumvent these difficulties, the use of a Chot plot,134

which is a modified Norde plot, has been suggested by
Inganäs135 to determine the effective barrier height.

3.5.3. Capacitance−Voltage Characteristic
An independent way to determine the barrier height

involves the measurement of the differential capacitance of
the Schottky barrier contact. The procedure is known as the
Mott-Schottky or capacitance-voltage method. According
to the Schottky theory, the depletion layer capacitance (/F‚
cm-2) of the metal/semiconductor contact

can be expressed as81

whereQ is the charge associated with the band bending,Vr

is the reverse bias voltage,V is the applied voltage, andN is
the free charge carrier concentration. Ifφb is independent of
V (i.e., if there is no appreciable interfacial layer), a plot of
C-2 againstV (Mott-Schottky plot) should give a straight
line with an intercept-VI on the horizontal axis equal to
-(Vbi - kT/e). The barrier height is then given by

The free charge carrier concentration,N, can be determined
from the slope of theC -2 vs V plot. The depletion layer
width, W, is given by

If N is not constant, the plot is no longer linear. In this
case, the differential capacitance method can be used to
determine the doping profile. The derivative of eq 35 gives81

In practice, the junction is reverse polarized, and small
oscillationsδV are superposed. If no trap exists, the variation
of the charge associated with the band bendingδQ corre-
sponds to the variation of the free charge carrier concentration
at the edge of the depletion zone. If traps exist, they contain
part of the chargeδQ. To get rid of them, one has to perform
measurements at high frequency (>100 kHz).136 For such a
frequency, only the semiconductor depletion charge changes.
Another problem then arises: the bulk resistance contribu-

tion, which disappears at low frequency. A compromise must
be found to minimize these two contributions. This method
of barrier height determination is generally straightforward
for metal/semiconductor contacts, yielding the flat-band
barrier height, which does not include the image force
lowering present at the junction. However, when some of
the applied voltage is dropped across an interfacial dielectric
layer, or when traps are present in an interfacial layer, the
capacitance-voltage data will not generally adhere to the
simple relationships of eq 33 and eq 34, respectively. Hence,
the capacitance method gives results which can differ
significantly from those obtained by the current-voltage
methods.

3.5.4. Impedance Measurement
To gain more insight into the nature of junctions and to

obtain the equivalent circuit models for diodes, the complex
impedance is usually measured as a function of frequency
at different bias voltages.137 This methodology is analogous
to impedance analysis used in electrochemical experiments.

It has been proposed that an ideal Schottky diode (i.e.,
without an appreciable interfacial layer) can be divided into
two regions: (1) the barrier region (of thicknessWJ), with a
capacitanceCJ in parallel with the junction resistanceRJ,
and (2) the neutral bulk (of thicknessWB), with a bulk
capacitanceCB in parallel with the bulk resistanceRB (see
Figure 12A).133

In most practical metal/semiconductor contacts, the condi-
tionsRJ . RB, CJ . CB, andωmaxτB , 1 are satisfied.133,138

The plane plot of the complex impedance is shown in Figure
12B. From Figure 12B, the bulk resistanceRB and the
junction resistanceRJ can be estimated by the intercepts of
the high- and low-frequency extrapolations of the semicircle
with the horizontal axis, respectively. Using these values of
RJ andRB, the junction capacitance (for each frequency) and
thus the depletion width can be fitted according to

In most practical metal/semiconductor contacts, the ideal
situation shown in Figure 12A is never reached because there
is usually a thin insulating layer with a capacitanceCI in
parallel with the resistanceRI (see Figure 12B). The
insulating layer has three effects:82 (1) because of the
potential drops in the layer, the zero-bias barrier height is
lower than it would be in an ideal diode, (2) the electrons
have to tunnel through the barrier presented by the insulator
so that the current for a given bias is reduced in a manner
equivalent to a reduction in the Richardson constantA** ,

C ) δQ
δVr

(33)

C-2 )
2(Vbi - V - kT

e )
eεSN

(34)

φb ) eVbi + ê ) eVI + kT + ê (35)

W ) (2εsφbi

eN )1/2

(36)

N ) (-2
eεs

)[dV
d

C2] (37)

Figure 12. (A) Common equivalent circuit of a Schottky diode
junction. (B) Impedance plane plot. Arrows indicate the direction
of increasing frequency. The dotted lines imply that the bulk
capacitanceCB is often not appreciably distributed.
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and (3) when a bias is applied, part of the bias voltage is
dropped across the insulating layer, so that the barrier height
φb is a function of the bias voltage. This effect changes the
shape of the current voltage characteristics of the tunneling
current given by81

in a manner which can be described in terms of an ideality
factor n (greater than unity) defined by eq 41

4. Schottky Diodes and Their Sensor
Applications

4.1. Schottky Diodes Based on Inorganic
Semiconductors

In the field of solid-state chemical sensors, Schottky diodes
and related devices (MOSFET, MIS structures, etc.) incor-
porating catalytic metals have been widely studied for their
application in the detection of hydrogen and hydrogen-
producing compounds.6 In hydrogen sensors based on
Schottky diodes, the key role is played by the Schottky
metallization, mostly belonging to the platinum group metals,
which ensures the catalytic dissociation of molecular hy-
drogen into hydrogen atoms (eq 27). It should be noted that
the semiconducting substrate is only used to provide suf-
ficiently high Schottky barrier heights, necessary for good
sensing performance, but is not the gas-sensitive part of the
sensor.

According to the dipole model, originally developed by
Lundström,139 the hydrogen sensitivity of catalytic gate
devices is based on the dissociation of hydrogen molecules
on the catalytic metal surface and the diffusion through the
metal film to form a polarized layer at the metal/insulator
interface (see section 3.4.2). The polarized layer gives rise
to a shift of the capacitance-voltage (C-V) curve of a MOS
capacitor or the current-voltage (J-V) curve of a Schottky
diode. Catalytic gate devices also respond to hydrogen-
containing molecules such as hydrocarbons, provided that
the molecules are also dissociated on the catalytic metal
surface. Oxygen atoms are also dissociated on the catalytic
metal surface. Water formation with oxygen atoms from
oxygen-containing molecules consumes hydrogen and, there-
fore, decreases the sensor response. In other words, catalytic
metal gates have a direct response to hydrogen and hydro-
carbons as well as an indirect response to oxygen molecules,
whose effect is to decrease the direct response.

Besides Si, compound semiconductors such as GaAs, InP,
SiC, and GaN have been alternatively employed as substrate
materials for Schottky diode type hydrogen sensors. Tables
1-3 give an overview of the electrical and gas sensing
parameters of the Schottky barrier diodes mentioned above.

4.1.1. Silicon Based Schottky Diodes
From the rapid progress in semiconductor materials and

devices, solid-state hydrogen sensors based on the Schottky
diode structure with a catalytic palladium metal have attracted
intensive interest.10,140 Silicon based Schottky diodes are
inexpensive, and they are compatible with monolithic silicon
integrated circuit technology. The measured diode current

J ) J0 exp( eV
nkT) for V . kT

e
(40)

n ) e
kT

δV
δ(ln J)

(41)
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Table 2. Electrical Parameters of Schottky Barrier Diodes Based on GaAs and AlGaAs

structure
metal/semiconductor

metal
layera gas/conc

operating
temp (°C)

background
atmos

sat. current/gas
induced sat. current/A

ideality factor/gas
induced shift,n/∆n

barrier height/gas
induced shift,φb/∆φb (eV)

charge carrier
density,NA,ND (cm-3) ref

Pt/n-GaAs h H2 /1000 ppm 50-200°C synth air -/-0.19,-0.15 4× 1014 7
Pt/n-GaAs h H2 /23-1350 ppm 150°C synth air/N2 -/-0.02 (100 ppm, N2) 8
Pt/n-GaAs h H2 /23-1350 ppm 50°C synth air/N2 -/-0.001 (100 ppm, N2) 8
Pd/n-GaAs h H2 /23-1350 ppm 150°C synth air/N2 -/-0.075 (100 ppm, N2) 8
Pd/n-GaAs h H2 /23-1350 ppm 50°C synth air/N2 -/-0.025 (100 ppm, N2) 8
Pt/n-GaAs p NH3 /6-95 ppm 150°C synth air/N2 8
Ir/n-GaAs p NH3 /23-1350 ppm 150°C synth air/N2 8
Pt/Al0.3Ga0.9As h H2 /49-9090 ppm 30-120°C synth air -/-0.074 (9090 ppm) 2× 1017 148
Pd/Al0.3Ga0.9As h H2 /49-9090 ppm 30-120°C synth air -/-0.07 (9090 ppm) 2× 1017 148
Pd/n-GaAs h H2 /1-5% synth air -/-0.28 (5%) 2× 1017 147
Au/n-GaAs p CO /1-5% RT N2 1 × 1015 151
Au/n-GaAs p NO2 /1-5% RT N2 1 × 1015 151
Pd/n-GaAs h H2 /500-1500 ppm RT-250°C synth air 6× 10-10/9 × 10-9 A 1.57/+0.16 (500 ppm) 0.95(RT)/-0.08 (500 ppm) 1× 1015 150
Pd/n-GaAs (MOS) h H2 /5-5000 ppm 80°C/110°C N2 1.083/-0.009 (1010 ppm) 0.786/-0.046 (1010 ppm) 1.5× 1017 150

Table 3. Electrical Parameters of Schottky Barrier Diodes Based on InP and GaN

structure
metal/semiconductor

metal
layerb gas/conc

operating
temp (°C)

background
atmos

sat. current/gas
induced sat. current/A

ideality factor/gas
induced shift,n/∆n

barrier height/gas
induced shift,φb/∆φb (eV)

charge carrier
density,NA,ND (cm-3) ref

Pd/InP (MOS) h H2 /5-5000 ppm 80°C/110°C N2 1.072/-0.047 (1010 ppm) 0.677/-0.21 (1010 ppm) 1.5× 1017 150
Pd/n-InP h H2 /100 ppm RT synth air 7.5× 10-8/4.3× 10-6 1.8/-0.88 0.72/-0.19 (100 ppm) 1016 10
Pd/n-InP (MOS) h H2 /15-1010 ppm RT-110°C synth air 0.63/-0.15 (1010 ppm) 1.5× 1017 9
Pd/n-InP h H2 /15-1010 ppm RT-110°C synth air 0.42/-0.02 (1010 ppm) 1.5× 1017 9
Pd-Ge-Pd/p-InP

(pseudojunction)
h NO2/10 ppm RT-100°C synth air 1.06/+0.14 0.906/-0.039 (10 ppm) 5× 1016 155

Pd*/n-InPa h H2 /15 ppm-1 vol % RT-118°C synth air /3.2× 10-6 1.12/+2.55 0.588/-0.177 (5000 ppm) 1017 152/153
Pt/AlGaN/GaN h CO/8-160 ppm 250-300°C synth air 1.01/-0.06 (250°C, 8 ppm) 163

1.12/-0.03 (300°C, 8 ppm)
Pt/AlGaN/GaN h H2/5 vol % 200-800°C N2 1.5 -/-0.0114 162
IrPt/AlGaN/GaN h H2/5 vol % 200-800°C N2 1.4 -/-0.0246 162
PdAg/AlGaN/GaN h H2/5 vol % 200-800°C N2 1.6 -/-0.0941 162
Pt/GaN h H2/500-2000 ppm 400°C synth air 3.5× 10-12 1.37 1.15/- 161

a Pd* indicates electroless plated.b h ) homogeneous.
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varies exponentially with the lowering of the hydrogen-
induced Schottky barrier height.141 Therefore, these Schottky
diodes often exhibit excellent hydrogen detection sensitivi-
ties.

The formation of palladium silicide at the Pd/Si Schottky
interface leads to the degradation of detection capacity.142

An ultrathin (∼30 Å) oxide layer introduced into the Pd/Si
interface prevents the formation of palladium silicide,142,143

forming a conducting MIS (metal-insulator-semiconductor)
diode. However, the sensitivity toward hydrogen is signifi-
cantly decreased, if the oxide layer is not properly defined.
Therefore, the high quality of the oxide layer is a key factor
for the device performance. This certainly increases the
fabrication complexity and the cost. In the MIS configuration,
the Schottky barrier height of the Pd/Si system is found to
depend quite strongly on the Pd effective work function and
hence on the hydrogen ambient.

Zhang at al. investigated Pt-Pd/Si-Al Schottky diode
structures for detection of NO2 from 6 to 22 ppm gas
concentrations and of NO from 50 to 250 ppm gas concen-
trations, respectively. The sensor operates at room temper-
ature. The response is roughly proportional to the logarithm
of the gas concentration.140

Mesoscopic polysilicon wires coated with a thin film of
palladium have been used as hydrogen sensors. The wires
show an increase in their electrical resistance, when hydrogen
reacts with the sensitive layer.144

Porous silicon obtained from p+-type silicon wafers were
impregnated with Pd nanoparticles using an electroless
process. It has been shown that the distribution of nanopar-
ticles over the porous media creates a higher gas sensitivity
toward hydrogen.145

4.1.2. GaAs Based Schottky Diodes

In a metal/semiconductor junction, the height of the
Schottky barrier depends on the work function difference
between the metal and the semiconductor according to eq 4.
However, as for many III-V semiconductors, the observed
value of the barrier height of a metal/GaAs contact does not
follow the simple theory in terms of the metal work function
and the electron affinity of GaAs due to the high density of
surface states, which causes a pinning of the Fermi level.
Many models have been developed to explain this discrep-
ancy. Among them, the effective work function model by
Freeouf et al.146 emphasizes the role of the intermediate layer
formed by the reaction between the metal and GaAs to
determine the barrier height. However, some authors have
found evidence of unpinning of the Fermi level in metal/
GaAs interfaces fabricated on clean (100) GaAs surfaces.
This offered a way to fabricate metal/GaAs Schottky diodes
with high sensing capability.147,148

Lechuga et al. reported a Pt/GaAs Schottky diode reaching
a low detection limit for hydrogen of 6 ppm in nitrogen and
200 ppm in air.7,8 Liu et al. proposed the fabrication of a
planar-type Pd/GaAs Schottky diode as a hydrogen sensor
exhibiting an interfacial oxide, which weakens the Fermi
level pinning and, hence, improves the barrier height.149 The
use of a porous GaAs semiconductor has been investigated
to improve the performance of Schottky diode hydrogen
sensors, both in terms of sensitivity and response. Pd/porous-
Ga/As and Au/porous-GaAs Schottky junctions have been
fabricated, which show sensitivity toward hydrogen and polar
gases, e.g., CO, NO, respectively.150,151 Pd/porous-GaAs
Schottky diode gas sensors exhibited large sensitivity of more

than three times higher than that of Pd/GaAs contacts with
a response time of 1 s toward 500 ppm hydrogen gas. It has
been found that this promoting effect could be related to the
formation of pore structures (effective adsorption centers)
in the Pd contact induced by the porosity of the GaAs wafer.

A urea sensor has been presented using an ammonia gas
sensor based on a Pt/GaAs Schottky diode and a urease-
immobilized membrane. The authors used discontinuous
platinum films which proved to be effective and reliable in
solid-state chemical sensors for the detection of NH3 gas.8

The Schottky diodes have been coated with an organic layer
in order to protect the devices during measurements in
solution, as well as to use it as a support for biological
material.

4.1.3. InP Based Schottky Diodes

Pd/InP Schottky diodes have been regarded as promising
devices for hydrogen sensing.149,152At room temperature, it
has been found that the Pd/InP Schottky diode exhibits
superior sensing performances for the detection of hydrogen.
Yousuf et al. demonstrated essentially high hydrogen re-
sponse in theJ-V characteristics of a Pd/InP Schottky
diode.10 Although enormous current variations are observed,
the low barrier height associated with the high defect state
density at the Pd/InP interface severely restricts the allowable
variation in the barrier height. Recently, electroplating
techniques have also been proposed to fabricate the Pd/InP
Schottky diodes.153 Although uniformity and adhesion related
problems must still be solved compared with traditional
vacuum deposition techniques, electrochemical techniques
do exhibit the advantages of easy operation, simple equip-
ment, and low cost.154 Particularly, because of the specificity
the low-energy process, the electrochemical techniques can
eliminate the Fermi-level pinning effect and lead to well
behaved Schottky contact properties, which can remarkably
improve the sensing performances of Pd/InP Schottky diodes.

Talazac et al. have presented a different type of Schottky
based gas sensor.155 The detection mechanism is based on
the electron exchange of the gaseous molecules with a thin
semiconducting layer between the Schottky contact and the
semiconducting substrate forming a pseudo-Schottky barrier
diode. High sensitivities in the ppb range toward NO2 and
O3 could be found. However, the sensors suffer from long-
term aging effects.

4.1.4. GaN and AlGaN Based Schottky Diodes

GaN and AlGaN are attractive as materials for the
fabrication of various chemical and biochemical sensors:156

the bulk and surface properties are chemically stable due to
large band gap energies, the materials allow sensing operation
at high temperatures, and the materials are environment
friendly.

The Schottky barrier heights are much more dependent
on the metal work function157 than those for other III-V
materials, indicating a weaker Fermi level pinning. However,
Schottky diodes formed on GaN and AlGaN materials exhibit
excess reverse leakage currents, which are many orders of
magnitude larger than the prediction of the standard ther-
mionic emission model (see section 3.2.2). Another issue
related to the metal/semiconductor interface is a poor ohmic
contact. Large leakage currents in Schottky diodes are
particularly problematic for constructing high-performance
sensors.158 As a model which explains large leakage currents
in nitride-based Schottky barriers, Hasegawa et al. recently
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proposed a thin surface barrier model159 involving donors
near the surface. Due to the presence of ionized high-density
donors, the width of the Schottky barrier is greatly reduced,
and the electrons tunnel through this barrier by the thermionic
field emission or the field emission mechanism.

On free surfaces of GaN and AlGaN, high-density surface
states exist, which cause charge-discharge transients leading
to performance instability, such as current collapse, and poor
long-term reliability.

Recently, experimental and theoretical investigations on
the role of oxygen impurities in GaN and AlGaN have
indicated that oxygen acts as a shallow donor close to the
surface with an activation energy of about 30 meV.160

Therefore, the elimination of oxygen from AlGaN and GaN
layers is highly desirable prior to the sensor fabrication in
order to realize high-performance sensors, e.g., by using an
ultrathin Al layer as a getter material for oxygen.157

Schottky diodes on AlGaN/GaN heterostructures with Pt,
IrPt, and PdAg catalytic metals have been fabricated and
characterized from 200 to 800°C for hydrogen sensing
operation.161 The hydrogen sensitivity of Pt and IrPt diodes
improves with the increase in temperature due to a more
effective hydrogen dissociation. The sensitivity of PdAg
diodes degrades with increase in temperature due to thermal
instability of PdAg.162

Schottky gas sensors for CO were fabricated using a Pt-
AlGaN/GaN Schottky diode. The CO sensors show good
sensitivity in the temperature range 250-300 °C.163

4.1.5. SiC Based Schottky Diodes

The operating temperature of gas sensors using silicon
substrates is limited below 250°C due to the small band
gap of silicon. This restricts their use in specific environments
such as automotive, aeronautical, and environmental areas.
Semiconductor substrates with a large energy band gap such
as silicon carbide and diamond can be used for sensors
operating at high temperatures.

The use of catalytic metal gate SiC devices as gas sensors
for hydrogen and hydrocarbons has been extensively inves-
tigated by several groups. Janson et al. reviewed the effect
of hydrogen on the wide band gap semiconductor SiC and
its influence on catalytic metal/SiC Schottky diodes.164 Kim
et al. investigated hydrogen and methane gas sensors using
Pt-SiC and Pd/SiC Schottky diodes operating at tempera-
tures in the range 300-500 °C.11,165

Annealing effects on Pd/6H-SiC Schottky diodes have also
been investigated.166 The studies indicated that the response
of the diode to hydrogen degraded after annealing at 425
°C due to interfacial diffusion of silicon into the Pd film
region after dissociation from SiC. Palladium silicides
are formed as the major interfacial products. The use of a
Pd0.9Cr0.1 alloy film deposited on a 6H-SiC epilayer results
in Schottky diodes exhibiting a stable catalytic surface and
a significant improvement of the device sensitivity.167

Some reports deal with the response of catalytic metal gate
SiC devices to nitric oxides (NOx). Zubkans et al.168 reported
the direct response to NOx, which could be increased after a
treatment with ammonia. Katsube et al. showed that thin
catalytic metal gate Schottky diodes and p/n heterojunctions
on Si substrates can be used for direct NOx detection at room
temperature.169 They extended their investigations using SiC
substrates for high-temperature operation170 for direct detec-
tion of NOx at elevated temperatures up to 400°C at

minimum concentrations down to 10 ppm. The Langmuir
adsorption model can describe the response of these devices.

4.1.6. CdSxSe1.x Based Schottky Diodes
It has been shown that the bulk photoluminescence of

semiconductors can be used to probe the Schottky barrier
characteristics of both semiconductor/metal diodes171 and
photoelectrochemical cells.172 In particular, the electric field
in the semiconductor can be estimated from the PL intensity
using a dead-layer model: electron-hole (e--h+) pairs,
formed within a distance from the interface in the order of
the depletion width, do not contribute to the bulk photolu-
minescence. Schottky diodes have been fabricated with Pd
because of the known sensitivity of the current-voltage
characteristic to hydrogen. Carpenter et al.173 showed that,
besides the decrease of the Pd work function on exposure to
hydrogen, the variation in Schottky barrier height with
hydrogen strongly influences the bulk photoluminescence
intensity of the Pd/CdS Schottky diode.

The bulk photoluminescence intensity is enhanced upon
exposure to hydrogen. In air the bulk photoluminescence
intensity of the Schottky diode returns to its original value.
The spectral changes are consistent with a reduction in
Schottky barrier height resulting from the dissolution of
hydrogen in Pd. Qualitatively, the bulk photoluminescence
is expected to rise because the smaller electric field in the
semiconductor allows a larger fraction of e--h+ pairs to
radiatively recombine. By regarding the region supporting
the electric field as being completely nonemissive, a quan-
titative expression for the relative intensity of the bulk
photoluminescence can be obtained:

whereφair and φH2 are the radiative quantum yields in air
and in hydrogen, respectively,∆D is the difference in dead-
layer thickness between the two media, andR is the sum of
the solid’s absorptivities for the exciting and emitted light,
respectively.∆D can be used to calculate the reduction of
the Schottky barrier height. By substitution of the depletion
width W by ∆D, eq 36 gives the change in barrier height
upon exposure to hydrogen.

4.2. Schottky Diodes Based on Organic
Semiconductors

Electrical conductivities of organic semiconductors can be
varied over the full range from insulator to semiconductor
through p-doping or n-doping (see section 2.2). They offer
a viable alternative to conventional inorganic semiconductors
in many applications because of their unusual electrical
properties, diversity, ease of fabrication, large area, and
potentially low cost. Much research has been carried out on
the use of organic semiconductors as active materials in
electronic devices. Fabrication of electronic devices, such
as OFETs, OLEDs, and devices based on Schottky barriers
is the most important application of these materials.

The use of different semiconducting organic films for the
detection of gas and vapors has been reported by a number
of groups.27-30,174Whereas the chemical stability in a given
temperature range and in ambient environment is a basic
requirement of organic semiconductors to be used as active
material in electronic devices, the modulation of physical
properties of the organic semiconductors as a function of
gas or vapor concentration is a prerequisite to be used as

φair/φH2
) exp(-R∆D) (42)
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the sensing element in chemical sensors. However, the details
of the gas response mechanism have not been completely
elucidated. From a practical point of view, the gas sensing
characteristic is strongly influenced by a number of process-
ing parameters: for example, the growth rate, the thermal
annealing,29 the polymerization temperature,175 and the nature
of the dopants.132 By exposure of the polymers to certain
gaseous species exhibiting electron donor or acceptor
behavior,176,177the Fermi level position is changed by either
increasing or decreasing the doping level according to section
3.4.1. In this case, a gas-induced change of the Schottky
diode barrier characteristic can be observed. Furthermore,
the increase or decrease in the ideality factor during gas/
polymer interactions, which is due to a generation or
reduction of the interface state density, can influence the gas
sensitivity of the junction as well.

Despite these advances in the use of chemical sensing
applications, the detailed properties and roles of interfaces
in organic semiconductor devices remain elusive. Parker
suggests that charge injection into organic materials proceeds
via tunneling across interfacial barriers.178 Improvement of
device performance through interface modification has also

been reported.179 Up to now, most Schottky diodes based
on organic semiconductors were fabricated and characterized
using metals with low work function, such as Al, In, or
Ca.27,180-182,217 These diodes show unstable electrical and
chemical sensing properties, which have been attributed to
the high chemical reactivity of the metal used.183 The nature
of the interfacial layer between these metals and the
semiconducting polymers is commonly difficult to define.181

In Tables 4-7, diode parameters of organic Schottky
diodes are given. The data show that, unlike the case of
conventional metal/semiconductor contacts, the electrical
properties of contacts based on organic semiconductors can
be manipulated not only through the choice of materials,
methods, and conditions of preparation but also through the
type of dopants incorporated into the organic semiconductor
(see section 2.2). This can be exploited to tune the diode
characteristics in a definite way. On the other hand, a careful
control of the preparation parameters is necessary to obtain
reproducible results.

The choice of the metal forming the ohmic contact
depends on the work function of the organic material used.
For the commonly used polymer-based diodes, consisting

Table 4. Parameters of Molecular Semiconductor Schottky Barrier Diodes Based on Phthalocyanines (Pc)

device config doping
barrier

heightφb /eV
charge carrier

densityNs /cm-3
depletion

width W/ nm
charge carrier

mobility µ /m2 V-1 s-1 ref

Au/AlPcCl/Al p-type oxygen 1.03 1.7× 1019 1.73× 10-8 194
p-type as deposited 1.09 7.5× 1018 1.58× 10-8

ITO/AlPcCl/Al p-type oxygen 0.65 2.2× 1017 1.2× 10-6 196
Au/FePcCl/Au p-type 5.1× 1018 193
Au/TiOPc/HOPG p-type oxygen 1.6× 1018 105

n-type as deposited 3.4× 1017

Au/NiPc/Al oxygen 1.2 1.1× 1016 169 5.8× 10-6 176

Table 5. Electrical Parameters of Polymer Schottky Barrier Diodes Based on Polythiophene (PT), Poly(3-alkylthiophenes) (P3AT)a,
Polyanilines (PANI), and Polypyrroles (PPy)a

structure
doping
agent

ideality
factorn

contact or built-in
potentialφbi/eV

barrier height
φb/eV

charge carrier
densityNA/cm-3 ref

PolythiophenessPT
Al/PT/Au ClO4 13.0 0.38 0.66 211
Al/P3DT/Au-Sn undoped 0.4 3.0× 1014 217
Al/P3HT/Au undoped 3.9 1.0× 1017 91
Al/P3HT/ITO PF6 0.34 205
Al/P3MeT/Pt reduced 3.0 0.35 0.75 3.5× 1015 216
Al/P3MeT/Au BF4 4.5 1.2 1.5 6.4× 1019 239

reduced 2.5 0.6 0.8 4.6× 1016 239
PF6 0.45 205

Al/P3OT/ITO undoped 6.1 1.01 2.9× 1017 205
FeCl3 4.9 0.52 0.72 7.0× 1016 203

Al/P3OT/Au undoped 1.2 0.7 204

PolyanilinessPani
Al/Pani/Au HCl 1.24 0.38 222

TOS 1.3 0.72 0.78 2.8× 1018 220
PAA 1.7 0.82 0.87 1.4× 1018

undoped 1.95 0.9 1.03 1.8× 1017

Al/Panib/Au HCl 1.46-1.64 0.33-0.41 222
Al/Pani/ITO HCl 4.2 0.65 0.76 3.1× 1017 228
In/Pani/Pt DBS/HCl 3.12 0.69 0.803 3.06× 1017 221

PolypyrrolessPPy
Al/PPy/Au BF4 4-7 ∼0.7 0.7-0.76 1.0× 1022 185
Al/PPy-NMPy/Au BF4 1.4-2 0.78-0.82 0.7 1016-1017 185
In/PPy-NMPy/Au ClO4 1.2 0.23 0.81 7.0× 1017 182
Au/PPy/Pt CuPcTS 3.6 0.26 0.63 1.2× 1020 186

PbPcTS 3.8 0.24 4.6× 1019

NiPcTS 4.0 0.23 3.7× 1019

CoPcTS 4.2 0.2 1.9× 1019

a ClO4 ) perchlorate; CuPcTS) copper phthalocyanine tetrasulfonate; PbPcTS) lead phthalocyanine tetrasulfonate; NiPcTS) nickel
phthalocyanine tetrasulfonate; CoPcTS) cobalt phthalocyanine tetrasulfonate; DBS) dodecylbenzenesulfonic acid; D) dodecyl; O) octyl; M
) methyl; H ) hexyl; NMPy ) N-methylpyrrole.b Modified with metal-2.5-diaminobenzenesulfonic acid.
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of poly(3-octylthiophene),27 poly(3-methylthiophene),184 and
PPy,29,185,186gold was used to form an ohmic contact. The
work function of gold has been assumed to be about 5.1
eV. Several studies show that the work function ofπ-con-
jugated polymer films is about 5 eV, depending upon the
dopant type and the doping level.64,126In this case, the barrier
between the p-type polymer and gold is relatively small but
is predicted to be negative, representing a quasi-ohmic
contact, with a symmetric current-voltage dependence.
Nevertheless, the experimental contacts are sometimes
rectifying,133 indicating a higher work function of the polymer
than that of gold. Hence, the junction characteristics of the
ohmic gold/polymer barrier are strongly influenced by the
gas sensing behavior of the polymer layer, exhibiting either
symmetric or a non-ohmic, i.e., asymmetric, current-voltage
characteristics. To overcome this uncertainty, platinum is
recommended as metal to form an ohmic contact with the
doped p-type conducting polymers.

4.2.1. Phthalocyanines
Phthalocyanines (Pc) are a class of organic compounds

of high thermal and chemical stability, which are classified
as p-type semiconductors characterized by a low mobility
and low charge carrier concentration.187 They have potential
advantages for use as active layers in electroluminescent,188

photovoltaic,189 and gas sensor devices,190 because they are
easily processable in low cost and large area device fabrica-
tion.191

However, it is known that oxygen profoundly influences
the electrical properties of phthalocyanines. It has been
demonstrated that the dark rectification ratio of Au/Pc/M (M
) Au, Cu, Cr, Al) is related to the presence of O2.192,193When
the devices are made and studied under vacuum, no rectifying
effect is observed. However, by exposure to air, a strong
rectifying effect has been found. Acceptor levels are gener-
ated within the band gap of these materials in the presence
of O2, and hence, their thermal activation energy is lowered
and the conductivity is enhanced.192,194

Besides O2, any other electron acceptors, such as NOx and
Cl2, induce acceptor levels, while electron donors, such as
H2 or NH3, remove them. Both change the Schottky diode
characteristics.

With most of the phthalocyanines, gold is found to form
the ohmic contact,14,15 and aluminum is found to form the
blocking contact.192,195 Under forward bias, oxygen-doped
phthalocyanine thin films show ohmic conduction at low
voltages and space charge limited conduction controlled by
an exponential distribution of traps above the valence band
edge at higher voltages.192,194,196

As already discussed above, almost all phthalocyanines
show excellent gas-sensing properties for both electron
acceptors, such as NOx,197-199 HCl,197 Cl2200 and electron
donors, such as H2 or NH3.105 The change in the doping level
induces a Fermi level shift and a change in the Schottky
barrier height. It is supposed that a charge-transfer complex128

between the organic semiconductor and the gas or vapor is
formed during the interaction. Spectroscopic investigations
show the accumulation of the gas species in the bulk of the
sensitive film and the formation of organic radical cat-
ions.197,201

Studies of phthalocyanines indicated that the sensitivity
and selectivity of the sensor device are strongly influenced
by the nature of the central metal ion and also by the crystal
structure and/or crystallinity. Nieuwenhiuzen et al.202 reported
that the sensitivities for detection of NOx decrease in the
order Co> Cu > Pb > H > Fe > Mg > Ni, whereas the
sensitivities toward NH3 decrease in the order Pb. Fe >
Cu > Ni > Mg. Pc films either prepared by spin-coating or
by vacuum deposition show a detection range of 0.3-200
ppm for NO2

197,202and one of 1-200 ppm for NH3
202 without

further annealing after film formation. Independent of the
central metal ion, phthalocyanines show no sensitivity toward
CO, CO2, CH4, C6H14, C7H8, SO2, H2O, and H2S.202 High
stability and reproducibility are observed in the sensing
behavior of all phthalocyanines, with the exception of PbPc
and FePc. Both show a deformation during exposure to NH3

and NO2, respectively. Additionally, the crystal structure and
size have been shown to vary with operating time.198,202The
presence of disordered phases between the PbPc particles
reduces the response and recovery times during the gas
interaction. It was concluded by Sadaoka et al. that the gas-
sensing properties of PbPc can be improved by annealing
the Pc films at 300°C in order to form a homogeneous layer
of triclinic crystals with a mean diameter less than 0.2µm.198

4.2.2. Polythiophene/Poly(3-alkylthiophenes)

For more than one decade, polythiophene and its derivates
have been the subject of intensive experimental and theoreti-
cal work.203-205 Polythiophene and its 3-methyl derivative
exhibit a poor processability due to their insolubility. The
available materials have not been of the high electronic

Table 6. Electrical Parameters of PPy-MPcTS Schottky Barrier Diodes Extracted fromJ-V and C-V Characteristics, Measured in Air
and Exposed to 11 pm NO2

saturation current
densityJ0/A cm-2

ideality
factorn

rectification ratio
(at |V| ) 1 V)

built-in voltage
Vbi/V

dopant air NOx air NOx air NOx air NOx

CuPcTS 8.1× 10-4 7.0× 10-5 3.6 3.2 7.2 13.5 0.26 0.29
PbPcTS 1.5× 10-3 7.9× 10-4 3.8 3.5 5.2 8.7 0.24 0.27
NiPcTS 6.5× 10-3 2.4× 10-3 4.0 3.7 3.7 5.1 0.23 0.26
CoPcTS 1.0× 10-2 4.8× 10-3 4.2 3.8 3.2 4.7 0.20 0.22
TOS 2.5× 10-2 1.1× 10-2 4.9 4.3 2.1 2.9 0.15 0.17

Table 7. Electrical Parameters of PPy-MPcTS Schottky Barrier
Diodes Extracted from J-V and C-V Characteristics: Change
of NO2 Sensitivity for Different Polymerization Temperatures of
PPy, Measured in Air and in 11 pm NO2

polymer-
ization
temp/K

rectification
ratio at

|V| ) 0.9 V

saturation
current
density

J0/A cm-2
ideality
factorn

charge
carrier conc

NA/1019 cm-3

278 2.1 3.1× 10-2 4 97.5
283 3 6.3× 10-3 3.7 52.6
288 5 1.9× 10-3 3.4 37.1
293 6.3 7.9× 10-4 3.6 12
303 27.3 1.2× 10-4 3.3 2.1
313 156 7.6× 10-5 3.1 0.82
323 307 5× 10-5 2.5 0.37
333 68 1× 10-4 2.9 1.4

388 Chemical Reviews, 2008, Vol. 108, No. 2 Potje-Kamloth



quality necessary to use them in electronic devices. In 1986,
poly(3-alkylthiophenes) with an alkyl group of more than
four carbon atoms became available.206 They are soluble in
several organic solvents and even fusible, which makes them
attractive for use in electronic devices ranging from field-
effect transistors207 and light emitting diodes208 to nonlinear
optoelectronic components.209

Sundberg et al. investigated the manufacture of metal/
polymer contacts.210 The comparison of the current-voltage
and capacitance-voltage characteristics of melt-processed
and sputtering-processed devices shows no significant dif-
ference between these structures. Both processes influence
the polymer surface. The sputtering involves some relatively
high-energy particles impinging on the polymer surface,
whereas melt-processing can give rise to surface modifica-
tions and, hence, to a stronger enhancement of the doping
concentration close to the interface than obtained for sput-
tering. For both devices,C-V characteristics indicate an
additional constant capacitance in series with the variable
space-charge capacitance of the polymer, which is assigned
to an insulating oxide layer at the metal/polymer junction.
In the melt-processed device, this layer is probably thicker
because the aluminum is exposed to air before making the
contact. Similar results were obtained when the rectifying
contact was formed by pressing aluminum on the polymer
surface.211 In this context, it should be taken into account
that reactive metals such as Al and In might form a thin
insulating interfacial oxide layer and probably react with the
dopants.212 This would lead to a lower accumulation of the
dopant species at the interface and a wider barrier.

Lous et al. investigated Schottky contacts on highly doped
organic semiconductors based on thiophene oligomer by
current-voltage and capacitance-voltage measurements.213

The Schottky diodes obtain their rectifying behavior from a
partly undoped p- layer at the metal/oligomer interface with
respect to the higher doped p+ bulk layer. This low
conductive p- layer implies a large electric field at the
interface which can cause a substantial lowering of the
Schottky barrier.

Schottky diodes with poly(3-octylthiophene) as the semi-
conductor and aluminum- and indium-doped tin oxide as the
rectifying and ohmic contact, respectively, show a rectifica-
tion ratio up to 3-4 orders of magnitude. The shape of the
J-V characteristics, the high value of the ideality factor, and
the observation of series resistance indicate an interfacial
layer at the aluminum/polymer interface and the effects of
trapping in a region adjacent to the metal.214

The effect of oxygen is reversible on structures based on
poly(3-methylthiophene).215,216The effect of various atmo-
spheres on the electrical characteristics of Mo/poly(3-
methylthiophene) Schottky barrier diodes was investigated
by Tagmouti et al.216 The electrical characteristics were
mainly affected by the presence of water vapor and oxygen.
The capacitance shows a frequency dispersion, which is
characteristic for the presence of deep traps induced by
oxygen forming acceptor states in the band gap. The authors
concluded that oxygen fills the traps and dopes the polymer.
The effect of water vapor is manifest by reduction in dopant
density and a filling of deep traps, which is irreversible.

Gas-sensitive characteristics toward water vapor, chloro-
form, and ethanol were observed in poly(3-dodecylthiophene)
Schottky diodes.217 The two types of gases have opposite
effects on the diode characteristics; one type (water vapor)
increases and the other type (chloroform and ethanol)

decreases the reverse bias current. The results were explained
by the acceptor and donor behavior, respectively, which
results in a change in the Schottky barrier height by doping
or undoping of impurity levels in the band gap of the p-type
semiconductor.

4.2.3. Polyanilines

The advantages of polyaniline compared with other
conducting polymers are the easy and cheap oxidative
synthesis, the thermal and environmental stability, and the
simple nonredox doping in protic acids.218 Polyaniline is a
p-type organic semiconductor, and it can exist in several
oxidation states, ranging from fully reduced leucoemeraldine
over intermediate and moderately oxidized (doped) emeral-
dine to the fully oxidized pernigraniline, as named by Green
and Woodhead219 (Figure 13). Acid-doping of the soluble
emeraldine base, using organic and inorganic acids, leads to
the insoluble highly conducting emeraldine salt.

Schottky diodes have been prepared using either cast-
ing220,221or electrochemical techniques.222,223,228The polymers
investigated involve undoped and acid-doped polyanilines,
which behave as p-type semiconductors. The diodes, in which
aluminum was used as low work function metal to form a
Schottky junction, exhibit a moderate rectifying behavior and
low leakage current. The values of ideality factorn lie
between 1 and 2, indicating either a recombination process
in the barrier or a thin insulating layer at the interface. The
acid-doping of polyaniline, e.g., with toluene-4-sulfonic acid,
can cause a higher rectifying effect and photovoltaic conver-
sion efficiency.

Calderone et al. investigated the metal/polymer interface
theoretically, focusing on the interaction between aluminum
and the fully reduced form of polyaniline, i.e., leucoemer-
aldine.224 The study obtained for the model system Al/p-
phenylenediamine indicated that an electron charge is
transferred from the metal to the organic system, and the
π-electronic levels are strongly perturbed. These results are
considered as the basis of the Al/leucoemeraldine interaction.

Chemical sensitivities toward gases and vapors, such as
ammonia,225 hydrogen cyanide,226 hydrogen,227 and meth-
ane,228 have been shown. Campos used a sandwich type
device based on Al/polyaniline as a sensor for the detection
of methane gas. HCl-doped polyaniline was electrochemi-

Figure 13. Chemical structure of polyaniline, showing three
different oxidation states.
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cally deposited on an indium tin oxide coated glass electrode,
which serves as the ohmic contact metal in the Schottky
diode. Methane decreased the forward and reverse bias
current, indicating an increase in the barrier height.

4.2.4. Polypyrrole

4.2.4.1. General Aspects.Among various conducting
polymers, polypyrrole (PPy) has been extensively investi-
gated because of properties that are attractive from the
practical point of view: that is, relatively good environmental
stability, high conductivity, and ease of preparation either
by chemical or electrochemical methods, as well as the
possibility of forming homopolymers or composites with
optimal properties. A general difficulty of the reproducible
PPy preparation arises from its complexity. The structure
and hence the properties of the resulting PPy are strongly
influenced by a number of variables, e.g., the polymerization
potential, the monomer concentration, and the preparation
temperature,229 which are not perfectly controllable. There-
fore, the results on PPy vary widely. Two basic methods
are used for the preparation of PPy: chemical and electro-
chemical synthesis. Anions, present in the polymerization
solution, are simultaneously incorporated into the polymer
as dopants. The final polymer chain bears a charge of unity
for every three or four pyrrole rings, which is counterbal-
anced by the dopant anion.229 A lot of work has been carried
out in order to improve both the chemical and electrochemi-
cal synthesis of pyrrole, as reviewed by Rodrı´guez et al.229

There exists a huge number of publications dealing with
parameters influencing the final properties of PPy samples
during the synthesis. Only some important parameters are
briefly discussed below.

Thecounterionis indispensable for the charge compensa-
tion of PPy; at the same time the size, shape and structure
of the counterion are expected to influence the electrical
conductivity. There are a large number of reports comparing
the conductivity values of PPy containing aromatic sulfonate
anion, such asp-toluene sulfonates, aromatic carboxylates,
etc., and inorganic anions, such as BF4

-, Cl-, ClO4
-, SO4

2-,
etc., and it was found that conductivity was always higher
in the case of aromatic dopants.230

Few studies have dealt with PPy containing anionic
transition-metal complexes, e.g., tetrasulfonated metalloph-
thalocyanines (MPcTS).231,232Saunders et al.231 have studied
the physical and spectroscopic properties of PPy-MPcTS (M
) Co, Cu, Fe, and Ni) prepared using both aqueous and
nonaqueous solution. The conductivities of these materials
were found to rapidly decrease upon exposure to air. As a
reason for this, it was suggested67 that the large size of the
MPcTS counteranions produced packing inconsistencies
within PPy-MPcTS, which facilitates the chemical attack of
the polymer backbone by atmospheric oxygen. Walton et
al.232 have studied a competitive doping of PPy during
polymerization in an aqueous and acetonitrile solution of
ClO4

- and copper phthalocyanine tetrasulfonate.
The effect oftemperatureon the polymerization process

has been studied. It has been shown that the temperature
has a significant effect on the conductivity of PPy depending
on the combination of solvent and dopant. Toluensulfonate-
and perchlorate-doped PPy films, deposited at a lower
temperature (280 K) in water, exhibit higher conductivities
than films prepared at 293 or 313 K.229 The authors found
that an increase in the temperature favors the polymer
growth, which has been related to an overpotential decrease.

4.2.4.2. Metal/Polymer Interface.The polypyrrole family
of polymers is a promising candidate for device fabrication
because of its relatively high stability in ambient air.
Oxidized (p-type) PPy is reported to have a work function
close to 5 eV.122 From theoretical considerations, therefore,
the junctions between PPy and metals with low work
functions are expected to form a Schottky barrier. Several
reports are available on metal/PPy junctions.182,233,235Almost
all of the results were explained on the basis of the
Richardson equation, eq 6.

The high charge carrier concentration found in doped PPy
(NA ∼ 1022 cm-3 assuming that all dopant charges give rise
to one hole polaron or half a bipolaron) results in the
formation of a very thin Schottky barrier with a narrow
depletion width (∼ 10 Å), which may be the reason for the
bad rectifying behavior of the polymer Schottky junction due
to the dominant tunneling process of the charge carrier
transport mechanism (see section 3.2.4). It has been sug-
gested that the introduction of N-substituted pyrroles to PPy
lowers the conductivity of the homopolymer.234 The relation-
ship between the density of dopants and the conductivity
has led to investigations of the rectifying characteristics of
various copolymers having pyrrole andN-methylpyrrole
units. The introduction ofN-methylpyrrole would less
influence the delocalization ofπ-electrons along the polymer
chain than that of other N-substituted pyrroles. Schottky
junction devices from a pyrrole/N-methylpyrrole copolymer
have been fabricated exhibiting a relatively low charge carrier
concentration ofNA ∼ 1017 cm-3 and a conductivity of 10-2-
10-4 S cm-1.182,185 The values of the ideality factor (n )
1.20-1.38) are closer to that of an ideal diode, and the
rectification ratio is relatively high.

In or Al have mostly been used as low work function
metals to from a non-ohmic Schottky barrier with
PPy.137,181-183,233Gupta et al. reported leaky Schottky barriers
of reactive metals, such as Al and In, with the polymer.233

Some authors concluded that the formation of metal salts at
the metal/polymer junction as a result of reaction between
the dopant anion and the low work function metal leads to
insulating interphases.137 Other reports show that the ambient
(i.e., oxygen) influences the current-voltage characteristics
of contacts between these metals and PPy and that the
observed hindrance of charge transport was due to the
formation of insulating metal oxides.181,183,235,236The thin
insulating layer at the interface between the metal and the
polymer was assumed to be the reason for the anomalous
J-V characteristics with a small plateau at low forward
bias.217,237,238The forward characteristics of this type are
comparable with nonequilibrium effects in MIS diodes.237

Taylor et al. noted that this effect could be further produced
when the polymer Schottky diode comprising an aluminum
rectifying contact was given a thermal post-metal annealing
in air.239

On the other hand, it has been shown by Nguyen et al.
that a metal with a high work function (e.g., gold) can be
used to form a non-ohmic contact with PPy when metal
phthalocyanine tetrasulfonates (MPcTS) are used as dopants.132

These contacts show an exponential and asymmetrical
behavior of theJ-V curves (Figure 14).

As can be seen in Table 4 and Figure 14, the junction
parameters of Au/PPy-MPcTs diodes are strongly influenced
by the type of dopant. The junction between PPy-TOS and
Au shows a low rectifying ratio and a relatively high
saturation current density. This junction seems to be practi-
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cally quasi-ohmic. The most optimal diode parameters, such
as the rectifying ratio and the ideality factor, were found for
the Au/PPy-CuPcTS junction (Figure 15).

The rectification ratios (forward bias current/reverse bias
current at 0.6 V) were observed to be between 7.7 and 3.2.
The values are slightly larger than that of the Schottky diode
based ontrans-polyacetylene and Pb (n ) 1.5) reported by
Kanicki,133 and are in good agreement with that for Ti/PPy
(n ) 10) reported by Gupta et al.240 and for Al/PPy Schottky
diodes (n ) 6) reported by Bantikassegn et al.137

Impedance and capacitance measurements give insight into
the nature of the diode junctions and the physical properties
of PPy as an organic semiconductor.132 Figure 16 shows
the plane plot of the complex impedance of a Au/PPy-
CuPcTS Schottky barrier diode, measured at zero bias. The
device shows only a single semicircular arc. The experi-
mental curve can be fitted well by applying the equivalent
circuit of the diode shown in Figure 16. This indicates the
formation of a negligible small insulating interfacial layer
(see Figure 7A).

The capacitance-bias voltage curve shown in Figure 17
indicates the formation of a Schottky junction135 and allows
the use of the simple depletion layer theory as already
discussed in section 3.5.3. Nguyen et al.132determined a value
of 0.26 V for the built-in voltageVbi and a charge carrier
concentrationNA (concentration of polarons and/or bipo-
larons) of 1.2× 1020 cm-3 for the CuPcTS-doped PPy layer
of 120 nm in thickness. This is in good agreement withNA

) 1.5 × 1020 cm-3, reported by Gupta233 for electrochemi-
cally prepared PPy of 3µm in thickness, doped with
tetrafluoroborate anion.

The charge carrier concentration can also be estimated
from the doping level, determined by electrochemical quartz
microbalance (EQCM) measurements.241 A doping level of
30.2% is deduced, and a charge carrier concentration of about
3.3 × 1021 cm-3 is expected. This value is in accordance
with that reported by Buhks et al.242 (about 3× 1021 cm-3).
It can be seen that the acceptor concentration calculated from
capacitance measurements is far different from that estimated
from the doping level obtained from the EQCM measure-
ments. This may be due to the large concentration of defects
present in PPy that strongly influence the conjugation lengths
of the polymer chain231 (see section 4.2.6.1).

4.2.4.3. Chemical Sensing Properties.Influence of
Dopants. Several authors,64,121,243 have reported that the
sensitivity of PPy to certain vapors or gases changes with
the doping anion. Sensitivities toward organic vapors, such
as alcohols, chlorinated hydrocarbons,121,244aromatic hydro-
carbons,245 nitrogen oxide gases, and organophosphorous
compounds,121 have been reported. The influence of different
metal phthalocyanines incorporated in PPy on the NOx

sensing properties of the Au/PPy diodes has been studied.121

NOx exhibits a strong electron acceptor effect on PPy when
doped with metal phthalocyanines.27,29,64 Nguyen at al.

Figure 14. Dark current density vs applied voltage (J-V)
characteristics of Au/PPy Schottky barrier diodes doped with
different dopants.

Figure 15. Dark current density vs applied voltage (J-V)
characteristics of a Au/PPy-CuPcTS Schottky barrier diode.

Figure 16. Complex impedance plane plots of a Au/PPy-CuPcTS Schottky barrier diode at zero bias, and a complex plane model.

Figure 17. Mott-Schottky plot (C-2 vs bias voltage) for a Au/
PPy-CuPcTS Schottky barrier diode.
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showed that the exposure of a Schottky diode with PPy as
the semiconducting organic layer to NOx causes an increase
in the doping level of PPy. This leads to a positive shift of
its Fermi level and, therefore, increases the built-in potential
at the Au/PPy junction.132 This effect could be confirmed
by capacitance voltage measurements (Figure 18).

The change in theJ-V characteristics is shown in Figure
19 for the same measurement. The gas sensitivity of the
diodes is represented by the so-called gas-induced voltage
shift, ∆V, at a constant current density in gas and in air,
respectively, which was extracted from current voltage
characteristics as discussed in section 3.5.1.

Figure 20 shows the transient response of the output
voltage of a Au/PPy-CuPcTS Schottky barrier diode to
exposure to NOx, measured at constant current density.

As already discussed in section 3.5.1, an ideal Schottky
barrier diode (i.e., without an appreciable interfacial layer)
can be divided into two regions: (1) the barrier region (of
thicknessWJ), having a capacitanceCJ in parallel with the
junction resistanceRJ, and (2) the neutral bulk (of thickness
WB), with a bulk capacitanceCB in parallel with the bulk
resistanceRB.

The NOx exposure can lead to an increase in the built-in
voltageVbi and the depletion widthWJ; hence, the resistance
RJ of the barrier region can increase as well. In contrast,
NOx exposure may cause a decrease in the bulk resistance
RB of the PPy layer because of the strong acceptor behavior
of NOx. These effects have been confirmed by impedance
measurements.132

Figure 21 shows the plane plot of the complex impedance
of the Au/PPy-CuPcTS Schottky barrier diode, measured in
air and in NOx after different time intervals. It can be clearly
seen that when the diode is exposed to NOx, the bulk
resistance decreases and the junction resistance simulta-
neously increases.

A combination of those compensatory effect can decrease
the gas sensitivity of the Schottky barrier diodes. In the low
bias region, the junction voltage increases slightly due to
NOx-exposure, while in the high bias region it increases
largely. This suggests a large change in the interface layer
resistance upon NOx-exposure, which has been assumed to
play an important role in the charge carrier transport across
the Schottky barrier.82

The change of the diode parameters extracted from current
voltage measurements of PPy-MPcTS Schottky diodes
exposed to NOx is listed in Table 6. For comparison, the
sensitivity of a PPy-TOS Schottky diode is included. The
data listed in Table 6 show that the NOx sensitivity is strongly
influenced by the nature of the dopants. A lower saturation
current density is accompanied by a higher rectification ratio
and by a lower value of the ideality factor, which are related
to a larger value of the NOx-induced voltage shift measured
in the low bias range (Vbias < 0.3 V). The ideality factor
shows a tendency to decrease when the diode is exposed to
NOx. It has been reported by Bardeen246 that the discrepancy
between the real Schottky diode and the ideal may be due

Figure 18. Mott-Schottky plot (C-2 vs bias voltage) for a Au/
PPy-CuPcTS Schottky barrier diode measured in air and in 11 ppm
NOx.

Figure 19. Change inJ-V characteristics of Au/PPy-CuPcTS
measured in air and in 11 ppm NOx. ∆V indicates the NOx induced
voltage shift at constant current density.

Figure 20. Response curve of a Au/PPy Schottky barrier sensor
toward exposure to NOx by applying a constant current density (J
) 2 × 10-3 A cm-2).

Figure 21. Plane plots of complex impedance of a Au/PPy-CuPcTS Schottky barrier diode (1) in air, (2) and (3) in 11 ppm NOx.
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to the effect of surface states and that the increase or decrease
in the ideality factor may be due to a generation or reduction
of the interface state density. Hence, the tendency of the
ideality factor to decrease when the diode is exposed to NOx

may be attributed to the compensation of the interface states
by NOx molecules.132

In the low bias range, the diode current is primarily
controlled by the depletion region and the gas response is
usually explained in terms of the change of the work function
(i.e., Fermi level) in the polymer layer. Capacitance-voltage
(C-V) measurements show that PPy-CuPcTS exhibits the
highest charge carrier density of all layers studied and hence
the most positive work function. Hence, PPy-CuPcTS leads
to the highest built-in voltage of all polymer diodes studied
(Figure 22A). The interaction of PPy-CuPcTS with NO2

causes the highest change in work function, which is related
to the highest change in the charge carrier concentration, as
C-V measurements have shown (Figure 22B). Both effects
are enhancing the sensor signal of the Schottky barrier diode
when compared with work function measurements using
Kelvin Probe or POSFET.247 The charge carrier concentration
of the PPy layer decreases from CuPcTS to TOS as dopant.
The junction between PPy-TOS and Au shows a very low
rectifying ratio due to the low built-in voltage and is
practically quasi-ohmic. In this case, the bulk resistance
cannot be neglected any more even in the low bias range.
Hence, the tendency of the NO2-induced junction voltage
shift to decrease when the built-in voltage of the diode
decreases can be explained in terms of the enhancement of
the compensatory effect in the PPy bulk. This can be seen
in Figure 22C along the series CuPcTS, PbPcTS, NiPcTS,
CoPcTS, and TOS.

This effect is consistent with results obtained by Cabala
et al.121 They observed (1) an increase of the work function

of doped PPy during exposure to NOx, which was assumed
to be due to an increase of the doping level, and (2) a
decrease of the sensitivity toward NOx from PPy-CuPcTS
to PPy-PbPcTS and PPy-TOS.

According to the model given by Janata,128 describing the
chemical modulation of the work function of a sensitive
polymer layer upon exposure to an interacting gas or vapor
(see section 3.4.1), the magnitude and the polarity of the
response depend on the value of the charge-transfer coef-
ficient δ, with |2δ| < 1 (eq 25). The charge-transfer
coefficientδ can be estimated from quartz crystal microbal-
ance (QCM) measurements during NOx exposure. From the
obtained data, an absorbed NOx gas concentration of about
1.14× 1020 cm-3 is deduced when the PPy layer is exposed
to 11 ppm NOx. Assuming that most absorbed NOx molecules
participate in the formation of a charge-transfer complex, a
value of 0.36 can be deduced for the charge-transfer
coefficientδ, taking into account the change of the charge
carrier concentration in the PPy layer extracted fromC-V
measurements (NA ) 4.2 × 1019 cm- 3). Evaluating the
change in built-in voltage with NOx gas concentration, a
value of 0.41 is deduced for the charge-transfer coefficient
δ. This value is slightly larger than that estimated from QCM
measurements, and it indicates that the change in the Fermi
level of PPy does not follow exactly the change in the charge
carrier concentration according to eq 25 and eq 26, respec-
tively. This fact may be attributed to the pinning of the Fermi
level due to the presence of interface states, as discussed in
section 3.3.3

Influence of Doping LeVelsFilm Thickness.It is well-
known that the doping level of MPcTS-doped PPy layers
prepared by electropolymerization is strongly influenced by
the PPy layer thickness. Rosenthal et al. have shown that
the doping level of a MPcTS-doped PPy layer electrochemi-
cally formed at a constant potential decreases sharply when
the PPy layer thickness increases.248 The parasitic oxidation
of the MPcTS dopant gives rise to a depletion layer near
the electrode surface and, hence, to a decrease in the
concentration of the dopant anions incorporated into the
polymer backbone.

The influence of the film thickness on the doping level of
PPy has been monitoredin situ using EQCM measure-
ments.241,249 J-V and C-V measurements of Au/PPy-
CuPcTS Schottky barrier diodes comprising PPy layers of
different thicknesses showed that a decrease in the doping
level causes a decrease in the Fermi level of PPy. As shown
in Figure 23, the built-in voltage formed between the PPy
layer and Au and, in turn, the depletion width of the junctions
decrease according to eq 3.

Figure 22. Dependence of the diode parameter and sensor
response of Au/PPy-MPcTS Schottky barrier diodes on the nature
of dopants.

Figure 23. Doping level (O) and built-in voltage (0) as a function
of PPy film thickness of Au/PPy-CuPcTS Schottky barrier diodes.
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The two compensatory effects of NOx on the gas sensitivity
of the Schottky barrier diodes in the bulk of PPy and at the
interface region can be studied more extensively with the
variation of the polymer film thickness, which strongly
influences the doping level of the electropolymerized MPcTs-
doped PPy layers.248 They can be expressed as the changes
in the junction and bulk voltages, which can be determined
from the J-V characteristics according to the following
equations:

The influence of the polymer film thickness of PPy-
CuPcTS/Au diodes on chemical sensing properties, expressed
as the change in the junction voltage∆VJ upon exposure to
NOx, is shown in Figure 24. The NOx-induced voltage shift
∆VJ, which was measured in the low bias range, decreases
when the PPy film thickness increases. The increase in the
bulk resistance due to the decrease of the doping level causes
a stronger influence of the neutral bulk effect.

A decrease in the diode current exposed to NOx is observed
in the low bias voltage region, because the junction resistance
RJ is dominant relative to the bulk resistanceRB. In the higher
forward bias region, where the flat-band condition is reached,
the depletion widthWJ decreases to zero, the junction
resistance reaches a minimum value, and the bulk resistance
of the PPy layer may become dominant. Therefore, the gas
response of the current-bias behavior is dominated by the
gas-induced change of the PPy layer resistance.

Influence of Doping LeVelsFilm Preparation Tempera-
ture. The effects of substrate temperature during film
formation, of the annealing process on the film morphology
and the crystalline structure, and the influence on the gas-
sensing properties for NO2 have been studied. Several authors
have reported that, by manipulation of the film morphology,
it is possible to control the sensitivity and response char-
acteristics of the gas sensors.198,250,251Masui et al. found
that the gas sensitivity of the amorphous copper phthalo-
cyanine (CuPc) film is higher than that of the polycrystalline
CuPc film because the amorphous film has a looser stacking
of CuPc molecules and, hence, more adsorption sites for
NOx.251

Schottky barrier diodes based on PPy layers prepared at
room temperature (295 K) do not show very large rectifica-
tion ratios (Table 4). This may be due to a very thin barrier
formed at Au/PPy junctions and may be an effect of the
tunneling current.137 With an acceptor concentration on the

order of 1019 cm-3 and assuming the depletion width to scale
as the square root of the acceptor density (eq 37), a depletion
width of about 1-10 nm is expected for these devices.
Hence, the tunneling current component cannot be neglected
at room temperature (section 3.2.4). This is associated with
the relatively large values of the ideality factor (see Table
4).

In general, the rectification ratio of diodes can be improved
by the enhancement of the depletion width. According to eq
3, this may be reached either by increasing the built-in
potential (i.e., contact potential) or by decreasing the active
charge carrier concentration. It was found that the charge
carrier concentration calculated from 1/C2 versusV curves
is far different from that estimated from the doping level
obtained from EQCM measurements.241,249 (∼1021 cm-3),
assuming that all dopant charges give rise to one hole polaron
(or half a bipolaron). This may be due to the existence of a
large concentration of defects in amorphous semiconductor
materials. Due to these structural defects, the majority (about
80 to 90%) of the self-localized electronic defects (polarons
or bipolarons) are trapped, such that they cannot contribute
any more to the charge carrier transport through the polymer
layer. The concentration of structural defects increases with
increasing preparation temperature, because the polymeri-
zation rate rises simultaneously.252

In Figure 25 and Table 7 the electrical parameters of Au/
PPy-CuPcTS Schottky barrier diodes can be found as a
function of the polymerization temperature of PPy.249 The
rectification ratio increases rapidly with the increase of the
preparation temperature, and simultaneously, the saturation
current density decreases largely. This may be due to the
enhancement of the defect concentration in PPy with the
increase in the preparation temperature, which decreases the
so-called active acceptor concentration and, hence, enhances
the depletion width of the Schottky barrier according to eq
37.

Figure 24. Change in junction voltage∆VJ as a function of PPy
film thickness of Au/PPy-CuPcTS Schottky barrier diodes.

VJ = nkT
e (ln J

J0
) (43)

VB ) Vbias- VJ (44)
Figure 25. Dependence of the electrical parameter and sensor
signal of a Au/PPy-CuPcTS Schottky barrier diode on the prepara-
tion temperature.

394 Chemical Reviews, 2008, Vol. 108, No. 2 Potje-Kamloth



Therefore, the concentration of the active charge carriers
is dependent on the preparation temperature and decreases
with increasing preparation temperature (Figure 25A). Si-
multaneously, the size of the space charge region increases
and therefore the junction resistance is enhanced with respect
to the bulk resistance. Hence, the NO2-induced shift of
junction voltage increases for the same concentration (Figure
25D), enhancing the sensitivity of the Schottky barrier diode.

Furthermore, with increasing temperature, the crystallinity
decreases and is zero when reaching the glass transition
temperature (which is between 315 and 328 K for PPy-
CuPcTS64). The gas or vapor can only be absorbed by the
amorphous part of the polymer, which increases with the
preparation temperature. Hence, NO2 interacts more strongly
with layers prepared at higher temperatures, leading to a
higher relative change in the active charge carrier concentra-
tion (Figure 25B) and a higher change in the built-in voltage
for the same NO2 concentration (Figure 25C). Both effects
cause a further increase of the gas-induced junction voltage
shift with the preparation temperature.

The diffusion of gas or vapor in conducting polymers and
their adsorption on polymer surfaces are the fundamental
processes that control the chemical sensing response. It is
supposed that diffusion processes in the crystalline polymer
phase are much slower compared to those in the amorphous
phase.253 Hence, the polymerization temperature is an
important parameter influencing the diffusion processes of
polymeric sensor transducers. Figure 26 shows the response
curves of diodes with PPy films exposed to 11 ppm NO2.
The diode based on the PPy film prepared at 323 K exhibits
the response time and the recovery time, which are much
faster than those of diodes based on PPy films prepared at
283 and 303 K. The decrease in response and recovery time
can be explained by an increase in the amount of the
amorphous phase compared to that of the crystalline phase
in PPy when the preparation temperature increases.

5. Summary and Perspectives

Schottky barrier devices are promising candidates for
sensor applications. The devices are simple to fabricate,
obviating the need for expensive processes used in micro-
technology. Both the metal and the semiconductor forming
the Schottky barrier junction can be used as the chemical
sensing components interacting with the gases or vapors. The
material choices and combinations define the working
principle, the sensitivity, and the selectivity of the sensor
devices.

In Schottky barrier devices, particular attention must be
paid to the formation of the junction barrier between the
metal and the semiconductor. In the case of organic
semiconductors, there is still only limited understanding of
the interface between the organic material and the metal,
which makes data interpretation complicated. Experimental
data show that the junction barrier turns out to be not ideal
because of the presence of interface states as well as the
undesired formation of an interfacial layer caused either by
instability of the components in air or by chemical reaction
between the metals and semiconductors. The deviation from
ideality can influence the sensor characteristics up to a
complete breakdown of the ability to detect gases or vapors.
Therefore, a high quality of the interface is the key factor
affecting the sensing performances of the Schottky barrier
devices. This certainly can increase the fabrication complex-
ity and cost.

The key difference between organic and inorganic Schot-
tky barrier junction devices is the ability of many gases and
vapors to penetrate through the organic semiconductor to
the interface either to change the Schottky junction resistance
or to interact with the bulk of the semiconductor, which
causes a work function change of the material. In the case
of inorganic Schottky barrier junction devices, gas perme-
ation toward the metal/semiconductor interface works only
for hydrogen or hydrogen-producing compounds and causes
formation of a dipole layer.

Organic semiconductors offer a viable alternative to
conventional inorganic semiconductors for application in
chemical sensors. They show sensitivities toward many gases
or vapors, ranging from organic solvents to inorganic gases.
Moreover, their porosity enables an ease of penetration of
gases or vapors. The mechanical flexibility, environmental
stability, and solution processability offer an enormous
potential for applications within the field of microsensors.
The macromolecular character and the high degree of
flexibility in preparation make various physical and chemical
properties realizable. The tunability of the sensing properties
by the nature of the dopants as well as by the preparation
procedures is an important benefit. Individual modification
of each sensor is possible in only one step. This allows for
the inexpensive fabrication of multisensing arrays, an aspect
that makes sensors based on organic semiconductors suitable
for commercialization. They are inherently compatible with
solid-state integrated chemical sensors, because they can be
readily incorporated into microfabricated structures. Ad-
ditional benefits are the low device prices, the small
dimensions, and low power consumption.

6. List of Symbols and Abbreviations
∆ interfacial layer thickness, cm2

δ fractional charge-transfer coefficient upon gas inter-
action

ε0 permittivity of free space, A s V-1 cm-1

εs permittivity of the semiconductor, A s V-1 cm-1

εi permittivity of the interfacial layer, A s V-1 cm-1

φb Schottky barrier height, eV
φe effective barrier height, eV
∆φbi image force lowering of the barrier height, eV
φbi contact potential or built-in potential, eV
µp,n charge carrier mobility, cm2 V-1 s-1

µ dipole moment, A s cm-1

θ ratio of free to trapped charge carriers
τ dielectric relaxation time, s
τtr electron lifetime within the depletion layer, s

Figure 26. Transient response of a Au/PPy-CuPcTS Schottky
barrier diode electrochemically prepared at different temperatures,
exposed to 11 ppm NOx in ambient air.
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ø electron affinity, eV
ω angular frequency, Hz
ê energy difference betweenEC andEF, eV
A area or junction area, cm2

A** effective Richardson constant, A cm-2 K-2

C capacitance or capacity per area, F cm-2

E energy, eV
EC conduction band edge, eV
EF Fermi level, eV
EWF electron work function, eV
Eg energy band gap, eV
Emax maximum field strength at the metal/semiconductor

interface, V cm-1

EV valence band edge, eV
eV0 band bending at zero applied voltage ()φbi), eV
e electronic charge, A s
h Planck constant, J s
h0 concentration of thermally generated holes in the

valence band, cm-3

J0 saturation current density, A cm-2

J current density, A cm-2

k Boltzmann constant, J K-1

L layer thickness, cm
m* reduced mass of electron, kg
Nads density of adsorption sites, cm-3

Nssb density of interface states, cm-2 eV-1

NC effective density of states in the conduction band,
cm-3

ND donor concentration, cm-3

Ntr effective density of traps, cm-3

NV effective density of state in the valence band, cm-3

n ideality factor
ni intrinsic electron concentration, cm-3

pgas partial gas pressure, N m-2

S slope parameter
s frequency exponent
T absolute temperature, K
V voltage or bias voltage at Schottky contact, V
Vbi built-in voltage, V
Vd diffusion voltage at zero bias voltage, V
Vr reverse bias voltage, V
W charge depletion zone or depletion layer width, cm
index “s” semiconductor
index “m” metal
index “h” hole
index “e” electron
index “b” bulk
index “j” junction
Alq3 aluminum tris(8-hydroxychinoline)
BEDT-TTF bis(ethylenedithio)tetrathiafulvalene
BN benzonitrile
CELT charging-energy-limited tunneling
CHEMFET chemical sensitive field-effect transistor
DCM dichloromethane
EQCM electrochemical quartz crystal microbalance
F4-TCNQ tetrafluorotetracyanoquinodimethane
FIT fluctuation-induced tunneling
HOMO highest occupied molecular orbital
LUMO lowest unoccupied molecular orbital
MIS metal-insulator-semiconductor
MOSFET metal-oxide-semiconductor field-effect transistor
MPcTS metallophthalocyanine tetrasulfonate
OLED organic light emitting diode
OFET organic field-effect transistor
Pc phthalocyanine
QCM quartz crystal microbalance
THF tetrahydrofuran
TPD N,N′-diphenyl-N,N′-bis(3-methylphenyl)-1,1′-biphe-

nyl-4,4′-diamine
VRH variable-range hopping
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