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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 effeBtsamples
include gas detectors using metal-oxide semiconductor field-
effect transistors;* metal-oxide semiconductor capacitérs,
as well as Schottky barrier diodesmong 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: (lhterface-
controlled deices in which the species of interest are
adsorbed at the metal surface and thus affect interfacial
polarization, and (2)bulk-controlled deices 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 contdct! 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 deviéeEhe 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
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G Ry 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
Iff‘;...._ reader who is familiar with organic semiconductor polymers
S ) ) ) o o and the electrical properties of semiconductor contacts can
Karin Potje-Kamloth studied chemistry at Ludwigs Maximilians Universitat skip directly to section 4, and those interested in an overview

Miinchen and received her Ph.D. and Habilitation in physical chemistry. : : -
Currently, she is a senior scientist at Institut fuer Mikrotechnik Mainz GmbH. of this class of materials and of these types of devices may

Her main research areas of interest are low cost chemical sensors, thin find sections 2 and 3 to be useful.
film technology of advanced polymer materials, energy harvesting, and
chemical sensing platforms for microsystems 2 Properties of Organic Semiconductors

as conjugated polymers. They show almost unlimited perme-  The word “organic semiconductors” includes polymers and
ability for gases and vapors, and the concomitant ability to jow-molecular-weight organic materials. The former are
form charge-transfer complexes with the matrix. Moreover, ysyally characterized by ill-defined chain lengths while the
they offer the possibility to tune the sensitivity and selectivity |atter show both a well-defined composition and length. The
toward gases and vapors by chemical alternation of these of the namedtganic semiconductdris based on the
polymer backbone, addition of side groups, alternation of extrinsic semiconducting properties of organic systems, i.e.,
the lengths of the polymer chain, and alternation of the nature the capacity to transport charge generated by light, injected
of the dopant. Variations in the chemical and physical py electrodes, or provided by chemical dopants. Due to the
properties of the organic semiconductors are manifold andyeak electronic coupling between organic molecules, dis-
represent a further advantage for organic semiconductors ingrder plays a central role in the understanding of these
this application area. For this reason, the focus of this review materials. Disorder manifests itself in varying the energy
is on the progress in metal/organic semiconductor basedjevels of the electronic states of different molecules and the
Schottky barrier junction sensors. structure of the solid state. Both strongly influence the

The use of organic semiconducting materials has receivedransport mechanism of charge carriers and charge injection
considerable interest as the active component in electronicat metal/semiconductor interfaces.

device structure¥ 18 such as organic light emitting diodes
EOL|253DZ§),19,2050Iar (_:eII32,1:2and organic fmlgi;gﬁ‘ect transis- 2 1 Electronic Properties of Organic
ors2324Schottky dioded® and gas sensof§:%° In the case Semiconductors
of field-effect transistors (FETSs), the organic semiconductor
can either be the active component, i.e., the current carrying2.1.1. Molecular Semiconductors
material, of the organic FET (OFET) or the selective layer . ) . -
used as the gate electrode in a chemical sensitive FET In inorganic semiconductor crystals such as silicon or
(CHEMFET). The interaction of gases or vapors with the germanium, the strong coupling between the atoms and the
bulk of organic semiconductors affects the work function of long-range order lead to the delocalization of the electronic
the Organic semiconductor, which modifies the electrical states and the formation of allowed valence and conduction
properties of the electronic device. This leads to the applica- Pands, separated by a forbidden energy gap. By thermal
tion of organic semiconductors in bulk-controlled devices. activation or photoexcitation, free electrons are generated
The metal/semiconductor interface is the obvious com- in the conduction band, leaving behind positively charged
ponent in any semiconductor device and controls the Schot-holes in the valence band. The transport of these free charge
tky barrier device characteristic. The theoretical aspects of carriers is described in the quantum mechanical language of
interfaces in devices based on organic semiconductors closelyBloch functions, k-space, and dispersion relations familiar
resemble those of inorganic ones. This allows in general theto solid-state physicists.
use of the extensive knowledge accumulated during many In organic solids, intramolecular interactions are mainly
years of studies of the electronic properties of inorganic covalent, but intermolecular interactions are due to much
semiconductors. weaker van der Waals and London forces. As a result, the
The purpose of this review is to introduce the reader to transport bands in organic crystals are much narrower than
the field of metal/semiconductor junctions, in particular those of their inorganic counterparts and the band structure
metal/organic semiconductor junctions, by providing insights is easily disrupted by introducing disorder in the system.
into some of the theoretical and experimental approachesThus, even in molecular crystals, the concept of allowed
that have been employed thus far, although it is not meantenergy bands is of limited validity and excitations as well
to be an exhaustive study of all of the research work and as interactions localized on individual molecules play a
techniques employed in the study of interface formation in predominant role. The common electronic feature of molec-
semiconductor devices. This topic is too broad and is beyondular semiconductors is the-conjugated system, which is
the scope of this review. formed by the overlap of carbon-prbitals. In Figure 1 the
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Figure 1. Molecular structure of metallophthalocyanine tetrasul-
fonate (MPcTS) salt. +©_k Poly(p-.phenylene) [PPP] E,=3.0eV
molecular structure of a typical representative of this class /B Polypyrrole PPyl E =326V
of semiconductors, metallophthalocyanine tetrasulfonate « N T

(MPCTS), is shown. The orbital _system of the ring comprises Figure 2. Schematic representation of the chemical structures of
42 n—electrqns. Du.e FO the orbital overlap, theelectrons the most commonly studied conjugated polymers, as well as their
are delocalized within the molecule and the energy gap Corresponding nomenclature and energy band@ap
between the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) is gre assumed to behave independently of one another, and
Sma”, i.e., eXh|b|t|ng transition frequenCIeS Wlthln the V|S|b|e their physica' and Chemica| properties depend on interactions
range. o ) within the single chains. The-bonding scheme of conju-
Activation of free electrons by photoexcitation or chemical gated polymers decreases the gap between occupied (HOMO)
doping can lead to a tremendous increase of the electricgpg unoccupied (LUMO) states. The valence band and
conductivity from about 10" S cnt* to values in the range  conduction band of conducting polymers are generally
of 1? S cm'%, which indicates the semiconducting character gerived from suchz-bonds. The band gap of these polymers
of the material. tends to lie between 1.5 and 3 eV (see Figure 2), in the same
2.1.2. Conducting Polymers range as that of .inorganic semiconductors. Since the bonds
e formed by o-orbitals are stronger than the-bonds, the
Polymers are typically associated with flexible, processible polymers do not break apart when excited states are created
materials having electrically insulating properties. Although in thes-electron levels. Also, in most polymers, there is only
this is true of most polymers, a special class of these materialsa weak overlap between thweorbitals between neighboring
called conjugated polymers has the electrical and optical polymer chains, so electrons and holes tend to be delocalized
properties traditionally associated with metals and semicon- on individual polymer chains, although they can hop between
ductors, yet they retain the mechanical properties and thechains. Ther-electron delocalization along the chain and
processability of plastics. the weak interchain bonding give conjugated polymers a
Conjugated polymers are characterized by repeated unitsquasi-one-dimensional nature and give rise to strong anisotro-
in which atomic valence is not satisfied by covalent bonds. pies when the macromolecules are chain extended and chain
The leftover valence electrons of adjacent carbon atomsaligned. Due to the electron-phonon-coupling of thelec-
overlap and form double bonds that give risertbonds, in trons, which leads to a lattice distortion (Peierls distortion),
which thez-electrons are delocalized over large segments a gap is generated at the Fermi level. If an electron is added
of the polymer chain. They are forming the so-called or removed to/from the polymer chain, a self-localized elec-
m-conjugated system, which is responsible for the electronic tronic state within the previously forbidden semiconductor
properties of the conjugated polymers. The chemical struc- band gap is formed as a result of the easy deformability of
tures of the most thoroughly studied conducting polymers the polymer lattice without chain scissoring. The creation
are shown in Figure 2. of electronic defects allows charge transport within a single
Polymers can consist of on the order of°16 10 (or chain. This property of conjugated polymers demonstrates
even a greater number) monomers strung together to form athat many ideas are used to explain why inorganic semicon-
macromolecular chain. Typical conjugated polymers include ductors do not directly carry over to conjugated polymers.
straight chain units, five or six-membered rings, and all  Early on, most of the research effort was concentrated on
combinations of these. The addition of heteroatoms (atomsthe conducting properties of the doped conjugated poly-
other than carbon and hydrogen) and side chains allows formers32 which were often referred to as “conducting poly-
an even larger variety in this class. Their electronic properties mers”. In this review, this notation is used throughout the
can be tailored by the synthesis, and their electrical conduc-text to describe this class of polymers when they are in both
tivity can be varied from about 1@ S cnt? to values in pristine and doped states.
excess of 19S cn1l. In order to understand the operation
of polymer devices better, it is useful to first examine some 9 o Doping in Organic Semiconductors and
basic properties of organic semiconductors based on conju-gg|f-|ocalized States
gated polymers, because they differ qualitatively from those
of crystalline inorganic semiconductors in several important  Doping of a disordered organic semiconductor by charged
respects. moieties has two counteracting effects: (1) the increase of
In crystalline materials, the properties are determined by concentrations of charge carriers and, thus, the change of
the three-dimensional arrangement of the atoms and theirthe Fermi levef334(2) the increase of energetic disorder by
resulting interactions. Conjugated polymers are treated as aformation of additional deep Coulomb traps of the opposite
quasi-one-dimensional system, wherein the polymer chainspolarity. Therefore, the average hopping rate is controlled
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by the charge carrier release from the Coulomb tfajhe which determine the “ionization energy” and doping ef-
former effect facilitates conductivity; the latter strongly ficiency. Doping of metal/organic contacts with inorganic
suppresses the charge carrier hopping rate. This processlonors, such as lithium in aluminum tris(8-hydroxychinoline)
determines, together with the intrinsic order, the temperature (Algs),*® and with inorganic acceptors, such as antimony
dependence of the mobility. Arkhipov et al. showed that the pentachloride inN,N'-diphenylN,N'-bis(3-methylphenyl)-
doping efficiency on charge carrier hopping strongly depends 1,1'-biphenyl-4,4-diamine (TPD)}* has shown the potential
on the energy disorder and the external fi&ld. for significant improvements in current injection. Similar
Upon doping by ionized species, charge neutrality must results could be obtained by doping with molecular acceptors,
be maintained. There are two ways to accomplish this. Onee.g., tetrafluorotetracyanoquinodimethane (F4-TCR@j,
is electrochemical doping. If the ionization (or reduction) and molecular donors, e.g., bis(ethylenedithio)tetrathiaful-
potential of the electrode more or less matches the HOMO valene (BEDT-TTF)?
of the organic semiconductor, a negatively charged majorit .
carrier can be injected, provided thgt the glectro?yte sup{plie)g 2.2.2. Conducting POI)_/ mers ) o
appropriate counterions that can diffuse into the semiconduc- When an electron is added to (or withdrawn from) a rigid
tor. For p_Conducting Organic Semiconductors1 positive|y band Sem|CondUCt0r, It must gO into the conduction band
charged majority carriers are injected, as the oxidation (Or come from the valence band) because the lower energy
potential of the electrode matches the LUMO. An example valence band is completely filled. However, when an electron
is the oxidation of polyhexylthiophene by injection of holes is added to (or withdrawn from) a conducting polymer, a
from a solution containing tetraethylammonium perchlorate. chain deformation takes place around the charge, which costs
Charge injection is compensated for by concomitant “doping” €lastic energy and puts the charge in a lower electronic
with perchlorate anions. The alternative method is doping €nergy state. The competition between elastic deformation
by a neutral entity, whose electron affinity is different enough €nergy and electronic energy determines the size of the lattice
to allow for charge transfer from the semiconductor to the deformation, which can be on the order of 20 polymer units
dopant. In both cases, excess mobile majority carriers andlong:** ) ) _ _
immobile countercharges (i.e., dopants) are generated that This localized charged particle together with the simul-
roughen the energy landscape, in which the charge carriers@neous chain deformation is known as a polaron and is
migrate, but in the “neutral” doping case, in addition, charge defined in the semiconductor literature as an electron that is
redistribution can and does occur. The majority of charge dressed by a phonon cloud. The lattice distortion by the
carriers will actually form metastable geminate pairs, whose charges is also called self-trapping. In Figure 3A, the doping
dissociation is facilitated by the ambient phonon bath and Process of p-type polypyrrole (PPy) is depicted, which
the external electric field. represents a typical conducting polymer. The corresponding
A h|gh Charge Carrier Concentration can be reached W|thout band S'Fruct.ures and the allowed electronic transitions are
introducing counterions due to either field effect or high level Shown in Figure 3B.
of monopolar charge injection across a contact. Under these Bipolarons are similar to polarons, but they are double
circumstances, the Coulomb interaction between chargecharged. Instead of being a single charge that distorts the
carriers can strongly change the effective potential landscapechain, there are two charges, which are bound together in
The interaction between charges of the same sign is repulsiveand by the same chain deformation. Although these charges
and, therefore, cannot create Coulomb traps. It gives rise torepel each other via the Coulomb interaction, they remain
transiently fluctuating potential barriers that affect the bound together by their common chain deformation; the

mobility. energy increase to form two distinct chain deformations
) rather than a single one is greater than the Coulomb energy
221 MOIeCU/ar SemICOI‘IdUCl‘OI’S gained by their Separation_

Doping of organic molecular films has been investigated Associated with each one of these excitations are energy
relatively little compared to the doping of inorganic semi- states located in the energy gap of the p-doped polymer
conductors or of conjugated polymers. The main reason is (Figure 3B). The polaron has two subgap states, of which
that, unlike inorganic semiconductors, traditional n- and the lower one is singly occupied and the higher one is empty
p-doping has not been a requirement for achieving bipolar for a positive polaron (i.e., an electron and a hole). The
transport in the most common molecular devices, i.e., OLEDs doubly charged bipolaron has its subgap states completely
and OFETSs. The ability to stack electron and hole transport empty for a positive bipolaron. A significant difference be-
layers, to build organic/organic or metal/organic junctions, tween polarons and bipolarons is their spin signatures: polar-
alleviates the need to “dope” the organic materials in order ons have charge-1 and spin/,, the same spin and charge
to inject electrons or holes into the active layer(s) of the as a free electron. Bipolarons have a zero spin and are doubly
organic device. However, the performance of organic devicescharged, mainly because of the pairing of the electrons.
is now reaching a level at which electrical doping seems to  The charge injection into the macromolecular chain, i.e.,
be attractive as a means to further improve efficiency. In the creation of any of the above-mentioned defects (polaron,
this respect, considerable work remains to be done, howeverpipolaron) in the conjugated backbone of the polymer, is
to understand and control doping in materials which exhibit called doping. Besides this charge injection, doping in
fundamental differences with standard inorganic semicon- polymers also implies the insertion or repulsion of a
ductors. The weak intermolecular bonds, large energy gaps,counterion (referred to as “dopants” or “doping ions”) to
and small dielectric constants of these materials are notmaintain charge neutrality. In order to match conventions
particularly conducive to low dopant ionization energies. between physicists and chemists, a polymeric cation-rich
Several groups have started to investigate doping mechanismsnaterial is called p-doped, and a polymeric anion-rich
and their effect on the electronic structure of the host organic material is called n-doped. Since every monomer is a
molecular semiconducto?&.®° Particularly important are the  potential redox site, conducting polymers can be doped to a
relative energies of the dopant and the host molecular levels,high density of charge carriers. The doping level is up to 5
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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.

orders of magnitude greater than that in common inorganic controversy. The (quasi) one-dimensional nature of the
semiconductors. The standard value of the doping levels liesconducting states may explain the exceptionally high con-
in the range of 0.270.5 positive charge per monomer 27  ductivities in doped conducting polymer systeths.
50% by mol), depending on the anion and the type of
conducting polymer. A slight decrease in the doping level 2.3, Transport Mechanism in Organic
is observed with an increase of the molecular weight and Semiconductors
the negative charge of the anion. For all conjugated polymers,
except for polyacetylene, polarons and bipolarons are the A feature common to all amorphous and disordered
entities through which charge transport is accomplished in systems, among them organic semiconductors, is the fre-
conducting polymeré They can travel along the chain as quency dependent conductivity that increases approximately
an entity, with the atoms in the path changing their positions linearly with frequency, at least in the range'+00’ Hz,
so that the deformation travels with the electron or Hble. i.€.,0(w) O 0w, where the frequency exponesit 1.°°The
Doping in polymers can be accomplished chemically, origin of this obviously universal behavior of the dispersive
electrochemically, and photochemically, as well as by charge cCOmponeni,c of the conductivity has been ascribed either
injection at the metal/insulator/semiconductor (MIS) inter- to the relaxation process or to a transfer process. The former
face?’ In the case of electrochemical and/or chemical doping, is caused by the motion of charge carriers by thermally
the induced electrical conductivity is permanent, until the assisted quantum mechanical tunneling between localized
charge carriers are purposely removed by dedoping, i.e., bystates lying deep within the band gap. The latter is called
reversing the electrochemical reactions, or until the charge hopping and involves classical thermal activation over the
carriers are chemically compensated. barrier height, separating two sites with an energy difference
Initially, conducting polymers have been regarded as one- AE. The frequency exponers is predicted to have a
dimensional semiconductors, becausestheonjugated sys- ~ temperature dependence, and the magnituds af any
tems extend over the whole polymer chains, thus allowing temperature is determined by the binding energy of the
for delocalized states in one direction. In their pioneering charge carrier in its localized sité.
work, Su, Schrieffer, and Heed®rstudied the interaction The temperature dependence of the dc conductivity term
of an excitation with an ideal one-dimensional lattice, provides first-hand information on the possible processes
neglecting Coulomb interactions and disorder effects. Today, involved in the conduction in amorphous materials. One of
conducting polymers are discussed either as one-dimensionathe theoretical models most successfully used to predict the
semiconductors with strong electron/phonon interactions or probable transport mechanism in disordered materials is the
as disordered molecular solids with strong Coulomb interac- Mott's variable-range hopping (VRHY. It describes a
tions. The discussion of the precise nature and dynamics ofphonon-assisted quantum mechanical transport process, in
excited states in conducting polymers is still very much alive. which a balance is obtained between the thermodynamics
The one-dimensional semiconductor nature of conducting constraint on a charge carrier moving to a nearby localized
polymers might play a role in experiments on highly ordered, state of different energy and the quantum mechanical
stretch-oriented materials or on isolated single chains. constraint® on a charge carrier moving to a localized state
Furthermore, in conducting polymers, the influence of of similar energy, but spatially far away. The VRH model
chemical dopants on the morphology of the polymer layer is equally applicable to charge carriers such as electrons,
and on the charge-transporting states is still a matter of polarons, or bipolarons, provided that the appropriate wave
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function is incorporated. This model and its field of applica-  For a transport mechanism to be described in a certain
tions have been extensively reviewed by various autiidrs.  material, charge carriers must be present. In conducting
According to the phonon-assisted quantum mechanical polymers, upon injection of an electron or a hole, a defect
transport process, the temperature dependence of the din the polymer chain is created, i.e., a polaron or a bipolaron,
conductivity provides information about the conduction as already mentioned. These charged defects are the real
mechanism and the dimensionality of the charge transportcharge carriers in nondegenerated conducting polymers.
mechanism, which ranges from a three-dimensional to a one- - Charge transport in conducting polymers consists generally
dimensional transport process. of two components: intrachain and interchain transp/it.
Considering a one-dimensional system, the most com- Intrachain charge transport occurs along the polymer back-
monly invoked descriptions are charging-energy-limited bone and requires less energy than interchain charge
tunneling (CELT)?® fluctuation-induced tunneling (FI®f,  transport, which involves the hopping of the charge to

and quasi-one-dimensional variable-range hoppifi. neighboring chains. The dopant compounds play a very
) important role in the hopping process during interchain
2.3.1. Molecular Semiconductors Chgrge transport. PPINg P 9

Charge carrier hopping within a positionally random and  The charge carrier mobility may be thought of as a
energetically disordered system of localized states was showrmeasure of the ease with which the charge carriers move
to be an adequate model for the description of both the through the material. It is sensitive to the level of structural
equilibrium and the nonequilibrium conductivity in noncrys- order present in the polymer. Thus, structural defects decrease
talline organic semiconducto?s.%° Bassler et al. discussed  the conductivity by lowering the mobility. It is interesting
the effect of doping on the charge carrier hopping in that the theoretical conductivity of perfectly aligned defect-
disordered organic semiconductét§! Doping such a system  free polyacetylene is believed to be greater th&s16m .5
by charged moieties will create a random distribution of  As a general consideration, the conjugation length appears
dopant ions that will coulombically interact with charge to be the most significant structural parameter controlling
carriers localized in randomly located intrinsic hopping 8ftes  the charge mobility. It has been recognized that the effective
and, thus, broaden the effective density of states distribution.conjugation length of most conducting polymers is finite,
This effect is especially important for molecular semiconduc- because of the imperfect planarity of the conjugated system.
tors, because the dielectric permittivity is low, and the range |t is supposed that the chain architecture of a conducting

of the Coulomb potential is large in organic solids. polymer consists of rigid blocks of a conjugation length of
. several polymer units separated by flexible nonconjugated
2.3.2. Conducting Polymers polymer segments. This kind of macromolecular chain

Much work has focused on the nature of Charges in doped architecture should be kept in mlnd when (?ne deals with
conducting polymers. Even though there is a high density the structure-property relationship of conducting polymers.
of conduction electrons at the Fermi level for the highly  Currently, the description of the conductivity in these kinds
doped polymers, the charge carriers may be spatially of disordered materials remains open, and the understanding
delocalized, so that they cannot participate in the electronic of the influence of the disorder, which is present at every
transport except through hopping. The prime source of scale of the structure (defects on the chains, heterogeneities
localization in conducting polymers is structural disorder. in the doping distribution, etc.) is far from being complete.
Most conducting polymers are noncrystalline, i.e., amorphous Moreover, several studies have been devoted to the theoreti-
materials, although some of these systems possess a mole@al search for microscopic pictures leading to different new
ular low crystallinity, in which regions of the material are descriptions, such as Fermi gl&8€oulomb glass$? super-
more ordered and other regions are more disordered. Theocalization’* multifractal localization’? etc. Such a great
percentage of crystallinity may vary from near zero to 11% variety of theoretical approaches reflects the wide range of
for polypyrroles$® 20—30% for polyaniline$* and ap- phenomena involved in electronically conducting polymers.
proximately 80% for highly doped polyacetylerfés. Furthermore, the transport process may differ from one

The charge carrier mobilities in these low-conducting polymer to another, as well as from one sample to another,
amorphous solids are frequently estimated to be very dow, principally according to the preparation method.
< 1cn? V15186 These values bear witness against a band
transport mechanism. However, detailed knowledge of their 3 Metal/Semiconductor Junctions and Their Use
cha_rge transport is usuglly quite I|m|ted. Nevertheless, th_e in Gas Sensing
basic principles underlying electronic states and electronic
transport in this class of solid materials are those of 31 |ntroduction
amorphous solids. It should be emphasized that the great
variety of polymer constituents and structures yields a In the following sections, the behavior of basic metal
diversity of interesting and perhaps specific electronic contacts with semiconducting materials and their application
properties. The dimensionality of the system can play a major in chemical gas sensing are described. The elucidation of
role in determining the nature of both electronic states and the interfacial electronic structure forms the basis for
electronic transport. The intrinsic contributions to charge understanding and improving the performance of electronic
transport are strongly intermixed, and it is often not trivial devices. A key theoretical prediction is that the electric field
to quantify the individual contributions from various param- at the semiconductor/metal interface should, in principle,
eters (e.g., interchain interactions, anisotropic diffusion of respond to changes in the Fermi level of the contacting
charge carriers, the role of dopant ions, the extent of disorder,metal’37* The behavior of such contacts has been discussed
etc.). The theoretical modeling of transport properties in thoroughly in several books and reviews articles;
conducting polymers is a challenging problem because of although the interfacial chemistry of these systems is still
the extreme complexity of these systems. controversial.
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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 contactg, >¢s); (D) n-type ohmic contacigy < ¢s); (E) p-type ohmic contacip, > ¢J); (F) p-type rectifying contact
(pm < ¢). 0 denotes electron in conduction barddenotes donor ion.

Metal/semiconductor contacts are components of any overview of the works on Schottky contacts is beyond the
semiconductor device. At the same time, such contacts cannoscope of this review. Several excellent textbooks report on
be assumed to have a resistance as low as that of twaotheir electronic properties and the development of the
connected metals. In particular, a large mismatch betweenfield.8:-8
the Fermi energy of the metal and the semiconductor can Figure 4 illustrates the band diagram of Schottky’s
result in a high-resistance rectifying contact. A proper choice Gedankenexperimefudr the formation of a Schottky barrier.
of materials can provide a low-resistance ohmic contact. The metal and the semiconductor are supposed to be
However, for a lot of semiconductors, there is no appropriate electrically neutral and to be separated from each other for
metal available. Instead, one then creates a tunnel contactan n-type semiconductor with a work functign smaller
Such a contact consists of a thin barrier, obtained by heavily than that of the metapy, (Figure 4A). When the metal and
doping the semiconductor, through which charge carriers canthe semiconductor come in electrical contact, the two Fermi
readily tunnel. Thin interfacial layers also affect the forma- levels are forced to coincide and electrons pass from the
tion, which is discussed for metal/organic semiconductors semiconductor into the metal. The result is an excess of

contacts. negative charge on the metal surface and the formation of a
positive charge depletion zone with a thickn&8sin the

3.2. Interfacial Electronic Structure —lIdeal semiconductor near its surface (Figure 4B). These excess

Junction Characteristics charges form an interface dipole and produce an electric field,
directed from the semiconductor to the metal. By bringing

3.2.1. Formation of a Schottky Barrier 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
height¢y, For an ideal contact between a metal and an n-type
emiconductor, the height of the barrggrmeasured relative
o the Fermi level is given by

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 interfaceg? The following decades brought a variety
of technical applications, but it took more than 60 years until
Schottky?® and independently Moff, used microscopic
concepts to describe these so-called Schottky contacts. Sinc
then, metal/inorganic semiconductor contacts have been
extensively studied and have become rather well understood. . 1
The subject of interfacial electronic structure can be roughly P = Pm ~ Xs (1)
divided into two aspects: (1) the energy level alignment at
the interface and (2) the band bending in the spatarge or
region8! The former is important for charge carrier injection;
the latter is essential for charge carrier separation. A complete pp=eVyt+tE=¢, + & 2)
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whereys is the electron affinity of the semiconductor, defined metal/semiconductor interface, contribute to the current flow.
as the difference in energy between an electron at rest outsid€Quantum mechanical tunneling through the barrier takes into
the surface and an electron at the bottom of the conductionaccount the wave-nature of the electrons, allowing them to
band just inside the surface,is the electronic chargég, is penetrate through thin barriers. In a given junction, combina-
the difference between the bottom of the conduction band tions of all three mechanisms exist. However, typically one
Ec and the Fermi level of the semiconducteY is the band finds that only one charge carrier mechanism dominates.
bending at zero bias voltage, ae¥, the diffusion potential Thermionic Emission Theory. Thermionic emission

at zero bias voltage, usually called the built-in potengial theory assumes that the barrier heights much larger than

or the contact potential formed between the metal and thekT and that electrons, with an energy larger than the top of

semiconductor, is given B¥ the barrier, will cross the barrier, provided they move toward
the barrier. The actual shape of the barrier is hereby ignored.
eNDWS2 The current densityJ, can be expressed as
b =eVy= 2es (©)

¢b)
— Ax%x T2
J=A*Tex KT

exp(ﬂl) — ] (5)
whereNp is the donor concentratiors is the permittivity KT
of the semiconductor, andss is the depletion layer width.
Equation 2 has been referred to as the M&thottky limit.
In obtaining it, a number of important assumptions have to e
J= Jolex;(k—\T’) - 1]

or

be made, namely that (1) the surface dipole contributions to (6)
¢m andys do not change when the metal and semiconductor

are brought into contact, (2) there are no localized states onyyherea** s the effective Richardson constant for thermionic
the surface of the semiconductor, and (3) there is a perfectemjssion, neglecting the effects of optical phonon scattering
contact between the semiconductor and the metal (i.e., theregpgq quantum mechanical reflection (equal to 120 A &m
is no interfacial layer). K~2 for free electrons)T is the absolute temperaturejs

In the case that the work function of the n-type semi_con- the Boltzmann constany, is the bias voltage, and is the
ductor ¢s is larger than that of the metak,, the contactis  g5tyration current density, given as

biased so that electrons flow from the semiconductor to the

metal. They encounter no barrier (Figure 4D). If a bias 5 N

voltage is applied such that electrons flow in the reverse Jo=A"T exr(— ﬁ) (7
direction, the comparatively high concentration of electrons

in the region where the semiconductor bands are bent pitsion Theory. For semiconductors with low charge
downward (usually referred to as the accumulation region) 5 rier mobility ¢ < 10~ cn? V-1 s79), it has been shown

behaves like a cathode, which is easily capable of providing 4t the dominant barrier transport mechanism is diffugton.

a copious supply of electrons. The current is then determinedrhe giffusion theory by SchottRy is derived from the

by the bulk resistance of the semiconductor and the appliedas5ymption that the depletion layer is large compared to the
voltage. Such a contact is termed ohmic contact. mean free path, so that the concepts of drift and diffusion

A p-type semiconductor/metal junction, for whigh, are valid. The resulting current density equals
exceedsps, represents an ohmic contact (Figure 4E). The
e
ex;{k\T/) ] (8)

case of a p-type semiconductor, for whighexceedgpn, is . by
shown in Figure 4F. Bearing in mind that holes have Jzel\loueEmaxexy{— k_T)
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 hejglfor eV
an ideal contact between a metal and a p-type semiconductor J= 'JSD[eka_T - 1] 9)
is given by
whereNc is the effective density of states in the conduction

¢, = Eyg = (m — %) 4) band, . is the electron mobility, anémay is the maximum

) ) field strength at the metal/semiconductor interface given by
3.2.2. Charge Carrier Transport Mechanism across the Emax = eNoWies. It can be seen that eq 9 is almost, but not
Junction Potential Barrier quite, of the form of the ideal rectifier characteristic for

The models initially developed for charge carrier transport thermionic emission. The difference arises becdtisg is
across potential barriers in crystalline materials have also Not independent of bias voltage but is proportionaMe
been used for noncrystalline systems. The current across &) For large values of reverse bias, the current does not
metal/semiconductor junction is mainly due to majority Saturate but increases roughly wit¥i*>.
carriers. Three distinctly different mechanisms exist: diffu- . .
sion of charge carriers f?om the semiconductor into the metal, 3.2.3. Ohmic Contact and Space Charge Limited Current
thermionic emission of charge carriers across the Schottky A metal/semiconductor junction results in an ohmic contact
barrier, and quantum mechanical tunneling through the (i.e., a contact with voltage independent resistance), if the
barrier. The diffusion theory assumes that the driving force Schottky barrier heighp, is zero or negative. In such cases,
is distributed over the length of the depletion layer. The the charge carriers are free to flow in and out of the semi-
thermionic emission theory, on the other hand, postulatesconductor so that there is a minimal resistance across the
that only energetic charge carriers, which have an energycontact (see Figure 4D and E). For an n-type semiconductor,
equal to or larger than the conduction band energy at thethe work function of the metal must be close to or smaller



Semiconductor Junction Gas Sensors Chemical Reviews, 2008, Vol. 108, No. 2 375

than the electron affinity of the semiconductor. For a p-type  If current is passing through a forward biased junction with
semiconductor, it requires that the work function of the metal a low doped semiconductor or a semiconductor exhibiting
must be close to or larger than the sum of the electron affinity low mobility, a depletion layer will be formed in front of
and the band gap energy. Since the work function of most the ohmic contact of the Schottky barrier diode, as discussed
metals is less tha5 V and a typical electron affinity is about by Chen et af® It can be described in analogy to the
4V, it can be problematic to find a metal that provides an depletion polarization effect in an electrochemical experiment
ohmic contact to p-type semiconductors with a large band by a limited charge carrier transport process inside the
gap such as GaN, SiC, or organic semiconductors. The valuesemiconductor toward the ohmic contact. The width of the
of the work function of organic semiconductors strongly mass-transport limited contact resistance can be modulated
depends on the preparation method and the doping level.by the external field. The time dependence of the polarization
The values range between 4.0 and 5.3 and can even differesistance is controlled by the charge carrier mobility and
for the same type of polymer and doping because of differ- by the geometry of the contact. In most Schottky barrier
ences in the treatment of the material. Therefore, the readerdevices, the ohmic contact resembles an electrode with a
is referred to the literature to obtain information on the work rectangular geometry, for which the polarization resistance
function values of the organic semiconductors of interest. increases with 4/t at constant applied voltage. The current
Effect of Background Doping—Bulk Limited Trans- increases roughly withV|*? (see also section 3.2.2).
port. In J—V characteristics, a slope of the Jnversus InV Moreover, a second bulk effect has to be taken into account
plot of approximately unity indicates an ohmic conduction. in the presence of an intrinsic or low doped semiconductor
Assuming conduction is via holes, the current flow may be forming the Schottky barrier junction. If the semiconductor

expressed in the forfh has no free or low charge carrier density due to doping or
due to intrinsic thermal ionization, the theory of space charge
J= el.buh(\_/) (10) limited current (SCLC) applies and the current densitg
L given by theV? (Mott—Guerney) Law86
wherehp is the concentration of thermally generated holes 9 2
in the valence bandyy is the hole mobility, and. is the J= gesuE (13)

thickness of the semiconductor. The concentration of holes
at thermal equilibrium is given by

E-—E
hozNVeXp[_M

wherees is the permittivity of the semiconductor andis

the thickness of the sample. With increasing applied voltage,
(11) 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 with/x.

The behavior of the current density at high currents, and

therefore at high voltages, is quite different. The curves for

B Vv (E-—E,) high and low doped semiconductors become identical. One
J= QuhNV E exmy — T

kT

where Ny is the effective density of states in the valence
band andr — Ey) is the separation of the Fermi level from
the valence band edge. The current density in the ohmic
region becomes

(12) would therefore expect that the current would obey the SCLC
V? 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 th&? law) meet. Therefore, an

By plotting In@/V) against 10007, the valuesurNy and
(Er — Ev) can be calculated from the slope and the intercept

at 1m = 0. expression for the voltagé,, at which the transition occurs,

When holes are injected into the p-type bulk of a metal/ ; : ;
p-type semiconductor Schottky diode, the total hole density ?:;Sbfodg:]lt\j/ef3l)):)/ equating the ohmic current and the SCLC

Ny(X) at the pointx measured from the ohmic (metal) contact
consists of two parts: (1) the density of the existing holes 8eh)L2
ho induced by the background acceptors and (2) the density V. =

[Nv(X) — hq] 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 This equation provides a method for determining the
of the existing holedy is compensated by the ionized fixed background doping concentration. The transition voltdge
dopant ions. As long as the total hole density(x) is equal can be experimentally determined.

to the doping density over most of the sample thickness, there Effect of Trapping and Field Dependent Mobility. A

is no space charge present, and it is expected that Ohm’smodification of theV? law occurs when trapping and the
law will be obeyed. The electric field in the doped samples dependence of the mobility on the electric field are taken
becomes constant over practically the whole length of the into account. The effects of trapping and field dependent
sample. This assumption would be equivalent to performing mobility on theJ—V curves have been discussed by several
an electrochemical experiment in which the resistance of theauthors6-8 Most workers have assumed an exponential
solution dominates and no electrochemical activity at the distribution of trapsN; given by

surface electrode (i.e., contact) can be detected. In effect,

such a case corresponds to a chemiresistor in which the useful N, (E) = Ny exd — E (15)
information is obtained from the changes of bulk resistivity v v KT,

of the sensing layer. This is not the case for Schottky barrier

junctions. whereNy is the density of states for a p-type semiconductor

(14)
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semiconductor that there is only a thin barrier separating the
metal from the semiconductor. For heavily doped semicon-
ductors (doping level: 20 cm™2 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 tunnelfd¢f. the tunneling

10?

-

Current Density /A em™

3 0 5 0 5 current dominates the current flow, the currembltage

Bias Voltage /V relationship is of the form

Figure 5. Dark J—V characteristic of an Al/doped PPy Schottky
diode. The dashed line indicates the fit ofdrvs V according to J=1J.exd— ﬁ
thermionic emission (see section 3.2.2). 0 Eoo

ex;{%_’) - ] (18)

where Eyp = (W47)(Np/m*e)¥¥eV, whereh is Planck’s
constant andn* is the effective mass of the electron. The
equation indicates that the tunneling will increase exponen-

andTy is the characteristic temperature of the distribution.
The ratio of free to trapped charge carrier denéitfor a
p-type semiconductor is given by

Ny —(E,— E) tially with +/Np.
0= —ex;{—] (16) A possible mechanism for the charge transfer from the
Ny kT metal to a conductive polymer based on tunneling through
. _ the barrier is given by Gustafsson efaMobile charges in
where & — Ev) is the activation energy of hole traps. For e conducting polymer exist in the form of polarons and

the distribution of traps, the current densilys given by pinojarons which occupy states in the band gap (see section
theJ = k™ power law, wherdg is a constant and the value 5 5 5y They are different from the valence band holes

of the exponenin depends on the characteristic temperature normajly encountered in inorganic semiconductors. Injection

Ty. The effect of field deperg)dent mobility has also been f 5 hoje by tunneling or by thermionic emission into the
discussed by several auth8?8°Most authors have used the polymer should be similar to the photogeneration of charge

following equation for the mobility: in conducting polymers, where, after its formation, a rapid
relaxation to polaronic/bipolaron states occtfr$hus, the

H=Ho exp(B«/E) 17) majority carrigr transfer f?om 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.

Variations of this equation are discussed by Campbell et
al® It is shown that both SCLC with traps and field
dependent mobility can give rise to the equatios ki V™
However, experimental currents measured at different tem-
peratures could not be described with one valuenoft a
given temperature and in a small voltage range Mhdéaw
with constantm has been experimentally verifigl.

Figure 5 shows a typical current density vs applied voltage
curve of an Al/PPy Schottky diode. The diode is forward . . L
biased at positive voltages, implying that the Al contact is 3.3. Interfacial Electronic Structure  —Deviations
negative. The current density in the low bias region between from the Ideal Case
Q.l and 1.5 \ varies expo_nentiallylwi_th the bias voltage and 3 3 1 ntroduction of the Ideality Factor
fits closely with the thermionic emission theory (eq 6). At a ) .
bias voltage> 1.5 V, the current starts to become linear, ~ Real Schottky diodes do not always follow the expressions
indicating a dominant contribution of the bulk resistance, derived for the ideal case of a charge carrier transport
which is in series with the resistance of the depletion layer mechanism across a potential barrier. Deviations from ideal
of the diode. As the Vo|tage increases to more than 5 V, the behavior arise from imperfections in fabrication, or faCtorS,
current increases again. This indicates the transition from Which are not included in the relatively simple theories taken
the contribution of the ohmic current to the contribution of for derivation of eqs 59 and eq 18. A few of the major
the SCLC, according to eq 14. The current denditaries limitations are given below. In practice, diodes never satisfy
with V™. The determination of the exponemtby plottingJ eq 5 exactly but can be more closely described by the
as a function ot/ gives information if the SCLC regime is modified eq 19
trap free and the mobility is field independemt & 2) or

controlled by trapping or by the effect of the electric field J=1, ex;{e—\q_)[l — expgll (19)
on the mobility m > 2). nk KT,

3.2.4. Tunneling through the Barrier or

An alternate and more practical contact is a tunnel contact, eV 3kT
if no appropriate metal is available to form an ohmic contact. J=J ex;{m_) for V=== (20)
It can be patrticularly problematic to find a metal that provides
an ohmic contact to doped organic semiconductors thatwheren is the ideality factor, which can be estimated from
usually show work functions of abbg V or higher. Tunnel the slope of the straight part of the lhvs V plot and is
contacts do have a positive barrier at the metal/semiconductorusually greater than unity. The ideality factois introduced
interface. They also have a high enough doping level in the in eq 19 to account for the failure of the simple, single-
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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.

carrier theories of barrier behavior, e.g., when image lowering model, S should be equal to unity, whil& is smaller than
of the potential barrier occurs. There are many other possibleunity for any deviation.
reasons why should exceed unity, e.g., series resistance of ~ An important limitation of the Mott Schottky model is
the bulk semiconductor, generation-recombination within the the neglect of intrinsic surface states with energy levels
depletion region, tunneling through the barrier, interface located in the semiconductor band gap which are pinning
states, and the presence of an insulating interfacial Byér.  the metal Fermi level as shown in Figure 6. In this extreme
In the case of polymeric diodes, bulk resistance and case, the Schottky barrier height does not depend at all on
interfacial layer effects are likely to be the most important. the metal work function, i.e$= 0.
. . Considering a continuum of interface states, a phenom-
3.3.2. Schottky Barrier Lowering enological formula for the Schottky barrier height can be
It has been assumed that the Schottky barrier height formulated®
remains constant under all conditions of applied voltage.
However, the barrier height varies with applied voltage ¢y =S¢y, — 2 + (1 — g, (24)
because conduction electrons experience a force from their
image charges in the metal. Thlis force attracts the el_eCtronswhereSis the slope factor andy is the barrier height when
toward the metal surface, effectively lowering the barrier and g charge neutrality level of the continuum of interface states
allowing voltage-dependent deviations from ideal behavior. ¢oincides with the Fermi level at the interface. The barrier
In theory, this “image force” should give the reverse current pqight hecomes independent of the metal work function and
a fourth-power dependence of bias upon voltage, rather thang getermined entirely by the doping and surface properties
the constant value implied by eq 7. This effect is usually o the semiconductor. In real situations, the consgiies
not observed, because charge carrier generation in theyenyeen 0 and 1. “Fermi level pinning” indicates that the
depletion region at high reverse bias and tunneling effects o |evel position at the surface of the semiconductor
dominate the reverse leakage. At forward biases abovemgagyred relative to the vacuum level does not vary when
approximately 0.1 V, the effect causes a slight deviation of gjiher the work function or the Fermi level or the contacting
the ideality facton from unity. For a diode that is assumed  yha56 is varied. Under strong Fermi level pinning, a constant
to be ideal except for barrier lowering, the ideality factor is  gjectric potential is dropped across the semiconductor regard-
b\ -1 less of the nature of the metal. The remaining potential is
n=(l—ﬂ’) 1) dropped across a thin dielectric layer near the metal/
dv semiconductor junction.
Besides the interface states, other reasons have been
where @y/dV is the derivative of the barrier height with  proposed for inorganic semiconductor/metal junctions as
respect to the applied voltage. The image force lowering of explanations for the Fermi level pinning behavior, i.e.,

the barrierA¢y; is given as chemical reactions such as alloy formatféner other
. stoichiometry chang€s,and/or quantum mechanically in-
eEnax| duced interface staté8.Although these theories were
Ay = 4re,, (22) 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.

Emaxis the maximum field at the interface, angl= 8.85
x 107 C cnmvt V1 is the permittivity of free space.

8.3.3. Effect of Interface States 3.3.4. Metal/Organic Semiconductor Junctions with an
Very often, a deviation from the ideal MetSchottky Interfacial Layer
behavior is observed. It can be measured in terms of the

slope parameter The elucidation of the interfacial electronic structure,

particularly the energy-level alignment at organic/substrate

deb interfaces, forms the basis for understanding and improving
S=_" (23) the performance of organic electronic deviée¥ Despite
dom, the advances in device application, there is still only a limited

understanding of the interface between organic materials and
describing the dependence of the Schottky barrier height onmetals. A number of recent studies have helped to understand
the metal work function. According to the MetSchottky the basic properties of the interface; see, e.g., the review by
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Figure 7. Energy diagram of the organic/metal interface with (A) band bending leading to Fermi level alignment and (B) without band
bending E,acuumdenotes the vacuum levé; is the Fermi levelgV is the shift of the vacuum level at the interface due to the dipole layer
formation, andA is the interfacial layer thickness.

Seki at al?® and references therein. In particular, ultraviolet rearrangement of electronic charge. Several mechanisms have
and X-ray photoemission spectroscopy (UPS, XPS) have been identified to explain this type of interface dip&ié!?
been used to investigate metal/orgd®i¢®! and organic/  Possible origins of the rearrangements are, e.g., charge
organid®?-1%interfaces. The organic layers employed in such transfer across the interface, redistribution of the electron
studies were nominally undoped, although the purity of the cloud spilled out of the metal surface, mirror force, formation
organic layers is usually insufficient to achieve intrinsic of an interfacial electronic state, interfacial chemical reaction,
behavior. and aligned permanent dipoles of adsorbed moleéBigsch
The simplest model used to discuss the energy level offsetinterfacial dipole layer formation results in an abrupt shift
at these interfaces is the “vacuum-level alignment” model of the potential across the dipole layer, leading to a shift of
(i.e., Mott=Schottky limit, eq 2). The band of an organic hypothetical vacuum level€Y/) at the interface, as shown
semiconductor in contact with a metal is bent to achieve the in Figure 7.
alignment of the Fermi level of the metal with the Fermi If the organic semiconductor is doped, for example by an
level of the organic layer fixed somewhere in the band gap, acceptor, as shown in Figure 7A, the dopant can be ionized
simply by analogy to an interface between a doped inorganic to form a fixed space charge, and the energies of the occupied
semiconductor and a metal. and unoccupied levels are shifted with increasing distance
As shown for several interfaces between an undoped from the interface, indicating the spaceharge region at the
organic semiconductor and a metal layer prepared in UHV, metal/semiconductor interface. However, most organic semi-
this is not always trué?® If the Fermi level fixing and its conductors are used, at least nominally, undoped and the
alignment with the metal Fermi level occur by atmospheric electronic structure of the semiconductor is represented
doping for an organic semiconductor, this assumption may without surface “band bending”, as shown in Figure 7B.
become valid for practical devices prepared and used under The presence of a spaceharge region at the interface
atmospheric conditions such as ambient air. The doping between a doped semiconductor and a metal, with a
process is expected to cause a characteristic band bendingignificant molecular level bending in the doped layer, has
at organic semiconductor/metal interfaces. Several problemsbeen amply demonstraté''*The magnitude of the spaee
have remained in understanding whether or not this simple charge region has also been shown to be larger in wide band
model is applicable to typical organic/inorganic and organic/ gap semiconductors with low intrinsic charge carrier con-
organic interfaces. Among these, the two main problems arecentrations and low conductivify which are common
(2) little is confirmed experimentally about the effects of characteristics of organic semiconducting materials.
the molecular orientation and/or packing structure on elec- Nishi et al. discussed the effect of bulk oxygen doping on
tronic structures near organic/organic and organic/inorganic the interfacial electronic structure of titanyl phthalocyanine
interfaces and (2) it is not easy to clearly distinguish the films (TiOPc) deposited on various metal substrafesilms
electronic structure in the “contact interface” from that in prepared under UHV did not show the alignment of the metal
the bulk regiont Changes in the molecular orientation Fermi level with the Fermi level of the organic semiconductor
during film growth may cause unintentional dipole-layer at fixed energy within the band gap, as shown in Figure 7B,
formation in the filmi°” and unintentional changes in the possibly because of insufficient charge density in the TiOPc
ionization potential of the filn1% In contrast, several groups films. On the other hand, there is a conversion from n- to
have reported the electronic structure of a well-defined p-type semiconductor seen, when the film is exposed,;to O
organic/substrate contact interfaée. 1 as well as a clear alignment of the Fermi level together with
The organic/substrate interface can be divided into two the formation of a spaeecharge region and an upward
adsorption systen®: (1) a chemisorbed system, in which molecular level bending (Figure 7A).
the interface dipole is formed by chemical interactions and Heeger et al. presented a model to understand the
electron transfer, which gives rise to pinning of the energy interactions at doped polymer/metal interf&8&which was
levels of the organic semiconductor to the substrate Fermirefined by Brazovskii et al*® The model considers specif-
level, independent of the initial semiconductor work function, ically the charge carriers in degenerated conjugated polymers.
and (2) a physisorbed system, in which the interface dipole The nondegenerate continuum model of Davids €t7al.
is formed by the push-back effect and electron transfer.  extended the work toward conjugated polymers with a
The important aspects can be discussed using Figure 7nondegenerate ground state. Based on the relative energies
When a metal and an organic solid come into contact, a between the Fermi level of the met& and the formation
dipole layer may be formed right at the interface, due to energy of polarons and bipolarons of the polym&gm,
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conclusions about the extent of charge transfer during species exhibiting electron donor or acceptor behavior, the
interface formation can be made Bf of the contact is higher ~ Fermi level position is changé@®?2by either a decrease
in energy than thé,m of the negative bipolaron/polaron, or an increase in the doping level. In this case, a gas-induced
the transfer of a large negative charge density into the change of the Schottky barrier characteristics can be ob-
polymer occurs, whereas a large positive charge density isserved, which can be exploited for gas sensing measurements.
transferred ifEr of the contact is lower thak;m of the In 1980, Van Ewyk et al. proposed the formation of a
positive bipolaron/polaron. In addition, Davids et al. sug- charge-transfer complex due to an electron donator/acceptor
gested that the presence of traps in the polymer will interaction during the absorption of strong electron donating
accommodate charges as weéll After values are assigned or accepting gases on organic p-type semiconduttdthe
to the polaron and bipolaron formation energies, as well as absorption causes a change in the doping level of the
to the trap energies and densities, it is possible to model thesemiconductor and thus a change in its conductivity. The
potential and charge density at the metal/polymer interface transfer of a partial amount of electron density without
for a given Fermi energy with respect to the center of the complete ionization of the reacting species is generally
energy gap by solving the Poisson equation. As a result, theknown for adsorption processes of molecules on conducting
transferred charge remains close to the metal/polymersurfaces and has been treated comprehensively, from both
interface. the catalysi¥* and chemicaf® points of view. It was

By considering the metal/polymer interactions from the assumed that this type of reaction is also responsible for the
microscopic point of view of quantum interactions, a chemical modulation of the electron work function of the
molecular modeling was carried out, which took into account polymer layer due to gas absorptitfi.
the quasi-one-dimensionality of the polymer systé#m:20 This type of interaction process is often described as a
As a result of the difference in the Fermi levels of the metal secondary doping of the sensitive semiconducting layer. The
and the conducting polymer, it is expected that charge primary doping process is carried out during formation of
transfer may occur across the interface. Furthermore, thethe semiconducting sensing layer by incorporating doping
guantum calculation approach considers specific chemicalions. In the case of an organic semiconductor, primary doping
reactions or even charge donation between the metal ands carried out during the chemical or electrochemical
the polymer as a result of bringing metal atoms in the vicinity preparation proce$$::2”
of a conjugated system and observing the changes in the Janata presented a model that describes the potential
electronic structure of the resulting system. Based on suchconcentration relationship based on the formation of a charge-
calculations, it has been postulated that the metal plays antransfer complex between the secondary dopant (gas or
important role in determining the extent of charge transfer vapor) and the matrix (sensitive phase), which is combined
that occurs in metal/conducting polymer interfaces: Ca and with a fractional charge transfer.128
Na appear to transfer charge at the interface without The dependence of the Fermilevel position of the sensitive
significantly altering its chemistr§t®11° Al, on the other material on the partial pressungy,s of the dopant gas or
hand, disrupts the chemical structure of the surface of thevapor is given by
conducting polymet!® The results obtained in the case of
Ca and Na agree with the general behavior postulated by
Davids et all” whereas Al deposition introduces an ad-
ditional effect of surface chemical reactions, which are not
considered by the continuum model.

« , KT
Er=E;+ 25 IN(pgas t CONSY) (25)

where inE; the donor/acceptor level of the organic semi-
. . . . conductor and the equilibrium coefficients of all relevant
?UZ:I C%;(?r?/ ggcﬂ: érslteractlons in Schottky Barrier reactions are combined. Fpgas= 1, Er equalsE, denoted
as the value of the Fermi level under standard conditions. A

The key difference between organic and inorganic Schot- change of the Fermi level is reflected in the change of the
tky barrier junction devices is the ability of many gases and work function Ewr of the semiconductor
vapors to penetrate through the organic semiconductor either
to change the Schottky junction resistance or to interact with AE = AE; (26)
the semiconductor itself, which causes a work function

change of the material, as shown in section 3.4.1. In the case Equation 25 has the familiar form of the Nernst equation
of an inorganic Schottky barrier junction device, gas for jon and electron transfer across the interface of two
permeation toward the metal/semlcond_uctor interface works condensed phases, except that they account for the fractional
only for hydrogen or hydrogen-producing compounds and charge transfep. The magnitude and the polarity of the
then g|VeS rise to formation of a dlpOle Iayer, as dISCUSSGd response depend on the Va'ue of the Charge_transfer Coef-
in section 3.4.2. Adsorption at the catalytic metal surface ficient ¢, and with 20| < 1, a fractional value of the slope
has only a limited secondary_ effect, i.e., the dissociation of jg possible. It depends on the ability of the entering gas or
molecular hydrogen to atomic hydrogen. vapor molecules to exchange charge density with the semi-
conductor matrix either by oxidizing §2< 0) or reducing

(20 > 0) the active sites of the matrix. The gas/vapor behaves
like an electron acceptor and donor, respectively.

The rectifying behavior of the Schottky diodes relates  In the absence of interfacial layer and Fermi level pinning,
directly to the Fermi level of the layer of the organic the gas-induced change of the Fermi level causes a change
semiconductor and can be influenced not only by the inthe Schottky barrier characteristics in the low bias region.
structure, the dopant type, and the doping Ié%ehut also The diode current is then exponentially related to the change
by the interaction of the semiconductor with gases or vapors. of the Fermi level, i.e., the work function of the semiconduc-
By exposure of the organic semiconductors to certain gaseoudor and the applied voltage, according to eq 5.

3.4.1. Bulk Effect upon Gas Doping—Modulation of the
Electron Work Function
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adsorbed species. In the steady state, the coverage is

-0 (d_l) Prso @9

where# is the fractional coverage of hydrogen amg) is

the hydrogen gas pressure. Equation 28 is valid, for both
. the metal/semiconductor interface and the outer metal

metal  semiconductor metal  semiconductor surface. The change in the build-in voltage can be written

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

GasrVapor AVyi = —uNygPleg (29)
o s} o
% g B e Z o  Metall whereu is the dipole moment of an adsorbed hydrogen atom,
_ Pl & opati | S || e Nags is the density of adsorption sites, ang is the
Scmicendeceor—8 ———e g external permittivity of the semiconductor. Moreover, the increase
Metal 11 Substrate of the interfacial charge density causes the change in the

. : . . ) ideality factor. The analytical relation between the ideality
Figure 9. Cross-sectional view of a typical geometrical arrange- . . S 3
ment of a Schottky barrier diode used for chemical sensing 'actor and the interfacial charge density is giver®hy

applications. (

A

€
n=1+={=>
€

3.4.2. Formation of a Dipole and an Interfacial Layer \TvJr e'\Lst) (30)

It is known that a number of metals, e.g., palladium or ) i ) i i
platinum, adsorb and dissolve hydrogen and that the adsorbedvhereA is the interfacial layer thickness (see Figure ),
atoms change the work function of the metal surfaces. By @ndes are the permittivities of the interfacial layer and the
using a thin metal film as the catalytic metal electrode of Se€miconductor substrate, respectively,is the depletion
the Schottky diode, hydrogen and other gases that react withldyer width,eis the electronic charge, ais, (cm™2 eVt
the catalytic metal can be detected. |s_the densr[y_ of the interface states that are in equilibrium

Hydrogen molecules are adsorbed and dissociated on theVith the semiconductor.
outer metal surface. Then, the atomic hydrogen permeates . .
through the bulk lattice toward the metal/semiconductor, 3-5- EXtraction of Schottky Diode Parameters for
causing a perturbation at this interface that gives rise to a S€nsor Applications
change in the sensor output signal. Two hypothetical steps ;
were proposed to explain the detection mechari®ni1) P23.5.1. Introduction
the hydrogen atom is polarized at the metal/semiconductor In Figure 9, a cross section of a typical chemical sensor
interface, which gives rise to a dipole layer, or (2) an excess based on a Schottky junction is shown. Each Schottky barrier
of charge states at the metal/semiconductor interface isdiode comprises two contacts, or junction areas, by defini-
created in the presence of hydrogen and reduces the Schottkyion: (1) between metal | and the semiconductor forming
barrier height. the Schottky barrier junction, which is the origin of the sensor

Figure 8 illustrates the band diagrams without and with signal, and (2) between metal Il and the semiconductor
hydrogen adsorption, respectively. The hydrogen-polarized forming the ohmic contact, which has to be inactive and,
layer, arising from the intrinsic electric field of the diode, hence, should not contribute to the sensor response. The type
redistributes the charges in the depletion region and abatesf contact is defined by the work function of the materials
the degree of band bending. Hence, the corresponding currentised for fabrication (see section 3.2.1 and Figure 4). It should
is correlated with the number of hydrogen atoms adsorbedbe noted that the area of the ohmic contact of the sandwich
at the metal/semiconductor interface. structure shown in Figure 9 is much larger than that of the

When atomic hydrogen has been formed on the outer metalSchottky junction, in analogy to auxiliary and working
surface, which is exposed to the ambient (see Figure 9), anelectrodes in electrochemical experiments.
equilibrium between the hydrogen concentration at this metal In Figure 10, the schematic band diagram and the
surface and that at the metal/semiconductor interface isequivalent circuit of a chemical sensor based on an ideal
reached. Based on this model, the change in ih&/ Schottky junction device, i.e., without an appreciable inter-
characteristics and the decrease in the Schottky barrier heighfacial layer or interface states, is shown. The equivalent
are strongly related to the hydrogen concentration. Assuming circuit of the Schottky barrier diode in Figure 10 shows those
that the adsorption is not affected by conditions outside the parts which can be influenced by the chemical interaction
metal surface, the metal/semiconductor interface has similarof gases with the chemical sensing material: (1) the barrier
adsorption properties as the free metal surface. The fractionalregion (of thicknessW;) formed by metal | and the
coveragd is equal at the outer surface and the inner interface semiconductor having a capacitarCgin parallel with the
in the steady state. At the outer surface, the following reaction junction resistanc®;, and (2) the neutral bulk (of thickness
occurs in pure hydrogen: Wg) of the semiconductor with a bulk capacitanCe in
parallel with the bulk resistandgs.

Both metal | and the semiconductor, forming the Schottky
barrier junction, can be used as the chemical sensing
components interacting with gases and vapors. Their choice
where (g) refers to gas-phase species and (a) refers tcand combination defines the working principle as well as

G
HA(g) <> 2H, (27)
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(:I G Figure 11. Typical change in thd—V characteristics of a Schottky
[ barrier diode due to interaction with a gas or vapor of interdst
=

4%'7 ] indicates the gas or vapor induced voltage shift at constant current
density.
BARRIER BULK at constant current density. It can be either junction (i.e.,
REGION T REGION AV)) or bulk (i.e.,AVg) controlled, as discussed above.
W: )’C\h The extraction of the sensing information from Schottky
R, Ry 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
the sensitivity and the selectivity of the sensor device. The Schottky barrier diode operated in the constant current mode.
generation of the “sensor response”, i.e., sensor signal, of _ ot
the Schottky barrier diode is originated in the change of the 3.5.2. Current-Voltage Characteristic

junction characteristics (i.eJ—V or C—V characteristics) Taking into account the image force between an electron
by alternating the Schottky barrier height or the built-in and the surface of the metal, eq 7 can be rewrittéh as
voltage. The response can be due eithexdsorptionof the
species of interest at the metal surface affecting interfacial  rex 2 bp — Ady;

polarization by formation of a dipole layer or &bsorption J=A"Texg - — 5 (32)
of gases or vapors of interest by the semiconductor and their

interaction with the Semiconductor, which Changes its work For metal/semiconductor ContactS, the Va|ue]&tan be

funCtiOI’] and, hence, '[helcontaC'[ pOtential or built-in V0|tage read"y correlated with a thermodynamic property of the
of the diode. The former is mostly related to Schottky barrier jnterface, the barrier height of the junctiapy.

diodes based on inorganic semiconductors and is discussed provided that the currentvoltage characteristics are
in section 4.1, whereas the latter is related to Schottky barriergfficiently close to ideal characteristics to allow a reliable
diodes based on organic semiconductors discussed in sectiofa|ye ofJ, to be determined, the effective barrier height can
4.2. _ _ be deduced in two ways:

It should be noted that the interaction of gases or vapors (1) If A** is known, the value al,, found by extrapolating
with the semiconductor, which causes a change of the dopingthe straight part of the {/[1 — exp(—eV/kT]]} vs V plot
level, leads not only to a change of the work function of the to v = 0 (eq 19), immediately gives the effective barrier
semiconductor, i.e., a change of the junction resistdlce heightg. = ¢, — Adp. A** is often not known with any
and the junction capacitandg, of the Schottky barrier  great precision, but because an error of a factor of 8%n
junction, but also to a change of the bulk resistaRgeof gives rise to an error of aboki/ein ¢., an imprecise value
the semiconductor (see Figure 10). In this case, the sensoan usually be used unless a very accurate measurement of
device works as both a junction controlled device, with a 4, is required. The determination of the zero-bias barrier
diode current in the low bias voltage region exponentially height from currentvoltage characteristics is only reliable
related to the change of the built-in voltage, and a bulk if the semilog plot of] vs V is linear with a low value oh
controlled device in the high bias region, with a diode current (1 < n < 1.1). For large values af or a nonlinear plot of
linearly related to the change in conductivity. The latter |n jas a function o¥/, the Schottky barrier is far from ideal.
represents a simple chemiresistor device. These compensathjs is probably due to the presence of a thick interfacial

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

tory effects are discussed in section 4.2.4.3. layer and/or to recombination in the depletion region and/or
In general, the gas sensitivity of diodes is represented by g tunneling conduction.
the so-called gas-induced voltage shifly, extracted from (2) If A** is not known, a plot of Infy T?) againstT—*
current voltage characteristics and is definetf&8 should give a straight line of slopegdk and intercept on
the vertical axis equal to IA**. This is the most common
AV = Vg~ Vg at J= constant (31)  case for the Schottky diodes based on organic semiconduc-

tors, because of the lack of the effective mass of charge
where Vg,s and Vy;r are the applied voltages at a constant carriers. The barrier height is generally a decreasing function
current density in gas and in air, respectively. In Figure 11 of temperature, because the expansion of the lattice causes
a typical change in thd—V characteristic of a Schottky a change in the band gap. To a first approximation, one can
barrier diode due to interaction with a gas or vapor of interest write ¢pe(T) = ¢e(0) — bT, in which case the method gives
is shown.AV indicates the gas or vapor induced voltage shift the barrier height at absolute zero.
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A problem arises if the diode has a large series, i.e., bulk A

resistance (see Figure 10), or the semiconductor is low doped. c
B J

This is typical for most polymeric Schottky diod&8.The
resistance is mainly due to the resistivity of the polymer film.
In this case, the region over which the plot ofdrvs V is
linear may be small, and accurate extrapolation to zero
voltage may be difficult. Moreover, the polymer surface

S H

J RI

m »Z,

RB Rl+ RB RI+ RB+ RJ

Figure 12. (A) Common equivalent circuit of a Schottky diode

cannot be exposed to any chemical etching process; thereforegjunction. (B) Impedance plane plot. Arrows indicate the direction

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 pfét,
which is a modified Norde plot, has been suggested by
Ingania'®® to determine the effective barrier height.

3.5.3. Capacitance—\Voltage Characteristic

of increasing frequency. The dotted lines imply that the bulk
capacitanceCg is often not appreciably distributed.

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

~ An independent way to determine the barrier height the applied voltage is dropped across an interfacial dielectric
involves the measurement of the differential CapaC|tance of |ayer' or when traps are present in an interfacial |ayer, the

the SChOttky barrier contact. The procedure is known as theCapacitancevo|tage data will not genera”y adhere to the

Mott—Schottky or capacitaneevoltage method. According
to the Schottky theory, the depletion layer capacitance (/F
cm?) of the metal/semiconductor contact

_9Q

C_av,

(33)

can be expressed®s

K
I Uy

< eeN

(34)

whereQ is the charge associated with the band bendifig,
is the reverse bias voltag¥,is the applied voltage, andis
the free charge carrier concentrationgifis 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-V, on the horizontal axis equal to
—(Vvi — kT/9. The barrier height is then given by
pp=eV,+5=eV+KkT+§ (35)

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

(26s¢bi)l/ 2

eN (36)

If N is not constant, the plot is no longer linear. In this

simple relationships of eq 33 and eq 34, respectively. Hence,
the capacitance method gives results which can differ
significantly from those obtained by the currenbltage
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 voltage’s? 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 thicknéas), with a
capacitanceC; in parallel with the junction resistandg;,
and (2) the neutral bulk (of thicknesak), with a bulk
capacitanceCg in parallel with the bulk resistandgs (see
Figure 12A)13

In most practical metal/semiconductor contacts, the condi-
tionsRy > Rg, C;> Cg, andwmaxts < 1 are satisfied33:138
The plane plot of the complex impedance is shown in Figure
12B. From Figure 12B, the bulk resistan&g and the
junction resistanc®; 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
R; andRg, the junction capacitance (for each frequency) and
thus the depletion width can be fitted according to

case, the differential capacitance method can be used to

determine the doping profile. The derivative of eq 35 gives

—2\[dv,2
(ess)[ d c ]
In practice, the junction is reverse polarized, and small

oscillationsdV are superposed. If no trap exists, the variation
of the charge associated with the band bendiQgcorre-

N

(37)

_ R, Rg
Z= 2652~ 2 + 2 2~ 2 (38)
1+w R‘ C]- 1+ o'Ry°Cy
wR/C, wRy’Cy
R= (39)

14+ 0’R/CY 1+ 0’RyCy’

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 capacitarcein
parallel with the resistancd? (see Figure 12B). The

sponds to the variation of the free charge carrier concentrationinsulating layer has three effed:(1) because of the
at the edge of the depletion zone. If traps exist, they contain potential drops in the layer, the zero-bias barrier height is

part of the chargéQ. To get rid of them, one has to perform
measurements at high frequeneyl00 kHz)3® For such a

lower than it would be in an ideal diode, (2) the electrons
have to tunnel through the barrier presented by the insulator

frequency, only the semiconductor depletion charge changesso that the current for a given bias is reduced in a manner

Another problem then arises: the bulk resistance contribu-

equivalent to a reduction in the Richardson constafit,
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and (3) when a bias is applied, part of the bias voltage is wloZwwo o
dropped across the insulating layer, so that the barrier height L1 883 3
¢ is a function of the bias voltage. This effect changes the
shape of the current voltage characteristics of the tunneling &
current given b§# RS
823
I=1, exp(e—v for vsXT (40) 23|
nk e B3|
(S 7}
in a manner which can be described in terms of an ideality é
factor n (greater than unity) defined by eq 41
=€
e oV S| Ea
" kToanJ) (“1) ¢S|85
££/8800
. , 532588
4. Schottky Diodes and Their Sensor oSlygen
Applications 55|9 ; 85
ST | VDO
4.1. Schottky Diodes Based on Inorganic 8813322
Semiconductors g 1
In the field of solid-state chemical sensors, Schottky diodes
and related devices (MOSFET, MIS structures, etc.) incor- @ 5
porating catalytic metals have been widely studied for their gg ;Y
application in the detection of hydrogen and hydrogen- S %
producing compounds.In hydrogen sensors based on SR o
Schottky diodes, the key role is played by the Schottky %§ *‘g‘
metallization, mostly belonging to the platinum group metals, 8¢
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- 23 =t
ficiently high Schottky barrier heights, necessary for good 25 X
sensing performance, but is not the gas-sensitive part of the g o o
sensor. 32| L
According to the dipole model, originally developed by =g -
Lundstron,'*® the hydrogen sensitivity of catalytic gate w3l ™
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 = vl E®55% 8
interface (see section 3.4.2). The polarized layer gives rise B|SS|sEssE £
to a shift of the capacitanesroltage C—V) curve of a MOS OISR | =2d o > =
capacitor or the currentvoltage (—V) curve of a Schottky 218
diode. Catalytic gate devices also respond to hydrogen- 2
containing molecules such as hydrocarbons, provided that 21 €5|8 88
the molecules are also dissociated on the catalytic metal a|8Y So8e
surface. Oxygen atoms are also dissociated on the catalytic 4 %’.g S339%k &
metal surface. Water formation with oxygen atoms from 8l "
oxygen-containing molecules consumes hydrogen and, there- e c c
fore, decreases the sensor response. In other words, catalytic 2l Llg EESE
metal gates have a direct response to hydrogen and hydro- g S|lge€ %gg =
carbons as well as an indirect response to oxygen molecules, > S 0 888 ~ z X
whose effect is to decrease the direct response. 2| S| S8% 238
Besides Si, compound semiconductors such as GaAs, InP, S S %%% z % z
SiC, and GaN have been alternatively employed as substrate o
materials for Schottky diode type hydrogen sensors. Tables o S
1-3 give an overview of the electrical and gas sensing S|gQ|lecccc <
parameters of the Schottky barrier diodes mentioned above. % Ez
e — (2]
4.1.1. Silicon Based Schottky Diodes g § 5 2
From the rapid progress in semiconductor materials and § g_,g § @ §,
devices, solid-state hydrogen sensors based on the Schottky S 2 E % = g
diode structure with a catalytic palladium metal have attracted wle glooy,. S S 8
intensive interest?14° Silicon based Schottky diodes are Sl =27 U,)'u‘y%'g 2
inexpensive, and they are compatible with monolithic silicon 3| T|ISSE3LL L £
. L . S E|laooaoaon o
integrated circuit technology. The measured diode current ~



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

structure metal operating  background sat. current/gas ideality factor/gas barrier height/gas charge carrier
metal/semiconductor layer gas/conc temp €C) atmos induced sat. current/A induced shiftn/An induced shiftgy/ A¢, (€V) density,Na, Np (cm™3)  ref
Pt/n-GaAs h H/1000 ppm 56-200°C synth air —/-0.19,-0.15 4x 10% 7
Pt/n-GaAs h H/23—1350 ppm 150C synth air/N —/—0.02 (100 ppm, &) 8
Pt/n-GaAs h H/23—1350 ppm 50C synth air/N —/—0.001 (100 ppm, & 8
Pd/n-GaAs h H/23—1350 ppm 150C synth air/N —/—0.075 (100 ppm, B 8
Pd/n-GaAs h H/23—1350 ppm 50C synth air/N —/—0.025 (100 ppm, & 8
Pt/n-GaAs p NH/6—95 ppm 150C synth air/N 8
Ir/n-GaAs p NH/23—-1350 ppm 150C synth air/N 8
Pt/Aly s:Gay sAS h H,/49—9090 ppm 36-120°C synth air —/—0.074 (9090 ppm) X 10v7 148
Pd/Al sGa sAs h H,/49—-9090 ppm 36-120°C synth air —/—0.07 (9090 ppm) X 107 148
Pd/n-GaAs h H/1—5% synth air —/—0.28 (5%) 2% 10v7 147
Au/n-GaAs p CO/+5% RT N> 1x 101 151
Au/n-GaAs p NQ/1-5% RT N 1x 10% 151
Pd/n-GaAs h H/500-1500 ppm RT-250°C  synth air 6x 1099 x 10°A 1.57H0.16 (500 ppm) 0.95(RT)70.08 (500 ppm) Ix 105 150
Pd/n-GaAs (MOS) h B/5—5000 ppm 80°C/110°C N 1.083/-0.009 (1010 ppm) 0.786/0.046 (1010 ppm) 1.5 10Y 150
Table 3. Electrical Parameters of Schottky Barrier Diodes Based on InP and GaN
structure metal operating  background sat. current/gas ideality factor/gas barrier height/gas charge carrier
metal/semiconductor layerP gas/conc temp €C) atmos induced sat. current/A  induced shiftn/An induced shiftgy/ A¢y (€V) density,Na, Np (cm~2) ref
Pd/InP (MOS) h H/5—5000 ppm 80C/110°C N, 1.072/-0.047 (1010 ppm) 0.67#0.21 (1010 ppm) 1.5 10Y 150
Pd/n-InP h H/100 ppm RT synth air 7.5 10%4.3x 10% 1.8/-0.88 0.72+0.19 (100 ppm) 19 10
Pd/n-InP (MOS) h H/15—1010 ppm RF110°C synth air 0.63f0.15 (1010 ppm) 1.% 10Y 9
Pd/n-InP h H/15—-1010 ppm RT110°C synth air 0.420.02 (1010 ppm) 1.5 10v 9
Pd—Ge—Pd/p-InP h NO,/10 ppm RF-100°C synth air 1.06+0.14 0.906+0.039 (10 ppm) 5¢< 10% 155
(pseudojunction)
Pd*/n-InP* h H,/15 ppm-1vol % RT-118°C  synthair /3.2x 10°® 1.12H2.55 0.588-0.177 (5000 ppm) 10 152/153
Pt/AlGaN/GaN h CO/8160 ppm 256-300°C  synth air 1.01+0.06 (250°C, 8 ppm) 163
1.12/-0.03 (300°C, 8 ppm)
Pt/AlGaN/GaN h H/5 vol % 200-800°C N, 15 —/-0.0114 162
IrPt/AlGaN/GaN h H/5 vol % 200-800°C N, 14 —/—0.0246 162
PdAg/AlGaN/GaN h H/5 vol % 200-800°C N, 16 —/—0.0941 162
Pt/GaN h H/500-2000 ppm  400C synth air 3.5x 107%2 1.37 1.15+ 161

aPd* indicates electroless platéth = homogeneous.
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varies exponentially with the lowering of the hydrogen- than three times higher than that of Pd/GaAs contacts with
induced Schottky barrier height Therefore, these Schottky  a response timefd s toward 500 ppm hydrogen gas. It has
diodes often exhibit excellent hydrogen detection sensitivi- been found that this promoting effect could be related to the

ties. formation of pore structures (effective adsorption centers)
The formation of palladium silicide at the Pd/Si Schottky in the Pd contact induced by the porosity of the GaAs wafer.
interface leads to the degradation of detection capatity. A urea sensor has been presented using an ammonia gas
An ultrathin (~30 A) oxide layer introduced into the Pd/Si  sensor based on a Pt/GaAs Schottky diode and a urease-
interface prevents the formation of palladium silicide*3 immobilized membrane. The authors used discontinuous

forming a conducting MIS (metalinsulator-semiconductor)  platinum films which proved to be effective and reliable in
diode. However, the sensitivity toward hydrogen is signifi- solid-state chemical sensors for the detection of; Igkis®
cantly decreased, if the oxide layer is not properly defined. The Schottky diodes have been coated with an organic layer
Therefore, the high quality of the oxide layer is a key factor in order to protect the devices during measurements in
for the device performance. This certainly increases the solution, as well as to use it as a support for biological
fabrication complexity and the cost. In the MIS configuration, material.

the Schottky barrier height of the Pd/Si system is found to )

depend quite strongly on the Pd effective work function and 4.1.3. InP Based Schottky Diodes

hence on the hydrogen ambient. _ Pd/InP Schottky diodes have been regarded as promising
Zhang at al. investigated PPd/Si-Al Schottky diode  devices for hydrogen sensiftf:152At room temperature, it
structures for detection of NOfrom 6 to 22 ppm gas  has been found that the Pd/InP Schottky diode exhibits
concentrations and of NO from 50 to 250 ppm gas concen- syperior sensing performances for the detection of hydrogen.
trations, respectively. The sensor operates at room temper+yousuf et al. demonstrated essentially high hydrogen re-
ature. The response is roughly proportional to the logarithm sponse in theJ—V characteristics of a Pd/InP Schottky
of the gas concentratiot? diode?® Although enormous current variations are observed,
Mesoscopic polysilicon wires coated with a thin film of  the low barrier height associated with the high defect state
palladium have been used as hydrogen sensors. The wireglensity at the Pd/InP interface severely restricts the allowable
show an increase in their electrical resistance, when hydrogernvariation in the barrier height. Recently, electroplating
reacts with the sensitive layétt technigues have also been proposed to fabricate the Pd/InP
Porous silicon obtained fromiptype silicon wafers were  Schottky diode$>3 Although uniformity and adhesion related
impregnated with Pd nanoparticles using an electrolessproblems must still be solved compared with traditional
process. It has been shown that the distribution of nanopar-vacuum deposition techniques, electrochemical techniques
ticles over the porous media creates a higher gas sensitivitydo exhibit the advantages of easy operation, simple equip-

toward hydrogen? ment, and low cost* Particularly, because of the specificity
. the low-energy process, the electrochemical techniques can
4.1.2. GaAs Based Schottky Diodes eliminate the Fermi-level pinning effect and lead to well

In a metal/semiconductor junction, the height of the Pehaved Schottky contact properties, which can remarkably
Schottky barrier depends on the work function difference IMProve the sensing performances of Pd/InP Schottky diodes.
between the metal and the semiconductor according to eq 4, 12alazac et al. have presented a different type of Schottky
However, as for many I#V semiconductors, the observed Pased gas sens8¥. The detection mechanism is based on
value of the barrier height of a metal/GaAs contact does not the electron exchange of the gaseous molecules with a thin
follow the simple theory in terms of the metal work function Semiconducting layer between the Schottky contact and the
and the electron affinity of GaAs due to the high density of S€miconducting substrate forming a pseudo-Schottky barrier
surface states, which causes a pinning of the Fermi level.diode. High sensitivities in the ppb range toward Nénd
Many models have been developed to explain this discrep- O3 could be found. However, the sensors suffer from long-
ancy. Among them, the effective work function model by t€rm aging effects.

Freeouf et al*® emphasizes the role of the intermediate layer .

formed by the reaction between the metal and GaAs to 4.1.4. GaN and AlGaN Based Schottky Diodes
determine the barrier height. However, some authors have GaN and AlGaN are attractive as materials for the
found evidence of unpinning of the Fermi level in metal/ fabrication of various chemical and biochemical send#ts:
GaAs interfaces fabricated on clean (100) GaAs surfaces.the bulk and surface properties are chemically stable due to
This offered a way to fabricate metal/GaAs Schottky diodes large band gap energies, the materials allow sensing operation
with high sensing capabilit}#7.148 at high temperatures, and the materials are environment

Lechuga et al. reported a Pt/GaAs Schottky diode reachingfriendly.

a low detection limit for hydrogen of 6 ppm in nitrogen and The Schottky barrier heights are much more dependent
200 ppm in air’® Liu et al. proposed the fabrication of a on the metal work functioff” than those for other IHV
planar-type Pd/GaAs Schottky diode as a hydrogen sensomaterials, indicating a weaker Fermi level pinning. However,
exhibiting an interfacial oxide, which weakens the Fermi Schottky diodes formed on GaN and AlGaN materials exhibit
level pinning and, hence, improves the barrier hetghthe excess reverse leakage currents, which are many orders of
use of a porous GaAs semiconductor has been investigatednagnitude larger than the prediction of the standard ther-
to improve the performance of Schottky diode hydrogen mionic emission model (see section 3.2.2). Another issue
sensors, both in terms of sensitivity and response. Pd/porous+elated to the metal/semiconductor interface is a poor ohmic
Ga/As and Au/porous-GaAs Schottky junctions have been contact. Large leakage currents in Schottky diodes are
fabricated, which show sensitivity toward hydrogen and polar particularly problematic for constructing high-performance
gases, e.g., CO, NO, respectivél{y!5! Pd/porous-GaAs  sensors® As a model which explains large leakage currents
Schottky diode gas sensors exhibited large sensitivity of morein nitride-based Schottky barriers, Hasegawa et al. recently
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proposed a thin surface barrier mod&involving donors minimum concentrations down to 10 ppm. The Langmuir
near the surface. Due to the presence of ionized high-densityadsorption model can describe the response of these devices.
donors, the width of the Schottky barrier is greatly reduced, )

and the electrons tunnel through this barrier by the thermionic 4-1.6. CdS,Ses .« Based Schottky Diodes

field emission or the field emission mechanism. It has been shown that the bulk photoluminescence of
On free surfaces of GaN and AlGaN, high-density surface semiconductors can be used to probe the Schottky barrier
states exist, which cause chargiischarge transients leading characteristics of both semiconductor/metal diéteand
to performance instability, such as current collapse, and poorphotoelectrochemical cell€? In particular, the electric field
long-term reliability. in the semiconductor can be estimated from the PL intensity
Recently, experimental and theoretical investigations on using a dead-layer model: electrehole (e —h™) pairs,
the role of oxygen impurities in GaN and AlGaN have formed within a distance from the interface in the order of
indicated that oxygen acts as a shallow donor close to thethe depletion width, do not contribute to the bulk photolu-
surface with an activation energy of about 30 m#é¥.  minescence. Schottky diodes have been fabricated with Pd
Therefore, the elimination of oxygen from AlGaN and GaN because of the known sensitivity of the curremoltage
layers is highly desirable prior to the sensor fabrication in characteristic to hydrogen. Carpenter et’alshowed that,
order to realize high-performance sensors, e.g., by using anpesides the decrease of the Pd work function on exposure to
ultrathin Al layer as a getter material for oxyg&H. hydrogen, the variation in Schottky barrier height with

Schottky diodes on AlGaN/GaN heterostructures with pt, ydrogen strongly influences the bulk photoluminescence
IrPt, and PdAg catalytic metals have been fabricated andintensity of the Pd/CdS Schottky diode.
characterized from 200 to 808C for hydrogen sensing The bulk photoluminescence intensity is enhanced upon
operationis! The hydrogen sensitivity of Pt and IrPt diodes €XPosure to hydrogen. In air the bulk photoluminescence
improves with the increase in temperature due to a more intensity of the Schottky diode returns to its original value.l
effective hydrogen dissociation. The sensitivity of PdAg 1he Spectral changes are consistent with a reduction in

diodes degrades with increase in temperature due to thermaECho'{tky barrier height resulting from the dissolution of
instability of PdAgL62 ydrogen in Pd. Qualitatively, the bulk photoluminescence

Schottky gas sensors for CO were fabricated using a pt.1S expected to rise because the smaller electric field in the

: semiconductor allows a larger fraction of-eh™ pairs to
?éﬁg[:\//ﬁaw] tshcg?:}%y éjr'gg ?'e I:r? 502 Smsoegfgrfsf how good radiatively recombine. By regarding the region supporting
y P 9 ' the electric field as being completely nonemissive, a quan-

4,15, SiC Based Schottky Diodes titative expression for the relative intensity of the bulk
o photoluminescence can be obtained:
The operating temperature of gas sensors using silicon
substrates is limited below 25 due to the small band Paid b1, = €XP(—0.AD) (42)
gap of silicon. This restricts their use in specific environments
such as automotive, aeronautical, and environmental areaswhere ¢, and ¢y, are the radiative quantum yields in air
Semiconductor substrates with a large energy band gap sucland in hydrogen, respectivelD is the difference in dead-
as silicon carbide and diamond can be used for sensordayer thickness between the two media, anid the sum of
operating at high temperatures. the solid’s absorptivities for the exciting and emitted light,
The use of catalytic metal gate SiC devices as gas sensoréespectively AD can be used to calculate the reduction of
for hydrogen and hydrocarbons has been extensively inves-the Schottky barrier height. By substitution of the depletion
tigated by several groups. Janson et al. reviewed the effectwidth W by AD, eq 36 gives the change in barrier height
of hydrogen on the wide band gap semiconductor SiC and Upon exposure to hydrogen.
its influence on catalytic metal/SiC Schottky diodé&sKim ) )
et al. investigated hydrogen and methane gas sensors using-2. Schottky Diodes Based on Organic
Pt—SiC and Pd/SiC Schottky diodes operating at tempera- Semiconductors

tures in the range 306600 °C.H1¢2 _ Electrical conductivities of organic semiconductors can be

Annealing effects on Pd/6H-SiC Schottky diodes have also varied over the full range from insulator to semiconductor
been investigatetf® The studies indicated that the response through p-doping or n-doping (see section 2.2). They offer
of the diode to hydrogen degraded after annealing at 4253 viable alternative to conventional inorganic semiconductors
°C due to interfacial diffusion of silicon into the Pd film in many applications because of their unusual electrical
region after dissociation from SiC. Palladium silicides properties, diversity, ease of fabrication, large area, and
are formed as the major interfacial products. The use of a potentially low cost. Much research has been carried out on
Pdh.«Cro alloy film deposited on a 6H-SiC epilayer results the use of organic semiconductors as active materials in
in Schottky diodes exhibiting a stable catalytic surface and electronic devices. Fabrication of electronic devices, such

a significant improvement of the device sensitivity. as OFETs, OLEDs, and devices based on Schottky barriers
Some reports deal with the response of catalytic metal gateis the most important application of these materials.
SiC devices to nitric oxides (NQ Zubkans et al*®reported The use of different semiconducting organic films for the

the direct response to NQwhich could be increased after a detection of gas and vapors has been reported by a number
treatment with ammonia. Katsube et al. showed that thin of groups?’-3%174Whereas the chemical stability in a given
catalytic metal gate Schottky diodes and p/n heterojunctionstemperature range and in ambient environment is a basic
on Si substrates can be used for direct/détection at room requirement of organic semiconductors to be used as active
temperaturé®® They extended their investigations using SiC material in electronic devices, the modulation of physical
substrates for high-temperature operdfidfor direct detec- properties of the organic semiconductors as a function of
tion of NOy at elevated temperatures up to 400 at gas or vapor concentration is a prerequisite to be used as



Semiconductor Junction Gas Sensors Chemical Reviews, 2008, Vol. 108, No. 2 387

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

barrier charge carrier depletion charge carrier
device config doping heightgy/eV densityNs/cm™3 width W/ nm mobility « /m?>V-1st ref
Au/AIPcCI/AI p-type oxygen 1.03 1.% 10° 1.73x 10°8 194
p-type as deposited 1.09 75108 1.58x 10°8
ITO/AIPcCI/AI p-type oxygen 0.65 2.% 10 1.2x 10°® 196
Au/FePcCl/Au p-type 5.k 108 193
AU/TiIOPc/HOPG p-type oxygen 1% 10 105
n-type as deposited 3410
Au/NiPc/Al oxygen 1.2 1.1x 10 169 5.8x 1076 176

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

doping ideality contact or built-in barrier height charge carrier
structure agent factorn potentialgy/eV pu/eV densityNa/cm™3 ref
PolythiophenesPT
Al/PT/Au ClO, 13.0 0.38 0.66 211
Al/P3DT/Au—Sn undoped 0.4 3.8 10* 217
Al/P3HT/Au undoped 3.9 1.6 10v 91
Al/P3HT/ITO Pk 0.34 205
Al/P3MeT/Pt reduced 3.0 0.35 0.75 3610° 216
Al/P3MeT/Au BF, 4.5 1.2 15 6.4x 101 239
reduced 25 0.6 0.8 4% 10 239
PK 0.45 205
Al/P3OT/ITO undoped 6.1 1.01 29 10 205
FeCk 4.9 0.52 0.72 7.0¢ 106 203
Al/P30OT/Au undoped 1.2 0.7 204
Polyanilines-Pani
Al/Pani/Au HCI 1.24 0.38 222
TOS 1.3 0.72 0.78 2.8 108 220
PAA 1.7 0.82 0.87 1.4 10
undoped 1.95 0.9 1.03 1.810Y
Al/Panf/Au HCI 1.46-1.64 0.33-0.41 222
Al/Pani/ITO HCI 4.2 0.65 0.76 3.% 10v 228
In/Pani/Pt DBS/HCI 3.12 0.69 0.803 3.6610Y 221
Polypyrroles-PPy
Al/PPy/Au BF 4-7 ~0.7 0.7~0.76 1.0x 107 185
Al/PPy—NMPy/Au BF, 1.4-2 0.78-0.82 0.7 16-10v 185
In/PPy-NMPy/Au CIO, 12 0.23 0.81 7.6 107 182
Au/PPy/Pt CuPcTS 3.6 0.26 0.63 2107 186
PbPcTS 3.8 0.24 4.6 10°
NiPcTS 4.0 0.23 3.% 109
CoPcTS 4.2 0.2 1.9 10

aClO, = perchlorate; CuPcTS= copper phthalocyanine tetrasulfonate; PbPcFSead phthalocyanine tetrasulfonate; NiPcESnickel
phthalocyanine tetrasulfonate; CoPcFSobalt phthalocyanine tetrasulfonate; DBSdodecylbenzenesulfonic acid; & dodecyl; O= octyl; M
= methyl; H= hexyl; NMPy = N-methylpyrrole.? Modified with metal-2.5-diaminobenzenesulfonic acid.

the sensing element in chemical sensors. However, the detailbeen reported’® Up to now, most Schottky diodes based
of the gas response mechanism have not been completelyn organic semiconductors were fabricated and characterized
elucidated. From a practical point of view, the gas sensing using metals with low work function, such as Al, In, or
characteristic is strongly influenced by a number of process- Ca?7180-182217 These diodes show unstable electrical and
ing parameters: for example, the growth rate, the thermal chemical sensing properties, which have been attributed to
annealing? the polymerization temperatut&and the nature  the high chemical reactivity of the metal us€éiThe nature
of the dopants$®? By exposure of the polymers to certain of the interfacial layer between these metals and the
gaseous species exhibiting electron donor or acceptorsemiconducting polymers is commonly difficult to defit¥é.
behaviort’617"the Fermi level position is changed by either  In Tables 4-7, diode parameters of organic Schottky
increasing or decreasing the doping level according to sectiondiodes are given. The data show that, unlike the case of
3.4.1. In this case, a gas-induced change of the Schottkyconventional metal/semiconductor contacts, the electrical
diode barrier characteristic can be observed. Furthermore,properties of contacts based on organic semiconductors can
the increase or decrease in the ideality factor during gas/be manipulated not only through the choice of materials,
polymer interactions, which is due to a generation or methods, and conditions of preparation but also through the
reduction of the interface state density, can influence the gastype of dopants incorporated into the organic semiconductor
sensitivity of the junction as well. (see section 2.2). This can be exploited to tune the diode
Despite these advances in the use of chemical sensingcharacteristics in a definite way. On the other hand, a careful
applications, the detailed properties and roles of interfacescontrol of the preparation parameters is necessary to obtain
in organic semiconductor devices remain elusive. Parker reproducible results.
suggests that charge injection into organic materials proceeds The choice of the metal forming the ohmic contact
via tunneling across interfacial barriéré.Improvement of depends on the work function of the organic material used.
device performance through interface modification has also For the commonly used polymer-based diodes, consisting
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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 NQ

saturation current ideality rectification ratio built-in voltage

densityJy/A cm=2 factorn (at|vi=1Vv) Vil V
dopant air NQ@ air NO, air NO air NO
CuPcTS 8.1x 1074 7.0x 10°° 3.6 3.2 7.2 135 0.26 0.29
PbPcTS 1.5¢ 1073 7.9x 10* 3.8 35 52 8.7 0.24 0.27
NiPcTS 6.5x 1073 24x 1078 4.0 37 3.7 51 0.23 0.26
CoPcTS 1.0« 102 48x 103 4.2 3.8 3.2 4.7 0.20 0.22
TOS 2.5x 1072 1.1x 10?2 4.9 4.3 21 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 NO; Sensitivity for Different Polymerization Temperatures of
PPy, Measured in Air and in 11 pm NG,

Besides @ any other electron acceptors, such as; &
Cly, induce acceptor levels, while electron donors, such as
H, or NHs, remove them. Both change the Schottky diode
characteristics.

polymer-  rectification _ourteny. charge With most of the phthalocyanines, gold is found to form

ization ratio at density ideality carrier conc the ohmic Contad‘,"ls and aluminum is found to form the

temp/K  |[V|=0.9V J/Acm2 factorn Na/10“cm3 blocking contact??1% Under forward bias, oxygen-doped
278 21 3.1x 102 4 975 phthalocyanine thin films show ohmic conduction at low
283 3 6.3x 1073 3.7 52.6 voltages and space charge limited conduction controlled by
288 5 1.9x 1073 3.4 37.1 an exponential distribution of traps above the valence band
293 6.3 7.9x 1074 3.6 12 edge at higher voltagg8?19419
303 27.3 1.2¢ 104 3.3 2.1 . .
313 156 7.6¢ 10°5 31 0.82 As already discussed above, almost all phthalocyanines
323 307 5x 1075 25 0.37 show excellent gas-sensing properties for both electron
333 68 1x 107 2.9 1.4 acceptors, such as N7 1% HCI,%7 Cl,?° and electron

of poly(3-octylthiophenej’ poly(3-methylthiophene)* and
PPy?9.185.186g0]ld was used to form an ohmic contact. The
work function of gold has been assumed to be about 5.
eV. Several studies show that the work functiorvmeton-

jugated polymer films is about 5 eV, depending upon the

dopant type and the doping le\iéf%6In this case, the barrier

donors, such astbr NH;.1% 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 cortilex
1 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-
iong 197201

between the p-type polymer and gold is relatively small but ) ) o o
is predicted to be negative, representing a quasi-ohmic Studies _of phthalocyanines mthated that the sensitivity
Nevertheless, the experimental contacts are sometimedy the nature of the central metal ion and also by the crystal
rectifying13indicating a higher work function of the polymer ~ Structure and/(_)_r qr_ystalllnlty. Nleywenhluzen e%oétepprted
than that of gold. Hence, the junction characteristics of the that the sensitivities for detection of N@ecrease in the
ohmic gold/polymer barrier are strongly influenced by the order Co> Cu > Pb>H > Fe> Mg > Ni, whereas the
gas sensing behavior of the polymer layer, exhibiting either Sensitivities toward NEidecrease in the order Pb Fe >
symmetric or a non-ohmic, i.e., asymmetric, currevtitage ~~ Cu > Ni > Mg. Pc films either prepared by spin-coating or
characteristics. To overcome this uncertainty, platinum is Py vacuum deposition show a detection range of-2G0
recommended as metal to form an ohmic contact with the PP for NG;*"*%2and one of 200 ppm for NH*without
doped p-type conducting polymers. further annea_1||ng after film fqrmatlon. Indepenq_e_nt of the
central metal ion, phthalocyanines show no sensitivity toward
4.2.1. Phthalocyanines CO, CQ, CHy, CeHys, CiHg, SOy, H2O, and HS 22 High
Phthalocyanines (Pc) are a class of organic compoundsStaPility and reproducibility are observed in the sensing
of high thermal and chemical stability, which are classified begalg”g ofBaIIrﬁ)h:]halocy(/jar;mes, \.N'thdthe.: exception of P?\ﬁ_f
as p-type semiconductors characterized by a low mobility and FePc. Both show a deformation during exposure tg
and low charge carrier concentratisfiThey have potential ~ 2nd NQ. respectively. Additionally, the crystal structure and
size have been shown to vary with operating ti#&%>The

advantages for use as active layers in electroluminedéent, presence of disordered phases between the PbPc particles
i~189 i
photovoltaici® and gas sensor devicéS because they are reduces the response and recovery times during the gas

§g§|ll)élprocessable In low cost and large area device fabrlca'interaction. It was concluded by Sadaoka et al. that the gas-

However, it is known that oxygen profoundly influences sensing. properties O.f PbPc can be improved by annealing
the electrical properties of phthalocyanines. It has beenthe Pc films at 300C in order to form a homogeneous layer

demonstrated that the dark rectification ratio of Au/Pc/M (M of triclinic crystals with a mean diameter less than an2.*¢
= Au, Cu, Cr, Al) is related to the presence of &1%When ; : :
the devices are made and studied under vacuum, no rectifying4'2'2' Polythiophene/Poly(3-alkylthiophenes)

effect is observed. However, by exposure to air, a strong For more than one decade, polythiophene and its derivates
rectifying effect has been found. Acceptor levels are gener- have been the subject of intensive experimental and theoreti-
ated within the band gap of these materials in the presencecal work?°3-205 Polythiophene and its 3-methyl derivative
of Oy, and hence, their thermal activation energy is lowered exhibit a poor processability due to their insolubility. The
and the conductivity is enhancé#:'% available materials have not been of the high electronic
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quality necessary to use them in electronic devices. In 1986, H H H H
poly(3-alkylthiophenes) with an alkyl group of more than '@NONONOL 1.
four carbon atoms became availaBleThey are soluble in "
several organic solvents and even fusible, which makes them
attractive for use in electronic devices ranging from field-

H H
| [
effect transisto” and light emitting diode’8® to nonlinear *%@N‘@N%@NGN%*
1"

optoelectronic component® .
Sundberg et al. investigated the manufacture of metal/ +4n(1_x)HAJ ’ g Bese

polymer contactd!° The comparison of the currentoltage

and capacitancevoltage characteristics of melt-processed H H . .

and sputtering-processed devices shows no significant dif- {—F@&OL :O:H

ference between these structures. Both processes influence o < > A ;“)j‘

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 *GN%}NONGN—]T

concentration close to the interface than obtained for sput-

tering. For both devicesC—V characteristics indicate an Pernigraniline

additional constant capacitance in series with the variable Figure 13. Chemical structure of polyaniline, showing three

space-charge capacitance of the polymer, which is assigned different oxidation states.

to an insulating oxide layer at the metal/polymer junction.

In the melt-processed device, this layer is probably thicker decreases the reverse bias current. The results were explained

because the aluminum is exposed to air before making theby the acceptor and donor behavior, respectively, which

contact. Similar results were obtained when the rectifying results in a change in the Schottky barrier height by doping

contact was formed by pressing aluminum on the polymer or undoping of impurity levels in the band gap of the p-type

surface?!! In this context, it should be taken into account semiconductor.

that reactive metals such as Al and In might form a thin

insulating interfacial oxide layer and probably react with the 4.2.3. Polyanilines

dopant£?? This would lead to a lower accumulation of the The advantages of polyaniline compared with other

dopant species at the interface and a wider barrier. conducting polymers are the easy and cheap oxidative

Lous et al. investigated Schottky contacts on highly doped synthesis, the thermal and environmental stability, and the
organic semiconductors based on thiophene oligomer by simple nonredox doping in protic aci@i. Polyaniline is a
current-voltage and capacitane@oltage measuremerts’ p-type organic semiconductor, and it can exist in several
The Schottky diodes obtain their rectifying behavior from a oxidation states, ranging from fully reduced leucoemeraldine
partly undoped player at the metal/oligomer interface with  gyer intermediate and moderately oxidized (doped) emeral-
respect to the higher doped” pbulk layer. This low  gine to the fully oxidized pernigraniline, as named by Green
ponducnve p layer implies a large elgctrlc flelq at the  znd Woodhezd® (Figure 13). Acid-doping of the soluble
interface which can cause a substantial lowering of the emeraldine base, using organic and inorganic acids, leads to
Schottky barrier. the insoluble highly conducting emeraldine salt.

Schottky diodes with poly(3-octylthiophene) as the semi-  Schottky diodes have been prepared using either cast-
conductor and aluminum- and indium-doped tin oxide as the jng220221gr electrochemical techniqué®:223228The polymers
rectifying and ohmic contact, respectively, show a rectifica- investigated involve undoped and acid-doped polyanilines,
tion ratio up to 3-4 orders of magnitude. The shape of the which behave as p-type semiconductors. The diodes, in which
J—V characteristics, the high value of the ideality factor, and gluminum was used as low work function metal to form a
the observation of series resistance indicate an interfacial Schottky junction, exhibit a moderate rectifying behavior and
layer at the aluminum/polymer interface and the effects of |ow leakage current. The values of ideality factorlie
trapping in a region adjacent to the metdl. between 1 and 2, indicating either a recombination process

The effect of oxygen is reversible on structures based onin the barrier or a thin insulating layer at the interface. The
poly(3-methylthiophene}>?16 The effect of various atmo-  acid-doping of polyaniline, e.g., with toluene-4-sulfonic acid,
spheres on the electrical characteristics of Mo/poly(3- can cause a higher rectifying effect and photovoltaic conver-
methylthiophene) Schottky barrier diodes was investigated sion efficiency.
by Tagmouti et at!® The electrical characteristics were  Calderone et al. investigated the metal/polymer interface
mainly affected by the presence of water vapor and oxygen. theoretically, focusing on the interaction between aluminum
The capacitance shows a frequency dispersion, which isand the fully reduced form of polyaniline, i.e., leucoemer-
characteristic for the presence of deep traps induced byaldine??* The study obtained for the model system Al/p-
oxygen forming acceptor states in the band gap. The authorsphenylenediamine indicated that an electron charge is
concluded that oxygen fills the traps and dopes the polymer. transferred from the metal to the organic system, and the
The effect of water vapor is manifest by reduction in dopant z-electronic levels are strongly perturbed. These results are
density and a filling of deep traps, which is irreversible.  considered as the basis of the Al/leucoemeraldine interaction.

Gas-sensitive characteristics toward water vapor, chloro- Chemical sensitivities toward gases and vapors, such as
form, and ethanol were observed in poly(3-dodecylthiophene) ammonig?® hydrogen cyanidé® hydroger??” and meth-
Schottky dioded!” The two types of gases have opposite ane??® have been shown. Campos used a sandwich type
effects on the diode characteristics; one type (water vapor)device based on Al/polyaniline as a sensor for the detection
increases and the other type (chloroform and ethanol) of methane gas. HCl-doped polyaniline was electrochemi-

Leucoemeraldine

Emeraldine Salt (doped)
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cally deposited on an indium tin oxide coated glass electrode, 4.2.4.2. Metal/Polymer Interface.The polypyrrole family
which serves as the ohmic contact metal in the Schottky of polymers is a promising candidate for device fabrication
diode. Methane decreased the forward and reverse biasecause of its relatively high stability in ambient air.

current, indicating an increase in the barrier height. Oxidized (p-type) PPy is reported to have a work function
close to 5 e\A??2 From theoretical considerations, therefore,
4.2.4. Polypyrrole the junctions between PPy and metals with low work

functions are expected to form a Schottky barrier. Several

4.2.4.1. General AspectsAmong various conducting reports are available on metal/PPy junctiéfg3323%Almost

olymers, polypyrrole (PPy) has been extensively investi- . X
Sated becguseIO of properties that are attractive from the@l Of the results were explained on the basis of the
practical point of view: that is, relatively good environmental Richardson equation, €q 6. _ _
stability, high conductivity, and ease of preparation either  The high charge carrier concentration found in doped PPy
by chemical or electrochemical methods, as well as the (Na ~ 10?2 cm™ assuming that all dopant charges give rise
possibility of forming homopolymers or composites with to one hole polaron or half a bipolaron) results in the
optimal properties. A general difficulty of the reproducible formation of a very thin Schottky barrier with a narrow
PPy preparation arises from its complexity. The structure depletion width {- 10 A), which may be the reason for the
and hence the properties of the resulting PPy are stronglybad rectifying behavior of the polymer Schottky junction due
influenced by a number of variables, e.g., the polymerization to the dominant tunneling process of the charge carrier
potential, the monomer concentration, and the preparationtransport mechanism (see section 3.2.4). It has been sug-
temperaturé2® which are not perfectly controllable. There- gested that the introduction of N-substituted pyrroles to PPy
fore, the results on PPy vary widely. Two basic methods lowers the conductivity of the homopolym&f.The relation-
are used for the preparation of PPy: chemical and electro-ship between the density of dopants and the conductivity
chemical synthesis. Anions, present in the polymerization has led to investigations of the rectifying characteristics of
solution, are simultaneously incorporated into the polymer Various copolymers having pyrrole aridmethylpyrrole
as dopants. The final polymer chain bears a charge of unity units. The introduction ofN-methylpyrrole would less
for every three or four pyrrole rings, which is counterbal- influence the delocalization of-electrons along the polymer
anced by the dopant ani@#.A lot of work has been carried ~ chain than that of other N-substituted pyrroles. Schottky
out in order to improve both the chemical and electrochemi- junction devices from a pyrrolsfmethylpyrrole copolymer
cal synthesis of pyrrole, as reviewed by Rogdez et af® have been'fabrlcated exhibiting a relatively Iow charge carrier

There exists a huge number of publications dealing with confentrau?rlsczjl;IA ~ 10" cm®and a conductivity of 16—
parameters influencing the final properties of PPy samples 10 ¢ S cnm.1821% The values of the ideality facton(=
during the synthesis. Only some important parameters arel-20-1.38) are closer to that of an ideal diode, and the
briefly discussed below. rectification ratio is relatively high.

The counterionis indispensable for the charge compensa-  In or Al have mostly been used as low work function
tion of PPy; at the same time the size, shape and structuremetals to from a non-ohmic Schottky barrier with
of the counterion are expected to influence the electrical PPy**"*#1%32%Gupta et al. reported leaky Schottky barriers
conductivity. There are a large number of reports comparing Of reactive metals, such as Al and In, with the polyri#r.
the conductivity values of PPy containing aromatic sulfonate Some authors concluded that the formation of metal salts at
anion, such ag-toluene sulfonates, aromatic carboxylates, the metal/polymer junction as a result of reaction between

etc., and inorganic anions, such assBFCI-, CIO,~, SO, the dopant anion and the low work function metal leads to
etc., and it was found that conductivity was always higher insulating interphase! Other reports show that the ambient
in the case of aromatic doparfs. (i.e., oxygen) influences the currentoltage characteristics

Few studies have dealt with PPy containing anionic of contacts between these metals and PPy and that the

transition-metal complexes, e.g., tetrasulfonated metalloph—ObserV.ed hm_drance_ of charge _tranfﬁgrzt%vg%s due {0 the
thalocyanines (MPcTS$-232Saunders et & have studied formau_on of msulatmgl metal oxidggl183.235236The thin
the physical and spectroscopic properties of PPy-MPCTS (M insulating layer at the interface between the metal and the
= Co, Cu, Fe, and Ni) prepared using both agueous angPolymer was a_ss_umed_ to be the reason for the anomalous
nonaqueous solution. The conductivities of these materialsJ__Vzgg‘;‘;‘g‘ger'sucs with a small plateau at low forward
were found to rapidly decrease upon exposure to air. As aPias:*"#*"***The forward characteristics of this type are
reason for this, it was suggestéthat the large size of the comparable with nonequilibrium effects in MIS diodés.
MPCTS counteranions produced packing inconsistencies Tavylor et al. noted that this effect could b_e _further prod_uced
within PPy-MPcTS, which facilitates the chemical attack of when the polymer Schottky diode comprising an aluminum
the polymer backbone by atmospheric oxygen. Walton et recqu;gg contact was given a thermal post-metal annealing
al232 have studied a competitive doping of PPy during N ar.
polymerization in an agueous and acetonitrile solution of On the other hand, it has been shown by Nguyen et al.
CIO,~ and copper phthalocyanine tetrasulfonate. that a metal with a high work function (e.g., gold) can be
The effect oftemperatureon the polymerization process Used to form a non-ohmic contact with PPy when metal
has been studied. It has been shown that the temperatur@hthalocyanine tetrasulfonates (MPcTS) are used as ddgants.
has a significant effect on the conductivity of PPy depending These contacts show an exponential and asymmetrical
on the combination of solvent and dopant. Toluensulfonate- behavior of thel—V curves (Figure 14).
and perchlorate-doped PPy films, deposited at a lower As can be seen in Table 4 and Figure 14, the junction
temperature (280 K) in water, exhibit higher conductivities parameters of Au/PPy-MPcTs diodes are strongly influenced
than films prepared at 293 or 313%. The authors found by the type of dopant. The junction between PPy-TOS and
that an increase in the temperature favors the polymerAu shows a low rectifying ratio and a relatively high
growth, which has been related to an overpotential decreasesaturation current density. This junction seems to be practi-
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The capacitancebias voltage curve shown in Figure 17

A B - . .
« 10"k ~ Tos 10"k indicates the formation of a Schottky junctiéhand allows
§ /- NiPeTS CoPeTs the use of the simple depletion layer theory as already
< 10% /| PBPETS | 10" /'CuPcTs discussed in section 3.5.3. Nguyen efatletermined a value
%‘ 10" ' 10" of 0.26 V for the built-in voltageV, and a charge carrier
5 ] concentrationNa (concentration of polarons and/or bipo-
S 102} 102k larons) of 1.2x 10?° cm3 for the CuPcTS-doped PPy layer
8 of 120 nm in thickness. This is in good agreement whith
3 10°k 10°L = 1.5 x 10?° cm3, reported by Gupfas for electrochemi-
10* L . . . na ; . . cally prepared PPy of 3im in thickness, doped with
a0 1 2 e 2 tetrafluoroborate anion.
Bias Voltage / V Bias Voltage / V
Figure 14. Dark current density vs applied voltaged—(V) 1,5x10" -
characteristics of Au/PPy Schottky barrier diodes doped with
different dopants. <
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10° . : : : Figure 17. Mott—Schottky plot C~2 vs bias voltage) for a Au/
08 04 0.0 0.4 08 1.2 PPy-CuPcTS Schottky barrier diode.
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Figure 15. Dark current density vs applied voltagd—V)
characteristics of a Au/PPy-CuPcTS Schottky barrier diode.

the Au/PPy-CuPcTS junction (Figure 15).

The charge carrier concentration can also be estimated
from the doping level, determined by electrochemical quartz

microbalance (EQCM) measureme?tsA doping level of
cally quasi-ohmic. The most optimal diode parameters, such 30.2% is deduced, and a charge carrier concentration of about
as the rectifying ratio and the ideality factor, were found for 3.3 x 10% cm3 is expected. This value is in accordance
with that reported by Buhks et & (about 3x 10%* cm™3).

The rectification ratios (forward bias current/reverse bias It can be seen that the acceptor concentration calculated from
current at 0.6 V) were observed to be between 7.7 and 3.2.capacitance measurements is far different from that estimated
The values are slightly larger than that of the Schottky diode from the doping level obtained from the EQCM measure-
based ortrans-polyacetylene and Pim(= 1.5) reported by ments. This may be due to the large concentration of defects
Kanicki,'®3 and are in good agreement with that for Ti/PPy present in PPy that strongly influence the conjugation lengths
(n=10) reported by Gupta et &°and for Al/PPy Schottky  of the polymer chait?! (see section 4.2.6.1).
diodes ( = 6) reported by Bantikassegn et'&l. 4.2.4.3. Chemical Sensing Propertiesinfluence of

Impedance and capacitance measurements give insight intdopants. Several author% 121243 have reported that the
the nature of the diode junctions and the physical properties sensitivity of PPy to certain vapors or gases changes with
of PPy as an organic semiconductér Figure 16 shows the doping anion. Sensitivities toward organic vapors, such
the plane plot of the complex impedance of a Au/PPy- as alcohols, chlorinated hydrocarbdis?**aromatic hydro-
CuPcTS Schottky barrier diode, measured at zero bias. Thecarbong*®> nitrogen oxide gases, and organophosphorous
device shows only a single semicircular arc. The experi- compound$?! have been reported. The influence of different
mental curve can be fitted well by applying the equivalent metal phthalocyanines incorporated in PPy on the, NO
circuit of the diode shown in Figure 16. This indicates the sensing properties of the Au/PPy diodes has been stdtlied.
formation of a negligible small insulating interfacial layer NOy exhibits a strong electron acceptor effect on PPy when
(see Figure 7A). doped with metal phthalocyanings?®6* Nguyen at al.
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Figure 16. Complex impedance plane plots of a Au/PPy-CuPcTS Schottky barrier diode at zero bias, and a complex plane model.
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The change in th8—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, AV, 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 NQ 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

junction resistanc®&;, and (2) the neutral bulk (of thickness
Wg), with a bulk capacitanc€sg in parallel with the bulk
resistanceRs.

The NQ exposure can lead to an increase in the built-in
voltageVy and the depletion widtklVy; hence, the resistance
R; of the barrier region can increase as well. In contrast,
NOy exposure may cause a decrease in the bulk resistance
Rs of the PPy layer because of the strong acceptor behavior
of NOy. These effects have been confirmed by impedance
measurements?

Figure 21 shows the plane plot of the complex impedance
of the Au/PPy-CuPcTS Schottky barrier diode, measured in
air and in NQ after different time intervals. It can be clearly
seen that when the diode is exposed toNMe 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
NOy-exposure, while in the high bias region it increases
largely. This suggests a large change in the interface layer
resistance upon N@exposure, which has been assumed to
play an important role in the charge carrier transport across
the Schottky barrie¥?

The change of the diode parameters extracted from current
voltage measurements of PPy-MPcTS Schottky diodes
exposed to NQis 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 N&&nsitivity is strongly
influenced by the nature of the dopants. A lower saturation
current density is accompanied by a higher rectification ratio

showed that the exposure of a Schottky diode with PPy asand by a lower value of the ideality factor, which are related
the semiconducting organic layer to N€auses an increase
in the doping level of PPy. This leads to a positive shift of in the low bias rangeMias < 0.3 V). The ideality factor

its Fermi level and, therefore, increases the built-in potential shows a tendency to decrease when the diode is exposed to
at the Au/PPy junctio®? This effect could be confirmed
by capacitance voltage measurements (Figure 18).

160

to a larger value of the N@nduced voltage shift measured

NOx. It has been reported by Bardé&tthat the discrepancy
between the real Schottky diode and the ideal may be due
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Figure 21. Plane plots of complex impedance of a Au/PPy-CuPcTS Schottky barrier diode (1) in air, (2) and (3) in 11 ppm NO
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E‘( 0.2 i ,,--'”"' PbPcTS B Figure 23. Doping level ©) and built-in voltagel{) as a function
z ,éf';, o of PPy film thickness of Au/PPy-CuPcTS Schottky barrier diodes.
| 11 ppm NO, in ambient air
T S ST T of doped PPy during exposure to N@hich was assumed
0 be due to an increase of the doping level, an a
: ' : : ' : to be due t f the doping level d (2
decrease of the sensitivity toward N@®om PPy-CuPcTS
200 | NO,-induced junction voltage shift ___...--~-—® to PPy-PbPcTS and PPy-TOS.
CuPcTS . . -
= o i According to the model given by Janat&describing the
chemical modulation of the work function of a sensitive
E e L [Rakers h | modulation of th k function of t
~> 150 .o-c:;l;ﬂs C polymer layer upon exposure to an interacting gas or vapor
< L . Wi (see section 3.4.1), the magnitude and the polarity of the
L SRR s b response depend on the value of the charge-transfer coef-
0.2 0.4 0.6 08 1.0 1.2 ficient 0, with |20 < 1 (eq 25). The charge-transfer
Active Charge Carrier Density /107 cm™ coefficientd can be estimated from quartz crystal microbal-

Figure 22. Dependence of the diode parameter and sensor ance (QCM) measurements during Nexposure. From the

response of Au/PPy-MPCTS Schottky barrier diodes on the nature OPtained data, an absorbed Ngas concentration of about
of dopants. 1.14x 10?°°cm 23 is deduced when the PPy layer is exposed

to 11 ppm NQ. Assuming that most absorbed N@olecules

. rtici in the formation of harge-transfer complex
to the effect of surface states and that the increase or decrea%athate the formation of a charge-transfer complex, a

in the ideality fact be due t i duct alue of 0.36 can be deduced for the charge-transfer
In the ideality factor may be due 1o a generation or reduction o qficient s, taking into account the change of the charge
of the interface state density. Hence, the tendency of the

. . ; i carrier concentration in the PPy layer extracted fromV
|deal|t§y fat(;t%r tto g?crterz]ase when thei.d'Od]?t'hs e_x?o?ed w° tNtO measurementsNp = 4.2 x 10%° cm~ 3). Evaluating the
may be attnbuted 10 the compensation ot the Intertace staleSchange in built-in voltage with NOgas concentration, a
by NO, molecules:

In the | bi the diod ti imaril value of 0.41 is deduced for the charge-transfer coefficient
n the low bias range, the diode current 1S primarnly s thisyalye is slightly larger than that estimated from QCM
controlled by the depletion region and the gas response is

. : "~ “measurements, and it indicates that the change in the Fermi
usually explained in terms of the change of the work function o\ e/ of PPy does not follow exactly the change in the charge
(i.e., Fermilevel) in the polymer layer. Capacitane®ltage

T 22 carrier concentration according to eq 25 and eq 26, respec-
(C~V) measurements show that PPy-CuPCcTS exhibits the ;o “This fact may be attributed to the pinning of the Fermi

highest charge carrier density of all layers studied and hence, . : -
the most positive work function. Hence, PPy-CuPcTS leads Leev(;et:odnug tsosshe presence of interface states, as discussed in

to the highest built-in voltage of all polymer diodes studied ) ) _ _
(Figure 22A). The interaction of PPy-CuPcTS with NO Influence of Doping Leel—Film Thicknesslt is well-
causes the highest change in work function, which is related known that the doping level of MPcTS-doped PPy layers
to the highest change in the charge carrier concentration, ag’repared by electropolymerization is strongly influenced by
C—V measurements have shown (Figure 22B). Both effects the PPy layer thickness. Rosenthal et al. have shown th_at
are enhancing the sensor signal of the Schottky barrier diodeth® doping level of a MPcTS-doped PPy layer electrochemi-
when compared with work function measurements using cally formed at a constant potential decreas.e.s sharply when
Kelvin Probe or POSFET The charge carrier concentration  the PPy layer thickness increasé&The parasitic oxidation
of the PPy layer decreases from CUPCTS to TOS as dopantOf the MPcTS dopant gives rise to a depletion layer near
The junction between PPy-TOS and Au shows a very low the electrqde surface and, her_1ce, _to a decreas_e in the
rectifying ratio due to the low built-in voltage and is concentration of the dopant anions incorporated into the
practically quasi-ohmic. In this case, the bulk resistance Polymer backbone.
cannot be neglected any more even in the low bias range. The influence of the film thickness on the doping level of
Hence, the tendency of the Ndhduced junction voltage @ PPy has been monitored situ using EQCM measure-
shift to decrease when the built-in voltage of the diode ments?*124% J—V and C—V measurements of Au/PPy-
decreases can be explained in terms of the enhancement o€uPcTS Schottky barrier diodes comprising PPy layers of
the compensatory effect in the PPy bulk. This can be seendifferent thicknesses showed that a decrease in the doping
in Figure 22C along the series CuPcTS, PbPcTS, NiPcTS,level causes a decrease in the Fermi level of PPy. As shown
CoPcTS, and TOS. in Figure 23, the built-in voltage formed between the PPy
This effect is consistent with results obtained by Cabala layer and Au and, in turn, the depletion width of the junctions
et al!?! They observed (1) an increase of the work function decrease according to eq 3.
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The two compensatory effects of N@n the gas sensitivity E 35
of the Schottky barrier diodes in the bulk of PPy and at the 530 C
interface region can be studied more extensively with the =z NO -Anduced change in bu-in voliage
variation of the polymer film thickness, which strongly IR e R =
influences the doping level of the electropolymerized MPcTs- ool —— =
doped PPy layer&® They can be expressed as the changes ~  _ {"'PPmNO.nambentar o g
in the junction and bulk voltages, which can be determined Bl -
from the J—V characteristics according to the following p g ol D
equations: { o NO -induced junction veltage shift
100 — T T T T
KTl 3 0 10 20 30 40 50 60
n
V= ?(In J_) (43) Preparation Temperature /°C
: Figure 25. Dependence of the electrical parameter and sensor
Vg = Vyus— V, (44) signal of a Au/PPy-CuPcTS Schottky barrier diode on the prepara-

tion temperature.

The influence of the polymer film thickness of PPy- order of 18° cm™3 and assuming the depletion width to scale

CuPcTS/Au diodes on chemical sensing properties, expressed@S the square root of the acceptor density (eq 37), a depletion
as the change in the junction voltag/; upon exposure to width of about 1jlo nm is expected for these devices.
NO,, is shown in Figure 24. The N@nduced voltage shift Hence, the tunneling current component cannot be'neglec'ged
AV;, which was measured in the low bias range, decreasesdt room temperature (section 3.2._4). T_hls is associated with
when the PPy film thickness increases. The increase in thell€ refatively large values of the ideality factor (see Table

bulk resistance due to the decrease of the doping level causeS/- o . . .
a stronger influence of the neutral bulk effect. In general, the rectification ratio of diodes can be improved

. . by the enhancement of the depletion width. According to eq
A decrease in the diode current exposed tq K@bserved 3, this may be reached either by increasing the built-in

in the low bias voltage region, because the junction resistance P : ; .
Ryis dominant relative to the bulk resistarie In the higher potential (i.e., contact potential) or by decreasing the active

forward bias region, where the flat-band condition is reached charge carrier concentration. It was found that the charge
'S region, ' - =" carrier concentration calculated fromCt/versusV curves
the depletion widthW; decreases to zero, the junction

. L . is far different from that estimated from the doping level
resistance reaches a minimum valu_e, and the bulk resistancel . ~inad from EQCM measuremefts24 (~ 107t cm3),
of the PPy #a;;]er may bte):_combe gom'”?‘”t& Th?mfo(rjebthehgasassuming that all dopant charges give rise to one hole polaron
response of the currenbias behavior is dominated by the (or half a bipolaron). This may be due to the existence of a
gas-induced chang.e of the PEy layer reS|§tance. large concentration of defects in amorphous semiconductor

Influence of Doping Leel—Film Preparation Tempera-  materials. Due to these structural defects, the majority (about
ture. The effects of substrate temperature during film 80 to 90%) of the self-localized electronic defects (polarons
formation, of the annealing process on the film morphology or bipolarons) are trapped, such that they cannot contribute
and the crystalline structure, and the influence on the gas-any more to the charge carrier transport through the polymer
sensing properties for Nhave been studied. Several authors |ayer. The concentration of structural defects increases with
have reported that, by manipulation of the film morphology, increasing preparation temperature, because the polymeri-
it is possible to control the sensitivity and response char- zation rate rises simultaneousHfy.
acteristics of the gas senséf&2*****Masui et al. found In Figure 25 and Table 7 the electrical parameters of Au/
that the gas sensitivity of the amorphous copper phthalo- ppy-cupcTS Schottky barrier diodes can be found as a
cyanine (CuPc) film is higher than that of the polycrystalline function of the polymerization temperature of P The
CuPc film because the amorphous film has a looser stackingrectification ratio increases rapidly with the increase of the
of CuPc molecules and, hence, more adsorption sites forpreparation temperature, and simultaneously, the saturation
NO,.>* current density decreases largely. This may be due to the

Schottky barrier diodes based on PPy layers prepared atenhancement of the defect concentration in PPy with the
room temperature (295 K) do not show very large rectifica- increase in the preparation temperature, which decreases the
tion ratios (Table 4). This may be due to a very thin barrier so-called active acceptor concentration and, hence, enhances
formed at Au/PPy junctions and may be an effect of the the depletion width of the Schottky barrier according to eq
tunneling current®” With an acceptor concentration on the 37.
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S In Schottky barrier devices, particular attention must be
S 03¢ gmi paid to the formation of the junction barrier between the
: I 1 K metal and the semiconductor. In the case of organic
§ 02} l —a—323K sem_iconductors, there is still onIy_ limited _understanding of
o L’ T the interface between the organic material and the metal,
g oal 5 N\ which makes data interpretation complicated. Experimental
EI ' A data show that the junction barrier turns out to be not ideal
2 j g ‘;EE:D\D_D because of the presence of interface states as well as the
B o0l SRR R—R . ! R . -

s 0 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
Figure 26. Transient response of a Au/PPy-CuPcTS Schottky complete breakdown of the ability to detect gases or vapors.
barrier diode electrochemically prepared at different temperatures,Therefore' a high quality of the interface is the key factor

exposed to 11 ppm N{n ambient air. affecting the sensing performances of the Schottky barrier
devices. This certainly can increase the fabrication complex-

Therefore, the concentration of the active charge carriers ity and COSt', . . .
is dependent on the preparation temperature and decreases The key difference between organic and inorganic Schot-
with increasing preparation temperature (Figure 25A). Si- (XY barrier junction devices is the ability of many gases and
multaneously, the size of the space charge region increase¥@POrs to penetrate through the organic semiconductor to
and therefore the junction resistance is enhanced with respect® interface either to change the Schottky junction resistance
to the bulk resistance. Hence, the N@duced shift of or to interact with the bulk of the semiconductor, which
junction voltage increases for the same concentration (FigureC2uses a work function change of the material. In the case
25D), enhancing the sensitivity of the Schottky barrier diode. gziémotrg\il/glr% ?ﬁg?:]ﬂé%’alt/’saémaig é%%?}ggr?r?tvelffiée: gﬁzrﬁsror?i;
Furthermore, with increasing temperature, the cr [lini .
declrje;sees c;r% ist zerc(:) ev?ﬁer? J;Zagrﬁn%tutr?e,tglea(s:systignsi':i)(/) for hydrogen or hydrogen-producing compounds and causes

temperature (which is between 315 and 328 K for PPy- r}ormatlop of a d'|pole layer. ) .
CuPcT$9). The gas or vapor can only be absorbed by the ©Organic semiconductors offer a viable alternative to
amorphous part of the polymer, which increases with the convgntlonal inorganic semlcondg(_:tgrs for application in
preparation temperature. Hence, Nfiteracts more strongly chemical sensors. They show sensitivities toward many gases
with layers prepared at higher temperatures, leading to a®f Vapors, ranging from organic solvents to inorganic gases.
higher relative change in the active charge carrier concentra-Moreover, their porosity enables an ease of penetration of
tion (Figure 25B) and a higher change in the built-in voltage gases or vapors. The mechanical .f_IeX|b|I|ty, environmental
for the same N@concentration (Figure 25C). Both effects stability, and solution processability offer an enormous

cause a further increase of the gas-induced junction Vonagepotential for applications within the field of microsensors.
shift with the preparation temperature. The macromolecular character and the high degree of

e ) . flexibility in preparation make various physical and chemical
The diffusion of gas or vapor in conducting polymers and properties realizable. The tunability of the sensing properties

their adsorption on polymer surfaces are the fundamental .
processes that control the chemical sensing response. It isby the nature of the dopants as well as by the preparation

e : ; procedures is an important benefit. Individual modification
Sﬂpposed that (rj]|ff|usmn processes n tne crysta;\llme IOOthmerof each sensor is possible in only one step. This allows for
phase are much slower compared to those in the amorphous,_ ", : o . o
phase? Hence, the polymerization temperature is an The inexpensive fabrication of multisensing arrays, an aspect

important parameter influencing the diffusion processes of éhat makes sensors based on organic semiconductors suitable

20 0 20 40 60 80 100 120 140
Elapsed Time /s

polymeric sensor transducers. Figure 26 shows the respons %é?;?;:g:ﬁ'@“zrzgg Cﬁgﬁﬁ caglesg?s C:fsmlge%%rysp :ttlf? (Iae Vggz be
curves of diodes with PPy films exposed to 11 ppm:NO 9 ' y

. : ... _readily incorporated into microfabricated structures. Ad-
;Zerilgdgnt;?ﬁ%gnarg tfwzyrgggv%rr?pﬁrrﬁg E\I:Iﬁliﬁ l;reex:]n'ta'(t;]ditional benefits are the low device prices, the small
p y ' pimensions, and low power consumption.

faster than those of diodes based on PPy films prepared a
283 and 303 K. The decrease in response and recovery time L
can be explained by an increase in the amount of the 6. List of Symbols and Abbreviations

amorphous phase compared to that of the crystalline phase, interfacial layer thickness, ¢

in PPy when the preparation temperature increases. 0 fractional charge-transfer coefficient upon gas inter-
action
5. Summary and Perspectives €0 permittivity of free spaceA s V-1 cm?
€s permittivity of the semiconducton s V-lcmt

Schottky barrier devices are promising candidates for € permittivity of the interfacial layerA s V=t cm™
sensor applications. The devices are simple to fabricate,®» Schottky barrier height, eV
obviating the need for expensive processes used in micro—ﬁeq5 ?nqu:;te"’feo rtc):zrzfvwr?*%hgfet;/e barrier height, eV

H H bi ’

technology. Both the metal and the semiconductor form|ng|¢bi contact potential or built-in potential, eV

the S_chottky barrier junction can be used as the chemica on charge carrier mobility, cAV-—1 s

sensing components interacting with the gases or vapors. The, dipole momentA s crm

material choices and combinations define the working ratio of free to trapped charge carriers
principle, the sensitivity, and the selectivity of the sensor ¢ dielectric relaxation time, s

devices. Tir electron lifetime within the depletion layer, s
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index “s”
index “m”
index “h”
index “e”
index “b”
index “J”
Algs
BEDT-TTF
BN
CELT
CHEMFET
DCM
EQCM
F4-TCNQ
FIT
HOMO
LUMO
MIS
MOSFET
MPCTS
OLED
OFET
Pc

QCM
THF
TPD

VRH

electron affinity, eV

angular frequency, Hz

energy difference betwedf: andEg, eV

area or junction area, ¢ém

effective Richardson constant, A cri K—2

capacitance or capacity per area, Fém

energy, eV

conduction band edge, eV

Fermi level, eV

electron work function, eV

energy band gap, eV

maximum field strength at the metal/semiconductor
interface, V cm?

valence band edge, eV

band bending at zero applied voltagedy,), eV

electronic charge, A s

Planck constant, J s

concentration of thermally generated holes in the
valence band, cr?

saturation current density, A crf

current density, A crm?

Boltzmann constant, J K

layer thickness, cm

reduced mass of electron, kg

density of adsorption sites, crh

density of interface states, crheV1

effective density of states in the conduction band,
cm3

donor concentration, cnd

effective density of traps, cnd

effective density of state in the valence band,”gm

ideality factor

intrinsic electron concentration, crh

partial gas pressure, NTh

slope parameter

frequency exponent

absolute temperature, K

voltage or bias voltage at Schottky contact, V

built-in voltage, V

diffusion voltage at zero bias voltage, V

reverse hias voltage, V

charge depletion zone or depletion layer width, cm

semiconductor

metal

hole

electron

bulk

junction

aluminum tris(8-hydroxychinoline)

bis(ethylenedithio)tetrathiafulvalene

benzonitrile

charging-energy-limited tunneling

chemical sensitive field-effect transistor

dichloromethane

electrochemical quartz crystal microbalance

tetrafluorotetracyanoquinodimethane

fluctuation-induced tunneling

highest occupied molecular orbital

lowest unoccupied molecular orbital

metal-insulator-semiconductor

metal-oxide-semiconductor field-effect transistor

metallophthalocyanine tetrasulfonate

organic light emitting diode

organic field-effect transistor

phthalocyanine

quartz crystal microbalance

tetrahydrofuran

N,N'-diphenyIN,N'-bis(3-methylphenyl)-1,1biphe-
nyl-4,4-diamine

variable-range hopping

Potje-Kamloth
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