ﬂ SCNSors m\py

Review

Electrodes for Semiconductor Gas Sensors

Sung Pil Lee

Department of Electronic Engineering, Kyungnam University, 7 Kyungnamdaehak-ro, Masanhappo-gu,
Changwon 51767, Korea; sensors@kyungnam.ac.kr

Academic Editor: Giovanni Neri
Received: 7 February 2017; Accepted: 22 March 2017; Published: 25 March 2017

Abstract: The electrodes of semiconductor gas sensors are important in characterizing sensors
based on their sensitivity, selectivity, reversibility, response time, and long-term stability. The types
and materials of electrodes used for semiconductor gas sensors are analyzed. In addition,
the effect of interfacial zones and surface states of electrode-semiconductor interfaces on their
characteristics is studied. This study describes that the gas interaction mechanism of the
electrode-semiconductor interfaces should take into account the interfacial zone, surface states,
image force, and tunneling effect.

Keywords: electrodes; semiconductor gas sensors; electrode materials; interfacial layer; transport
mechanism

1. Introduction

There is a growing demand for gas sensors for efficient use of energy and raw materials,
as well as to reduce environmental pollution despite increasingly complex manufacturing processes.
The Taguchi sensor that detects reducing gases is the most well-known gas sensor [1], whereas an
oxygen sensor based on an ion-conducting sensor is the second most famous type [2-5]. Research
and development for gas sensors is conducted in two stages. The first stage is to develop a new
sensor whose application is empirically optimized. The characteristics of sensitivity, selectivity,
long-term drift, and reliability are defined though its operation mechanism, which is often not fully
understood at that stage [6-10]. The second stage is to modify, optimize, and standardize the developed
sensor system [11-14]. The developed sensors can measure change or values of current [15,16],
impedance [17,18], capacitance [19], frequency [20], potential difference [21,22] and electromotive
force [23]. In addition, the correlation between the sensor structure and electrode is very important to
expressively depict these phenomenological parameters that characterize the sensor.

Recently, the surface and interface science for semiconductor gas sensors have been extensively
studied. In addition, gas sensing mechanisms [24-26], gas sensor technology [27], the semiconductor
junction for gas sensors [28], practical hydrogen sensors [29], and gas sensor design [30] have been
reviewed by some researchers. The semiconductor gas sensor is not an energy conversion but energy
control type sensor. The physical properties of a sensing material change upon exposure to gas
molecules, and external electric energy transmits the change as a sensor signal. This implies that,
in most cases, the electrode of the semiconductor gas sensor is similar to that of an electronic device,
which delivers current flow or electric power supply without loss or supplies electric energy from
external power sources to the device. Thus, in conventional electronic devices, the electrode only
connects the device and external circuit. Accordingly, a strong mechanical adhesion and small contact
resistance are the most significant factors; in addition, durability, chemical resistance, reliability, and
cost should be considered [31-35]. However, the electrode of a semiconductor gas sensor not only
measures the electric properties of the sensor but also measures the catalytic properties of the sensing
material. The Ohmic electric contact made between the device and the electrode material is acceptable;
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however, the semiconductor gas sensor sometimes requires a rectifying contact between the sensing
material and electrode. A rectifying contact would create a dipole in the interfacial zone of a metal and
semiconductor triggered by gas adsorption, reducing a potential barrier from time to time or leading to
complex phenomena such as field emission or tunneling effect due to thermionic field emission [36—42].
In special cases where the semiconductor gas sensor is applied to cars or in the aerospace industry, the
electrode material should be able to operate above 600 °C [5,43].

This study is aimed to review the impact of the electrode used by the semiconductor gas sensor
on the operation of a gas sensor. In this paper, the electrode types of the semiconductor gas sensor
that have been made available so far are discussed and the electrode materials for the gas sensor are
presented. The carrier transport mechanism in electrode-semiconductor interfaces and effects of gas
adsorption on the electrode in the semiconductor gas sensor are discussed.

2. Electrode Types of Semiconductor Gas Sensors

The electrodes used for gas sensors should be in contact with the substrates, and their electrical
properties should be easily measured. The following conditions are thus required:

(1) They should be chemically and mechanically stable on the substrates.
(2) The connection to the lead-out terminals should be easy.

(3) The sensing film should not be damaged during electrode formation.
(4) They must have a geometry that is suitable for sensor construction.

2.1. Two-Electrode Configuration

The two-electrode type configuration, in which the gas sensing material is positioned between
two metal electrodes, is the most widely applied one to semiconductor gas sensors. Occasionally, a
third electrode is used as a heater for the sensors. Toohey [44] explained the electrode types used in a
semiconductor gas sensor. Two-electrode configurations are used for gas sensors, as shown in Figure 1.
In type (a), the Pt electrode is formed on an alumina cylinder, which is applied to a Figaro sensor, and then
the sensing materials are deposited on it and sintered. In type (b), a tablet made of an oxide semiconductor
is sintered and then the electrode is formed on both sides. In type (c), two combs face each other to
create an interdigitated geometry on the substrate. The transmission type (d) sensor is formed in order to
fabricate a surface acoustic wave (SAW) filter that measures the frequency changes. The interdigitated
geometry is the most widely accepted geometry for the electrodes of a gas sensor since it enables a wide
contact area between the electrodes within the limited area. In addition, it forms the electrodes first and
then deposits the sensing materials on them, thereby causing no damage to the sensing materials.
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Figure 1. Two electrode configuration used with gas sensors; (a) cylinder; (b) disk; (c) parallel plates;
(d) interdigit and (e) surface acoustic wave (SAW) line.
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2.2. One-Electrode Configuration

A one-electrode configuration that differs from the two-electrode type that has been previously
used for semiconductor gas sensors has been developed. Korotcenkov [31] reviewed the design and
type of the one-electrode configuration for semiconductor gas sensors. One electrode acts as both
the heater and the measuring terminal, unlike the two electrode setup. As demonstrated in Figure 2,
one-electrode gas sensors can be formed by applying the metal oxide in the form of a bead on the
electrode material or by shunting the electrode through a coating [31]. Materials such as SnO, [45-48],
In; O3 [49], and Fe,;O3 [50,51] are mainly used for one-electrode gas sensors.
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Figure 2. One-electrode configuration; (a) ceramic bead surrounding Pt electrode and (b) Pd electrode
on alumina substrate.

For operation of the one-electrode sensors, impedance matching should be performed between
the shunting semiconductor resistance and the electrode resistance, as shown in Figure 2. One can
adjust the electrode resistance by varying the electrode thickness, distance between the electrodes, or
resistance of the sensing materials by adding additives to the oxide semiconductor or by modifying
the thickness [31].

Faglia et al. [52] used four electrodes in order to analyze whether the contact and the grain is
more important for gas detection. Their study revealed that the contact is more important for CO gas
detection, whereas the material used is more important for CH, gas detection. Four electrodes have
been applied to the sensor which used CrTiOs [53] and WOs3/TiO, [54] as sensing materials.

This implies that the material and geometric structure of the electrodes significantly influence
the operation of gas sensors. Many researchers studying nanosized sensing materials perform studies
on both microsized electrodes and nanoelectrodes with a single particle size of approximately 5 nm.
The advantages of nanoelectrodes are as follows: [44] (i) the ability to arrange in single nanodots;
(ii) the ability to vary the relative contributions of electrode-dot and dot-dot contacts to the total sensor
resistance; (iii) where a nanodot film consists of conducting and non-conducting particles, decreasing
the electrode size could increase sensitivity by around an order of magnitude or more by “softening”
the percolation threshold [55]; and (iv) the ability to reduce the chip area due to the small size of
the electrode.

2.3. Gate Electrode

As all electronic parts become integrated and intelligent, it is also inevitable to make small and
integrated gas sensors. So far, many researchers have used conventional metal-insulator-semiconductor
field effect transistors (MISFETs) [56-66] or micro-electro-mechanical systems (MEMSs) [67-73] to
manufacture semiconductor gas sensors. Gas detection with such technologies depends on the varying
conductivity owing to gas adsorption and the reaction on the MIS structure surface or varying work
functions of the MISFET resulting from catalytic reaction in the gate electrode. However, sensor
stability is not ensured yet though MIS gas sensors are increasingly needed. Since the gate electrode
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is exposed, unintended reactions between the gate electrode and materials near it reduce the sensor
sensitivity or selectivity with time and it takes longer to respond to the gas molecules.

The gate electrode of the CO gas sensors with the MIS structure needs to apply a voltage for the
device so as to form a channel and also carry out catalytic actions [66]. Thus, the electrode can be made
porous so that the area where the adsorbed gases contact the sensing materials increases instead of the
gate covering the surface of the sensing materials. Janata et al. [74] created a suspended microgrid
on a FET gate to extend the lifetime of the sensing gas. In these devices, the gate metal is preceded
by an additional space, which, in the case of GasFET, is permeable to gases. The suspended grid
above the gate insulator is made of Pt or Au. Applying a Pd layer to this creates a hydrogen sensor.
If a conductive polymer layer, such as polypyrrole, is deposited on the metal grid, then the sensor is
sensitive to alcohols. In both cases, the reaction of the gas with the surface of the suspended metal grid
or with the surface of the insulator causes a change in the electric field that is detected in the modified
drain current [75]. Lee et al. [16,76] have tried to deposit a porous metal gate for humidity sensitive
field effect transistors (HUSFETs) that can sense humidity. Here, a thin gold film of approximately
100 A through which water molecules could penetrate was deposited on the active layer before a
pattern was formed using lift-off techniques. When water molecules meet carbon nitride through the
porous gold layer of the gate in Figure 3, adsorbed water molecules on the carbon nitride are able
to form dipole and to reorient freely under an applied gate voltage, resulting in an increase in the
dielectric constant [16]. Thereafter, Fukuda et al. [66] applied porous Pt as gate electrode materials to
improve the sensitivity of the MOSFET-type hydrogen sensors. When a porous electrode was used,
the sensor detected 22 ppm of Hj gas in less than 2 min, thus indicating a remarkable gas detecting
performance. Its sensitivity level was enhanced by approximately ten times as compared to that of a
non-porous Pt surface because of the catalytic property of the porous Pt surface. For the purpose of
detection of negative ions in the air, Lee et al. [77] have suggested a nanoFET sensor that uses a Ti-Al
layer as the electrode for the source and drain, while using a floated Ti/ Au layer as the electrode on
the gate oxide.
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Figure 3. Design of differential humidity sensitive field effect transistors with porous Au gate.

2.4. Electrode Geometry

Many researchers have studied the influence of the geometry and position of electrodes on the
sensitivity and selectivity of sensors [44,78-84]. The width of digits in interdigitated electrodes or the
space between the electrodes can affect the sensor performance. In other words, when the electrode
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spacing is narrow, the current between electrodes flows only in the film area right above it. On the
contrary, when the spacing is wide, the current flows both horizontally and vertically throughout the
film, thereby sampling a wider area [44,79]. In addition, the electrode-semiconductor interface itself
can cause a change in the device sensitive resistance. When the width/gap ratio of the electrode is
changed, the influence of both the interface and the film resistance on sensitivity can be relatively
reduced. Vilanova et al. [80] investigated the effects of the electrode position, electrode gap, and active
layer thickness on sensor/gas pairs with high-level, medium-level, and poor-level catalytic activity.

Gases diffuse by spreading through the film reacting with the particle surface, thus resulting in a
local change in the film resistance. It has been observed through simulations that there is an increase
in the sensitivity following an increase in the spacing between the electrodes when the electrodes
were placed under a sensing film if the sensor was very sensitive to the gas. In contrast, when an
electrode was placed above the sensing film, the sensor sensitivity decrease as the spacing between the
electrodes increased. The result of injecting a highly reactive gas was same as the result of injecting a
low reactive gas when the gap between the electrodes decreased and became smaller than the film’s
thickness. The sensitivity depends on electrode spacing for a sensor whose electrode is placed below
the sensor film. In this case, the detection level for even a highly reactive gas was observed to be the
same as that of a low-reactive gas. On the contrary, when the electrode gap is sufficiently wide, the
detection level of even a low-reactive gas was observed to be the same as that of a highly reactive gas.
Therefore, the gas detection performance of a sensor with an electrode placed below its film is better
when the electrode width is wide and electrode spacing is narrow [81].

Tamaki et al. studied the effects of gap size differences between electrodes [82]. Microgap
electrodes (0.1-1.5 pm) were formed on the silicon substrate using the MEMS process, and WO3
films were deposited on these electrodes. When the gap size was larger than 0.8 um, there was
no change in sensitivity to NO,, however, when it was smaller than 0.8 um, the sensitivity tended
to increase and was expected to increase further in the range of less than 0.1 um. They explained
that this is caused by the number of grains of WO3 in the microgap and the resistance change at
the boundaries. Saalan et al. [83] also fabricated microgap electrodes (1-30 um) by dc-sputtering
and FIB techniques and deposited SnO, nanowires on them using the suspension dropping method.
They suggested that the interface between the electrodes and the sensing area play a very important
role in the sensing mechanism of SnO; gas sensors. Comparison between the small gap and large gap
electrodes showed that the small gap electrode had the advantage of reliability and high sensitivity
to low NO; concentration, whereas the large gap electrode had relatively high sensitivity for high
concentrations. Hoefer et al. [84,85] analyzed the influences of the electrode width and gap on contact
resistance in tin oxide sensors by using the transmission line method. For CO gas sensors, sensitivity
is the highest when the SnO; layer is wide and the electrode gap is narrow. The sensitivity was low
when the SnO; layer was narrow. In contrast, for NO, gas sensors, sensitivity was decreased following
an increase in the width of the layer.

3. Electrode Materials for Semiconductor Gas Sensors

Many researchers have long studied the interaction between the electrode and sensor materials as
well as the impact of the electrode materials on the sensing behavior [86-99]. The types of electrode
materials used for semiconductor gas sensors are classified into bulk, thick film, and thin film.
The bulk type is rarely used for the semiconductor gas sensor. The thick film type, which performs
screen printing by producing a paste, and the thin film type by vacuum deposition are employed in
many cases.

The impact of the electrode on the properties of gas sensors based on tin oxide has been studied
mainly by comparing various electrode materials such as Au, Pt, and Pd [36,86-88]. Capone et al. [86]
analyzed the impacts of two different interdigitated electrode geometries on the sensitivity of two
different electrode materials (Au and Pt) for CO gas. These studies revealed that the Au electrode
had a lower stability level than the Pt electrode. With regard to temperature, the sensitivity of CO
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was the highest at approximately 300 °C for the Au electrode and at 450 °C for Pt electrode, and
it was observed to decrease slightly at low temperatures. In addition, a pure tin oxide sensor has
displayed linear current-voltage properties under all conditions, whereas a sensor with an additive
has shown nonlinear properties. The Pd and Au electrodes had nonlinear characteristics, but the Pt
electrode had linear characteristics for high hydrogen concentrations. These studies reported that the
electrode-semiconductor contact exerts substantial influence on the entire sensor impedance. Both a
device made of tin oxide and a device made of 10:1 mixture of tin oxide and manganese oxide have
shown the highest level of sensitivity in a temperature range of approximately 350 °C-450 °C [87].
When SnO, thick film gas sensors that use Au and Pt as electrode materials were tested for hydrogen
and CO gas, it was observed that the Pt electrode was more sensitive to H,, whereas the Au electrode
was more sensitive to CO [88]. Durrani [89] used Ag, Al, Au, and Pt to study the effect of electrode
material on the SnO,-based CO thin film gas sensor. Pt and Au showed higher response than Ag or Al
when the electrode material was below the sensing material. In addition, Gourari et al. [87], Pijolat [90],
and Bertrand et al. [91] have studied Pt and Au as electrode materials in SnO, gas sensors.

Schottky-type sensors, in which the metal and semiconductor are in contact, are most widely
used as hydrogen sensors. When the gas is not adsorbed in Schottky-type sensors, the energy band of
the semiconductor bends upwards or downwards by the difference in the Fermi level between the
metal and the semiconductor in the thermal equilibrium state. Such a situation arises when there is a
thin insulator layer between the metal and semiconductor as well [30,35]. In general, Pd is used as
the electrode material for Schottky-type H; sensors. When hydrogen molecules are adsorbed onto Pd,
which is a catalytic metal, they disassociate to become hydrogen ions. Some of these ions permeate Pd,
spread toward the metal-semiconductor interface, form dipoles, and then change the metal’s work
function and consequently, its barrier height. A change in the barrier height changes the current-voltage
properties and this amount of change determines the detection of hydrogen concentration.

In MISFET-type hydrogen sensors, the threshold voltage in the gate layer changes based on the
hydrogen concentration, resulting in a change in the drain current. Hydrogen sensors that use Schottky
diodes were proposed for the first time by Lundstrom et al. [56] and Steele et al. [99]. For both studies,
Pd was used as the electrode and the semiconductor substrate used was n-Si and CdS, respectively.
In 1979, Ito [100] produced Schottky sensors that used SnO,, In,O3, KTaO3, ZnO, and Pd as the
electrode and stated that they reacted to hydrogen. In a study comparing Schottky diodes that used Pd
and Pt as the catalytic metals, it was observed that the one with Pt showed higher sensitivity than the
one with Pd [101,102]. In addition to Pd and Pt, hydrogen sensors that use pure metals or alloys such
as Ru [103], Ni [104], Au [105], Ag [106], IrPt, and PdAg [107] were also suggested. Song et al. [107]
fabricated Schottky diodes by using AlGaN-GaN, as well as metal materials such as Pt, IrPt, and
PdAg, in order to investigate their reaction to hydrogen gas. In a relatively low temperature range of
200 °C-300 °C, PdAg showed higher sensitivity, whereas above 400 °C, IrPt and Pt showed higher
sensitivity. A diode that uses the PdAg material displayed poor thermal stability. Studies on the
electrode effects of semiconductor gas sensors are summarized in Table 1.

The drawback of gas sensors that use oxide semiconductors is that their reliability declines with
time. Drift occurs in the sensor properties and the long-term stability is diminished. Important factors
in selecting an electrode material for a gas sensor include long-term stability, heat resistance, chemical
resistance, and adhesion to a substrate. Long-term investigations are seen as an important criterion
that determines the usability of the sensors. Meixner et al. [108] reported that the main reasons for
inadequate long-term stability are the change of the metal oxide, the change of the metal electrode,
instability of the wire contacts, and interaction with an unsuitable sensor casing.

The degradation of contacts takes place mainly due to the diffusion occurring at the electrode
and oxide interface or the interaction of electrode with the surrounding atmosphere [109]. Among the
electrode materials for semiconductor gas sensors, Ag is stable in air and used over a wide temperature
range. However, Ag has a low long-term stability disadvantage and the degradation of contacts. Ag can
easily move or migrate at temperatures above 300 °C. Au is also one of the most popular electrode
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materials owing to its high electric conductivity and reliability. However, it has the disadvantage of
easily diffusing into the substrate (especially silicon) at a relatively low temperature. On the other
hand, Pt is the most stable electrode material, with little degradation. However, it is expensive and has
poor substrate adhesion. In order to improve the adhesion to the substrate, a glue layer of Cr, Ti, or
W is formed between the electrode and the substrate. For good adhesion, Hoefer et al. [110] used Ta,
whereas Michel et al. [111] used TiN as the glue layer. Sozza et al. [112] also reported that the Ti/Pt
layer can prevent the rather fast degradation as compared to the Ti/ Au layer or the Ti/Pd/Au layer.
Capone et al. [113] studied the influence of electrode aging on pure SnO; thin films, and in the SnO,
films with Ni, Os, Pt, and Pd as an additives. The electrode configuration was interdigitated. The drift
was lower for the cases in which Ti/Pt were used as the electrode materials than that wherein Ti/Au
or Ti/Pd/Au were used.

Table 1. Studies for electrode effects of semiconductor gas sensors.

Electrode Materials Sensing Materials Target Gases References
Pd, Pt Zn0O, SnO», Iny O3, KTaOj3 H, Tto [100]
Au, Pd, Pt SnO, H, Gourari [87]
Ru SiC H, Basu et al. [103]
Pt, IrPt, PdAg Al GaN-GaN H, Song et al. [107]
Ni Si H, Salehi et al. [104]
Au ZnO H, Pandis et al. [105]
Au, Pt SnO, H,, CO Rank et al. [95]
Au, Pt SnO, H,, CO Saukko et al. [88]
Au, Pt SnO, CcO Capone et al. [86]
Au, Pt SnO, CcO Bertland et al. [91]
Ag, Al, Au, Pt SnO, cO Durrani [89]
Au FeyO3-Iny O3 CcO Golovanov et al. [51]
Ag, Au ZnO CO, NO, Lin et al. [93]
Au WO;3 NO, Tamaki et al. [82]
Au SnO, NO, Shaalan et al. [83]
Au, Pt SnO, Benzene Pijolat [90]
Pt, Au, Pt-Au SnO, H,O Ylinampa et al. [92]
Al WO3 Clp Bender et al. [94]

Some semiconductor gas sensors use a conductive polymer as the electrode material. Most organic
polymers are electrically non-conductive, but conductive polymers can be produced by providing
a channel for electrons to travel along polymer chains or to jump from chain to chain [114].
Such conductive polymers include polyaniline, polyacetylene, polypyrrole, poly(p-phenylene),
polythiophene, and poly(p-phenylenevinylene), among which polyaniline (PANI) is the most widely
used [115-117]. Figure 4 shows examples of conductive polymers. Polyaniline has received significant
attention as it has a high electrical conductance of 10*> S/cm and has been reported to have metallic
properties. According to the synthesis method, polyaniline can be divided into the following states
(Figure 5): (i) completely oxidized state (PB: 1—y=0, quinoid); (ii) intermediate oxidation state
(EB: 1—y=0.5); and (iii) completely deoxidized state (LB: 1—y=1, benznoid). EB is generally easily
produced using an oxidizer such as (NHy4)»5,0g to oxidize aniline directly in the presence of a protonic
acid. LB can be easily obtained by applying a reducing agent such as hydrazine hydrate to EB, whereas
PB can be produced using an oxidant such as m-chloroperoxybenzoic acid [118,119].

Conductive polymers have a high conductance of approximately 10°> S/cm as compared to that
of an ITO electrode. Thus, they can enable the production of thin films through spin coating, which
is much more economical and convenient than evaporation or sputtering. However, conductive
polymers have some disadvantages, such as a property change during the production of doped
polymer composition, the use of a non-volatile solvent (m-cresol), and their color. For realizing a
flexible sensor system in future, the metal electrode materials must be replaced by organic materials.
Among organic materials, monomolecular pentacene has the highest level of charge transfer [115].
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Pentacene, however, has a disadvantage in terms of its manufacturing process, such as it is impossible
to effect vacuum evaporation. Polythiophene derivatives are used as conductive polymers to replace
pentacene, and they have high electric field mobility, however, they show a relatively low on-and-off
ratio. Polyaniline and polypyrrole also have a low on-and-off ratio, but the ratio can be enhanced
since the conductivity level of nanostructured polyaniline can be more easily adjusted than the doping
level as compared to polymers. The replacement of the electrode material, which is the core part of
flexible devices, is very important. Many experts expect that when the replacement technology is
accomplished, the development of flexible devices will reach the stage of completion. Polyaniline
can also be applied to a variety of fields, such as the electrode material of sensors, insulation layer of
O-TFT, and channel material of an electrical transport layer. Notably, for polyaniline, the electrical
conduction of metals and semiconductors can be much more easily controlled by adjusting the protonic
acid doping levels and by using appropriate methods than for carbon nanotubes [115].

o

Polyanilene Polyacetylene
75" )
N
H n
Polypyrrole Poly(p-phenylene)

o o T

Polythiophene  Poly(p-phenylene vinylene)

Figure 4. Various conductive polymers.
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Lecoemeraldine Base (LB)

/
OO O
' y 1-y
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Figure 5. Polyaniline bases according to oxidation states.

Recently, the field of printed electronics has been receiving considerable attention due to the
development of semiconductor fabrication technology. It is important for semiconductor gas sensors
to make electrodes by printing the materials. The most commonly used materials for electrodes are
novel metals, such as silver, gold, platinum, and palladium. The alloys of these metals are also widely
used. Table 2 summarizes the properties of metal inks for semiconductor gas sensors [120].
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Table 2. Properties of printing metals and alloys for electrode of semiconductor gas sensors.

Materials Electrical Properties Advantages Disadvantages
High conductivity Tendency to migrate over the
. Compeatible with resistor and Least expensive surface of insulants and
Silver dielectric system Good bond strength resistors under
Resistivity: 1.59 x 1078 Q' m high humidity
High cg)nd.t%cthlty Alloy with tin may be made High N OSt. .
Gold and reliability without the use of flux Unsuitability for
Resistivity: 2.44 x 1078 Q' m solder joining
Use where extreme resistance to Available wire, flat plate,
molten solder and to bond
. and tube .
Platinum strength degradation by solder Most expensive

is required
Resistivity: 11.0 x 107 Q' m

Large range of size
Usable at high temperature

Palladium-Silver

Compatible with resistor and
dielectric system
Sheet resistance: 0.01-0.04 Q2/sq

Suitable for ultrasonic
wire bonding

The possibility of silver
migration under
high humidity

Platinum-Silver

Alternative to Pd-Ag
Sheet resistance: 0.01-0.04 Q2/sq

Not recommended for hybrid
applications involving
ultrasonic wire bonding

Platinum-Gold

Compatible with most thick
film materials
Sheet resistance: 0.08-0.1 (2/sq

Excellent solderability
Suitable for both wire and
die bonding

High cost
Rather high
electrical resistivity

Palladium-Gold

Similar properties to Pt-Au
Sheet resistance: 0.04-0.10 Q2/sq

Less expensive than Pt-Au

Inferior solder leach
resistance and solder ageing
than Pt-Au

4. Interfacial Zones of Electrode-Semiconductor Contact

A barrier of metal/semiconductor contact is a limiting situation which can be described as two
infinite half planes of material, one a metal and the other a semiconductor, brought into contact.
A typical technical barrier would result from contacting metal on the semiconductor after a series of
in-ambient preparations. An ideal barrier results from depositing the metal in a carefully controlled
way where precautions are taken to keep the interface atomically clean, that is, the only atoms present
are those of the initial semiconductor and the desired metal. The procedure for cleaning the surface
may strongly influence the outcome by altering the surface structure stoichiometry or by introducing
surface defects. Two regimes are:

(a) Building up the metal layer by layer by evaporation deposition
(b) Pressing two bulk pieces together to form a point contact

In both cases, the technical interface would have amount of extraneous material trapped at
the interface. In actual situations, this material might consist of a native oxide of 10-15 A [33].
In metal-semiconductor contacts, the interface layer has three zones as depicted schematically in
Figure 6 [121-127]. On the metal side, the alloyed zone may be of sufficient width to become the metal
forming the barrier. There is an insulating layer present, either intentionally or unintentionally, between
the metal and the semiconductor. This layer can be a purposefully deposited layer or a thermally
grown layer. The layer could also inadvertently result from the act of junction formation. There can be
an interfacial or transition layer extending into the semiconductor due to out-diffusion of constituents
of the semiconductor, in-diffusion of metal atoms, chemical interactions, and semiconductor surface
damage. The presence of insulating layer can have two effects on barrier formation: one is a geometrical
effect (it can simply further separate the charge in the metal from the charge in the semiconductor,
giving a large dipole length), and the other is a potentially significant modification of the dipole
arrangement. If the interfacial layer contains no charge, then its effect on barrier formation would
be geometrical. However, the presence of an I layer together with interface states has more than a
geometrical effect. It can strongly modify the dipole arrangement since these localized states can
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hold charge. Such interface states can be extrinsic arising from defects caused by cross diffusion,
chemical interaction, and semiconductor surface damage and rearrangement. Interface states can
also be intrinsic: they can be a basic feature of the semiconductor surface or they can arise from the
extension of metal electron wave function into the semiconductor gap. Since interface states can store
charge, they can modify the field in the I layer. It is seen that their presence, together with the I layer,
can modify Vj, and @p. Unlike the simple geometrical case, it is now possible to increase V}, and ®p or
decrease them, depending on the charge stored in the interface states [121].

On the semiconductor side, the interface states are distributed within the two zones, one being
derived from the evanescent tail of the metal wave function into the semiconductor and the remaining
interface layer being the second zone. The interface states in zone 1 in many cases have the most
significant effect on the determining the barrier height. The first zone is at most 10 A thick from
estimates available in literature [121,122]. The second zone can be very large depending on the thermal
history of the sample and can also significantly affect the applied bias performance of the barriers.

Metal  —— |_, semiconductor

Bulk H Bulk

Insulating interface

| X |
- :H—PF film (I layer)
| N\ _eal
| ex |
Ae®*T™ 1
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>>>)_7777"777?/7*7. E.
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]
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Figure 6. Schematic depiction of interfacial zones on the Schottky junction. @, is the work function
of metal, @p, is the barrier height of metal-semiconductor barrier, @y is an asymptotic value of @,
at zero electric field, A® is image force lowering, A is potential across interfacial layer, x is electron
affinity of semiconductor, Vj, is built-in potential, Qs is the space charge density in semiconductor, and
Qp is the space charge density on metal, respectively.

When a metal is contacted with a semiconductor, the contact area formation, energy band
diagram, and charge distribution on the Schottky junction are shown in Figure 6. As mentioned
above, when analyzing the bonding between metal and semiconductor, it is necessary to consider
a thin insulating layer at the interface.This is because the insulating layer decouples the metal from
the semiconductor so that each of them can be treated as a separate system. One can then regard
the interface states as a property of the particular semiconductor-insulator combination and ignore



Sensors 2017, 17, 683 11 of 19

any modification in the surface dipole contributions to the work functions of the metal and the
semiconductor. These simplifications obviously are not possible in the case of clean contacts [108].
If there is no insulating film in the metal-semiconductor contact, the effect of lowering the barrier by
the image force appears. This is called the image force lowering. If an electron is at a distance x from
the metal surface, then there exists an electric field perpendicular to the metal surface. This is like the
effect of a positive charge at a distance -x inside of a metal. It is seen from Figure 6 that the maximum
in energy occurs at a distance x;; from the metal surface and it can be shown that the magnitude A® of
the barrier lowering is given by [33]:

EBNd
Nep = | ———(V, =V 1
(P 87T2€§€s( b ) ()

where Nj is the donor concentration, and V is the applied voltage.

Figure 6 can in fact be used to characterize any of the metal-semiconductor contacts such as
semiconductor-semiconductor and metal-insulator-semiconductor. Using this approach, the difference
in these cases depends on how much freedom exists in specifying the electric field at the interface.
The various interface formation regimes are listed in Table 3 [33].

Table 3. Interface formation regimes.

(a) Metal deposition onto cleaved surfaces

(b) Metal deposition onto sputtered surfaces

(c) Metal deposition onto sputtered and reannealed surfaces

(d) Single crystal metal growth on in situ grown semiconductors

Metal/semiconductor contacts are fabricated with the layer-by layer approach, or the deposition
of the metal on the semiconductor. Following the preparation of the clean surface, the initial state of
the semiconductor surface can have many different configuration which will affect the outcome of
the junction barrier that forms. The state can consist of either structural or compositional disorder
reflected in structural defects such as steps, surface vacancies, or anti-site arrangement.

In the initial metal deposition, the density of surface atoms, which can be determined accurately,
is low enough that they do not interact. In this case, one can identify site-specific chemisorption as
well as reaction or replacement. Energy released at this stage such as the heat of condensation or
reaction may dislodge other surface atoms from their equilibrium sites. The outcome of this stage
may depend upon the surface temperature either through surface diffusion or through activated
processes. As the surface concentration grows, the possibility of metal-metal interactions become a
significant aspect. Depending upon the surface mobility and strength of the interaction, the metal may
be have a tendency to form clusters. For many metals, the cluster formation or metal film nucleation
is exothermic, so this stage can disrupt the underlying lattice. Beyond the development of the initial
metal overlayer, depending on the configuration of the metal the metal film may be under a significant
stress (either tensile or compressional), which can be a driving force for interdiffusion and at some
point dislocation formation. Stress, dipole formation, and other phenomema drive interdiffusion
which can proceed over tens of angstroms even at room temperature. The final interface may be
compositionally and spatially inhomogeneous so that there is significant dimension to the situations
that need to be evaluated detail. These effects can be accentuated with the thermal processing that
usually accompanies device processing [128-130].

One can choose a metal to fabricate Schottky barrier sensors with a particular semiconductor
sensing material. A key of this choice is metal and semiconductor work functions. For an n-type
semiconductor, the metal work function ¢j; should be greater than the electron affinity x of the
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semiconductor, while for a p-type semiconductor, it should be opposite. The barrier height in Figure 6
is given by:
$Bn = PM — X @

For an ideal case, the barrier height is about equal to the band gap of the semiconductor. In
practical, however, the interface between metal and semiconductor becomes a very complicated state
due to due to interface states originating either from surface states [121] or from metal-induced gap
states [125] and /or due to interface chemical reactions of metal and semiconductor atoms [131-133].
We need to modify the Equation (2). Cowley and Sze [125] have derived an expression for ¢p, taking
surface states into account. Then one obtains:

@n = v(em —X) + (1= 7)(Eg — 90) — Ag ®3)

And:
v =€ (e + ezmes) (4)

where x;;, is the thickness of the interfacial layer, and D; the density of interface states. Neglecting A®,
Equation (3) reduces to Equation (2) when Ds = 0. In the literature, there are numerous experimental
date [33,134-136] on @),. Table 4 gives the most preferred experimental values of work function for
important metals.

Table 4. Work function of some important metals.

Metal Work Function (eV) Metal Work Function (eV)

Pt 5.65 Zn 4.33
Ni 5.25 Al 4.28
Pd 5.12 Ag 4.26
Au 5.1 Pb 4.25
Cu 4.65 Ta 4.25
Y 4.55 Cd 422
Cr 45 Ga 4.2
Hg 4.49 In 412
Sn 4.42 Zr 4.05
Ti 4.33 Cs 2.14

The other important factor on which metal selection depends include its low diffusivity in the
semiconductor and its ease of deposition (convenient temperature of deposition and good adhesion),
no interface reaction, good electrical and thermal behavior, and adaptability to thermocompression
bonding. The reactivity of a metal with the semiconductor is one the most important factors affecting
Schottky barriers. It is, therefore, to know the reactive or nonreactive metals with regard to a particular
semiconductor prior to selecting an electrode metal for sensors.

For a heavily doped semiconductor, the energy barrier is sufficiently thin for electrons to tunnel
through the barrier, resulting in an ohmic contact. Tunneling theory has been analyzed by Padovani
and Stratton [137] and by Crowell and Rideout [138]. The current-voltage characteristics in the presence
of tunneling can be modified by:

eV
I= Isexp<Et> ©)
where: £
— =t
E; = Eggcoth < kT) (6)
And:

W/ Ny \V?
%=e<f) )
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where m* is the electron effective mass and / is Planck’s constant. Contribution of thermionic field
emission (TFE) to the diode current dominates for Egg~kT. The energy E; at which TFE has its
maximum contribution occurs at:
eVy
P — ®)
[cosh(Egy/kT)]

where Vj, is the voltage corresponding to the total band bending and E,, is measured from bottom of
the conduction band at the edge of the depletion region. The analysis of them [137] on which the above
results are based has neglected the image force barrier lowering and quantum mechanical reflections
of electrons from the top of the barrier. Moreover, in both the above works the electron distribution
was assumed to be described by Boltzman statistics. On the other hand, studies on tunneling effects in
lightly doped semiconductors have also been reported in the absence of the interface insulating layer.
An explanation for this ohmic behavior to lightly doped material is the formation of semiconductor
vacancies during alloying with subsequent metal atoms occupying semiconductor sites and becoming
donors. For the case where a low barrier results, it is supposed that a thin layer (10 A) of degenerate
material exists at the surface that modified the barrier shape as shown in Figure 7 [137]. A low forward
bias is required to raise the majority carrier over the first part of the barrier by thermionic emission but
the remaining barrier is sufficiently thin for tunneling to occur.

4—\— ®
e¢g I
echn
L
7777777771
Metal Metal -+ #+ Remaining barrier

(a) (b)

Figure 7. Energy band diagram of metal-semiconductor under forward bias: (a) highly doped and
(b) lightly doped.

The understanding of the mechanism of barrier formation at the metal-semiconductor contact
is still far from complete although considerable progress in understanding the physical processes
occurring at the interface has been made during the decades. Ideal conditions as postulated by Schottky
and Bardeen [139,140] hardly ever exist at the interface, and the dipole layer depends upon the spatial
arrangement of constituent atoms at the interface and whether or not they form chemical bonds with
each other. Thus, the type of interface appears to play an important role in the formation of the barrier.
For reactive interfaces where the metal forms compounds with the semiconductor the barrier height
may be correlated with parameters related to the metallurgical reaction such as heat of formation or the
eutectic temperature of the interfacial compounds. Other type of contacts most frequently encountered
in sensors are those in which there is a thin oxide layer between the metal and the semiconductor as
shown in Figure 6. In these contacts the barrier height depends upon the method of preparation of
semiconductor surface and tends to increase with increasing value of the metal work function although
the relation between ¢p, and ¢y, is not strictly linear. The presence of oxide produces interface states
which depends only on the oxide semiconductor combination and the modification of these states by
the presence the metal is prevented to a large extent. The perturbing action of the metal comes through
the penetration of the metal electron wave functions into the semiconductor forbidden gap and by
interdiffusion of atoms across the boundary.
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5. Conclusions

Identifying the phenomena that occur between the electrode and semiconductor of the
semiconductor gas sensor has been a very interesting topic for decades. The types or application
methods of the semiconductor gas sensor determine the electrode type. One electrode sensors using
micromachining technology are widely applied, replacing the traditional interdigit two electrode type.
As a planar design is applied to the one electrode sensor that is produced with the micromachining
technology, large scale integration is appropriate. In addition, it has advantages of low power
consumption and production cost. For the microsensor represented as the FET type, materials used for
the gate electrode and the type of configuration are essential. When it works simply as a device that
supplies voltage to the gate, poly Si or aluminum can be used. When the gate electrode should perform
a catalytic function or allow gas penetration, special materials are used or a unique design is applied.
Many studies also attempt to apply conductive polymer to the gas sensor. The conductive polymer
electrode using polypyrrole (PPy), and polyaniline (Pani) is manufactured with casting, layer-by-layer
deposition, spin-coating or LB techniques. Its manufacturing process is simple which allows room
temperature operation. However, it is challenging to apply the techniques to the high temperature FET
type because the semiconductor fabrication process is carried out at a temperature higher than 1000 °C.
It appears that the charge transport theory can be analyzed easily with the Shottky-Mott model for the
electrode-semiconductor interface. However, different analyses are possible depending on the sensor
type and many studies failed to reach a clear conclusion. This implies that one single mechanism
cannot explain different material situations.

Acknowledgments: The author wishes to acknowledge the financial support of Kyungnam University made in
the program year of 2013.

Conflicts of Interest: The author declares no conflict of interest.

References

1. Seiyama, T; Kato, A.; Fulishi, K.; Nagatani, M. A new detector for gaseous components using semiconductive
thin films. Anal. Chem. 1962, 34, 1502-1503. [CrossRef]

2. Loépez-Gandara, C.; Ramos, EM.; Cirera, A. YSZ-Based Oxygen Sensors and the Use of Nanomaterials:
A Review from Classical Models to Current Trends. J. Sens. 2009, 2009, 1-15. [CrossRef]

3. Moos, R. A brief overview on automotive exhaust gas sensors based on electroceramics. Int. |. Appl.
Ceram. Technol. 2005, 2, 401-413. [CrossRef]

4. Riegel, J.; Neumann, H.; Wiedenmann, H.M. Exhaust gas sensors for automotive emission control. Solid State
Tonics 2002, 152-153, 783-800. [CrossRef]

5. Ivers-Tiffee, E.; Hardtl, K.H.; Menesklou, W.; Riegel, J. Principles of solid state oxygen sensors for lean
combustion gas control. Electrochim. Acta. 2001, 47, 807-814. [CrossRef]

6. Anderson, T,; Ren, E; Pearton, S.; Kang, B.S.; Wang, H.-T.; Chang, C.-Y,; Lin, J. Advances in hydrogen,
carbon dioxide, and hydrocarbon gas sensor technology using GaN and ZnO-based devices. Sensors 2009, 9,
4669-4694. [CrossRef] [PubMed]

7. Chang, Y.-C,; Bai, H.; Li, S.-N.; Kuo, C.-N. Bromocresol green/mesoporous silica adsorbent for ammonia gas
sensing via an optical sensing instrument. Sensors 2011, 11, 4060-4072. [CrossRef] [PubMed]

8.  Wang, Y;; Tong, M.M.; Zhang, D.; Gao, Z. Improving the performance of catalytic combustion type methane
gas sensors using nanostructure elements doped with rare earth cocatalysts. Sensors 2011, 11, 19-31.
[CrossRef] [PubMed]

9. Wongchoosuk, C.; Wisitsoraat, A.; Phokharatkul, D.; Tuantranont, A.; Kerdcharoen, T. Multi-walled carbon
nanotube-doped tungsten oxide thin films for hydrogen gas sensing. Sensors 2010, 10, 7705-7715. [CrossRef]
[PubMed]

10. Fine, G.F; Cavanagh, L.M.; Afonja, A.; Binions, R. Metal oxide semi-conductor gas sensors in environmental
monitoring. Sensors 2010, 10, 5469-5502. [CrossRef] [PubMed]

11.  Lee, S.P. Micro-humidity sensor system using CMOS technology. Sens. Lett. 2011, 9, 1-6.


http://dx.doi.org/10.1021/ac60191a001
http://dx.doi.org/10.1155/2009/258489
http://dx.doi.org/10.1111/j.1744-7402.2005.02041.x
http://dx.doi.org/10.1016/S0167-2738(02)00329-6
http://dx.doi.org/10.1016/S0013-4686(01)00761-7
http://dx.doi.org/10.3390/s90604669
http://www.ncbi.nlm.nih.gov/pubmed/22408548
http://dx.doi.org/10.3390/s110404060
http://www.ncbi.nlm.nih.gov/pubmed/22163836
http://dx.doi.org/10.3390/s110100019
http://www.ncbi.nlm.nih.gov/pubmed/22346565
http://dx.doi.org/10.3390/s100807705
http://www.ncbi.nlm.nih.gov/pubmed/22163623
http://dx.doi.org/10.3390/s100605469
http://www.ncbi.nlm.nih.gov/pubmed/22219672

Sensors 2017, 17, 683 15 of 19

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.
32.
33.
34.
35.
36.
37.

38.

Song, K.; Wang, Q.; Liu, Q.; Zhang, H.; Cheng, Y. A wireless electronic nose system using a Fe,O3 gas sensing
array and least squares support vector regression. Sensors 2011, 11, 485-505. [CrossRef] [PubMed]
Lilienthal, A.].; Loutfi, A.; Duckett, T. Airborne chemical sensing with mobile robots. Sensors 2006, 6,
1616-1678. [CrossRef]

Gonzalez-Jimenez, J.; Monroy, ].G.; Blanco, J.L. The multi-chamber electronic nose—An improved olfaction
sensor for mobile robotics. Sensors 2011, 11, 6145-6164. [CrossRef] [PubMed]

Endres, H.E.; Gottler, W.; Hartinger, R.; Drost, S.; Hellmich, W.; Miiller, G.; Braunmdihl, C.B.; Krenkow, A.;
Perego, C.; Sberveglieri, G. A thin-film SnO, sensor system for simultaneous detection of CO and NO, with
neural signal evaluation. Sens. Actuators B 1996, 36, 353-357. [CrossRef]

Lee, S.P. Synthesis and characteristics of carbon nitride for micro humidity sensors. Sensors 2008, 8, 1508-1518.
[CrossRef] [PubMed]

Chen, D,; Lei, S.; Chen, Y. A single polyaniline nanofiber field effect transistor and its gas sensing mechanisms.
Sensors 2011, 11, 6509-6516. [CrossRef] [PubMed]

Schiiler, M.; Sauerwald, T.; Schiitze, A. Metal oxide semiconductor gas sensor self-test using Fourier-based
impedance spectroscopy. J. Sens. Syst. 2014, 3, 213-221.

Kang, K.S.; Lee, S.P. CO Gas Sensors Operating at Room Temperature. |. Mater. Sci. 2003, 38, 4319-4323.
[CrossRef]

Hagleitner, C.; Lange, D.; Hierlemann, A.; Brand, O.; Baltes, H. CMOS single-chip gas detection system
comprising capacitive, calorimetric and mass-sensitive microsensors. IEEE ]. Solid-St. Circ. 2002, 37,
1867-1878. [CrossRef]

Liu, J.; Wang, W.; Li, S.; Liu, M.; He, S. Advances in SAW gas sensors based on the condensate-adsorption
effect. Sensors 2011, 11, 11871-11884. [CrossRef] [PubMed]

Marr, I; Reifi, S.; Hagen, G.; Moos, R. Planar zeolite film-based potentiometric gas sensors manufactured by
a combined thick-film and electroplating technique. Sensors 2011, 11, 7736-7748. [CrossRef] [PubMed]
Chinvongamorn, C.; Pinwattana, K.; Praphairaksit, N.; Imato, T.; Chailapakul, O. Amperometric
determination of sulfite by gas diffusion-sequential injection with boron-doped diamond electrode. Sensors
2008, 8, 1846-1857. [CrossRef] [PubMed]

Morrison, S.R. Selectivity in semiconductor gas sensors. Sens. Actuators B Chem. 1987, 12, 425-440. [CrossRef]
Morrison, S.R. Mechanism of semiconductor gas sensor operation. Sens. Actuators B Chem. 1987, 11, 283-287.
[CrossRef]

Barsan, N.; Huebner, M.; Weimar, U. Conduction mechanism in semiconducting metal oxide sensing film:
Impact on transition. In Semiconductor Gas Sensors; Jaaniso, R., Tan, O.K., Eds.; Woodhead Publishing:
Cambridge, UK, 2013; pp. 64-113.

Ho, K.-C.; Hung, W.-T.; Yang, ].-C. On the Electrooxidation and amperometric detection of no gas at the
Pt/nafion® electrode. Sensors 2003, 3, 290-303. [CrossRef]

Liu, X.; Cheng, S.; Liu, H.; Hu, S.; Zhang, D.; Ning, H. Review A Survey on Gas Sensing Technology. Sensors
2012, 12, 9635-9665. [CrossRef] [PubMed]

Potje-Kamloth, K. Semiconductor junction gas sensors. Chem. Rev. 2008, 108, 367-399. [CrossRef] [PubMed]
Hubert, T.; Boon-Brett, L.; Black, G.; Banach, U. Hydrogen sensors—A review. Sens. Actuators B Chem. 2011,
157, 329-352. [CrossRef]

Korotcenkov, G. Practical aspects in design of one-electrode semiconductor gas sensors: Status report.
Sens. Actuators B Chem. 2007, 121, 664—678. [CrossRef]

Pascoe, K.J. Properties of Materials for Electrical Engineers; John Wiley & Sons: London, UK, 1973.

Rhoderick, E.H. Metal-Semiconductor Contacts; Clarendon Press: Oxford, UK, 1978.

Sze, S.M. Physics of Semiconductor Devices; John Wiley & Sons: New York, NY, USA, 1981.

Sze, S. Semiconductor Devices; John Wiley & Sons: New York, NY, USA, 2002.

Zhou, X.; Xu, Y.; Cao, Q.; Niu, S. Metal-semiconductor ohmic contact of SnO;-based ceramic gas sensors.
Sens. Actuators B Chem. 1997, 41, 163-167. [CrossRef]

Schierbaum, K.D. Engineering of oxide surfaces and metal/oxide interfaces for chemical sensors: Recent
trends. Sens. Actuators B Chem. 1995, 24-25, 239-247. [CrossRef]

Zhang, W.; Vascincelos, E.A.; Uchida, H.; Katsube, T.; Nakatsubo, T.; Nishioka, Y. A study of silicon Schottky
diode structures for NOy gas detection. Sens. Actuators B Chem. 2000, 65, 154-156. [CrossRef]


http://dx.doi.org/10.3390/s110100485
http://www.ncbi.nlm.nih.gov/pubmed/22346587
http://dx.doi.org/10.3390/s6111616
http://dx.doi.org/10.3390/s110606145
http://www.ncbi.nlm.nih.gov/pubmed/22163947
http://dx.doi.org/10.1016/S0925-4005(97)80095-0
http://dx.doi.org/10.3390/s8031508
http://www.ncbi.nlm.nih.gov/pubmed/27879777
http://dx.doi.org/10.3390/s110706509
http://www.ncbi.nlm.nih.gov/pubmed/22163969
http://dx.doi.org/10.1023/A:1026383031931
http://dx.doi.org/10.1109/JSSC.2002.804359
http://dx.doi.org/10.3390/s111211871
http://www.ncbi.nlm.nih.gov/pubmed/22247697
http://dx.doi.org/10.3390/s110807736
http://www.ncbi.nlm.nih.gov/pubmed/22164042
http://dx.doi.org/10.3390/s8031846
http://www.ncbi.nlm.nih.gov/pubmed/27879796
http://dx.doi.org/10.1016/0250-6874(87)80061-6
http://dx.doi.org/10.1016/0250-6874(87)80007-0
http://dx.doi.org/10.3390/s30800290
http://dx.doi.org/10.3390/s120709635
http://www.ncbi.nlm.nih.gov/pubmed/23012563
http://dx.doi.org/10.1021/cr0681086
http://www.ncbi.nlm.nih.gov/pubmed/18229954
http://dx.doi.org/10.1016/j.snb.2011.04.070
http://dx.doi.org/10.1016/j.snb.2006.04.092
http://dx.doi.org/10.1016/S0925-4005(97)80290-0
http://dx.doi.org/10.1016/0925-4005(95)85051-1
http://dx.doi.org/10.1016/S0925-4005(99)00466-9

Sensors 2017, 17, 683 16 of 19

39.

40.

41.

42.

43.

44.
45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Irokawa, Y. Hydrogen sensors using nitride-based semiconductor diodes: The role of metal /semiconductor
interfaces. Sensors 2011, 11, 674-695. [CrossRef] [PubMed]

Schalwig, J.; Miiller, G.; Karrer, U.; Eickhoff, M.; Ambacher, O.; Stutzmann, M.; Gorgens, L.; Dollinger, G.
Hydrogen response mechanism of Pt-GaN Schottky diodes. Appl. Phys. Lett. 2002, 80, 1222-1224. [CrossRef]
Petty, M.C. Conduction mechanisms in Pd/SiO, /n-Si Schottky diode hydrogen detectors. Solid State Electron.
1986, 29, 89-97. [CrossRef]

Matsuo, K.; Negoro, N.; Kotani, J.; Hashizume, T.; Hasegawa, H. Pt Schottky diode gas sensors formed on
GaN and AlGaN/GaN heterostructure. Appl. Surf. Sci. 2005, 244, 273-276. [CrossRef]

Soo, M.T.; Cheong, K.Y.; Noor, A.FM. Advances of SiC-based MOS capacitor hydrogen sensors for harsh
environment applications. Sens. Actuators B Chem. 2010, 151, 39-55. [CrossRef]

Toohey, M.J. Electrodes for nano dot-based gas sensors. Sens. Actuators B Chem. 2005, 105, 232-250. [CrossRef]
Song, K.; Joo, B.; Choi, N.; Lee, Y,; Lee, S.; Huh, J.; Lee, D. A micro hot-wire sensors for gas sensing
applications. Sens. Actuators B Chem. 2004, 102, 1-6. [CrossRef]

Korotcenkov, G.; Boris, I.; Brinzari, V.; Lychkovsky, Y.; Karkotsky, G.; Golovanov, V.; Cornet, A.; Rossinyol, E.;
Rodriguez, J.; Cirera, A. Gas sensing characteristics of one-electrode gas sensors on the base of doped
InyOzceramics. Sens. Actuators B Chem. 2004, 103, 13-22. [CrossRef]

Jones, E. The Pellistor Catalytic Gas Sensor, in Moseley P and Tofield B (Eds.); Solid-state Gas Sensors, Institute of
Physics: Bristol, UK, 1987; pp. 17-31.

Fukui, K. Detection and measurements of odour by sintered tin oxide. Sens. Actuators B Chem. 1991, 5, 27-32.
[CrossRef]

Malchenko, S.; Lychkovski, Y.; Baykov, M. In,O3-based gas sensors. Sens. Actuators B Chem. 1993, 13-14,
159-161. [CrossRef]

Malchenko, S.; Lychkovski, Y.; Baykov, M. One electrode semiconductor sensors for detection of toxic and
explosive gases in air. Sens. Actuators B Chem. 1992, 7, 505-506. [CrossRef]

Golovanov, V,; Liu, C.C.; Kiv, A.; Fuk, D.; Ivanovskaya, M. Microfabricated one-electrode In,O3 and Fe; O3
composite sensors. Solid State Phys. 2009, 13, 68-73.

Faglia, G.; Comini, E.; Sberveglieri, G.; Rella, R.; Siciliano, P.; Vasanelli, L. Square and collinear four probe
array and Hall measurements on metal oxide thin film gas sensors. Sens. Actuators B Chem. 1998, 53, 69-75.
[CrossRef]

Williams, D. Semiconducting oxides as gas-sensitive resistors. Sens. Actuators B Chem. 1999, 57, 1-16.
[CrossRef]

Gerlich, M.; Kornely, S.; Fleischer, M.; Meixner, H.; Kassing, R. Selectivity enhancement of a WO3/TiO, gas
sensor by the use of a four-point electrode structure. Sens. Actuators B Chem. 2003, 93, 503-508. [CrossRef]
Blaser, D.; Riihl, T.; Diehl, C.; Ulrich, M.; Kohl, D. Nanostructured semiconductor gas sensors to overcome
sensitivity limitations due to percolation effects. Phys. A 1999, 266, 218-223. [CrossRef]

Lundstrom, I.; Shivaraman, M.S.; Svensson, S. A hydrogen sensitive Pd-gate MOS transistors. |. Appl. Phys.
1975, 46, 3876-3881. [CrossRef]

Lundstrom, I. Hydrogen sensitive MOS structures: Part 1: Principles and applications. Sens. Actuators
B Chem. 1981, 1, 403-426. [CrossRef]

Abe, H.; Esashi, M.; Matsuo, T. ISFET’s using inorganic gate thin films. IEEE Trans. Electron Devices 1979,
ED-26,1932-1939.

Sibbald, A.; Whalley, P.; Covington, A. A miniature flow-through cell with a four-junction chemFET
integrated circuit. Anal. Chem. Acta 1984, 159, 47-62. [CrossRef]

Bergveld, P. Development of an ion-sensitive solid state device for neuro-physiological measurements.
IEEE Trans. Biomed. Eng. 1990, BMEE-17, 70-71.

Mariucci, L.; Fortunato, G.; Pecora, A.; Bearzotti, A.; Carelli, P.; Leone, R. Hydrogenated amorphous silicon
technology for chemical sensing thin film transistors. Sens. Actuators B Chem. 1992, 6, 29-33. [CrossRef]
Litovchenko, V.G.; Gorbanyuk, T.I; Efremov, A.A.; Evtukh, A.A. Effect of macrostructure and composition of
the top metal electrode on properties of MIS gas sensors. Microelectron. Reliabil. 2000, 40, 821-824. [CrossRef]
Qiu, Y.Y,;; Azeredo-Leme, C.; Alcacer, L.R.; Franca, ]. E. A CMOS humidity sensor with on-chip calibration.
Sens. Actuators A Phys. 2001, 92, 80-87. [CrossRef]

Gu, L.;; Huang, Q.; Qin, M. A novel capacitive-type humidity sensor using CMOS fabrication technology.
Sens. Actuators B Chem. 2004, 99, 491-498. [CrossRef]


http://dx.doi.org/10.3390/s110100674
http://www.ncbi.nlm.nih.gov/pubmed/22346597
http://dx.doi.org/10.1063/1.1450044
http://dx.doi.org/10.1016/0038-1101(86)90202-9
http://dx.doi.org/10.1016/j.apsusc.2004.10.149
http://dx.doi.org/10.1016/j.snb.2010.09.059
http://dx.doi.org/10.1016/S0925-4005(04)00431-9
http://dx.doi.org/10.1016/j.snb.2003.11.038
http://dx.doi.org/10.1016/j.snb.2004.02.016
http://dx.doi.org/10.1016/0925-4005(91)80215-6
http://dx.doi.org/10.1016/0925-4005(93)85350-J
http://dx.doi.org/10.1016/0925-4005(92)80353-Y
http://dx.doi.org/10.1016/S0925-4005(98)00290-1
http://dx.doi.org/10.1016/S0925-4005(99)00133-1
http://dx.doi.org/10.1016/S0925-4005(03)00187-4
http://dx.doi.org/10.1016/S0378-4371(98)00595-0
http://dx.doi.org/10.1063/1.322185
http://dx.doi.org/10.1016/0250-6874(81)80018-2
http://dx.doi.org/10.1016/S0003-2670(00)84280-4
http://dx.doi.org/10.1016/0925-4005(92)80026-T
http://dx.doi.org/10.1016/S0026-2714(99)00309-1
http://dx.doi.org/10.1016/S0924-4247(01)00543-X
http://dx.doi.org/10.1016/j.snb.2003.12.060

Sensors 2017, 17, 683 17 of 19

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.
76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Eriksson, M.; Salomonsson, A.; Lundstrom, I. The influence of the insulator surface properties on the
hydrogen response of field-effect gas sensors. J. Appl. Phys. 2005, 98, 0349031-0439036. [CrossRef]

Fukuda, H.; Kasama, K.; Nomura, S. Highly sensitive MISFET sensors with porous Pt-SnO, gate electrode
for CO gas sensing applications. Sens. Actuators B Chem. 2000, 64, 163-168. [CrossRef]

Trinchi, A.; Kandasamy, S.; Wlodarski, W. High temperature field effect hydrogen and hydrocarbon gas
sensors based on SiC MOS devices. Sens. Actuators B Chem. 2008, 133, 705-716. [CrossRef]

Johnson, C.L.; Wise, K.D.; Schwank, J.W. A Thin-film Gas Detector for Semiconductor Process Gases.
IEDM Tech. Dig. 1988, 662—-663.

Suehle, J.S.; Cavicchi, R.E.; Gaitan, M.; Semancik, S. Tin oxide gas sensor fabricated using CMOS
micro-hotplates and in situ processing. IEEE Electron Device Lett. 1993, 4, 118-120. [CrossRef]

Chan, P.C.H; Yan, G.; Sheng, L.Y.; Sharma, RK,; Tang, Z; Sin, ] K.O.; Hsing, LM.; Wang, Y.Y. An integrated
gas sensor technology using surface micro-machining. In Proceedings of the MEMS 2001, Interlaken,
Switzerland, 21-25 January 2001; pp. 543-546.

Yan, G.; Tang, Z.; Chan, P.C.H.; Sin, ] K.O.; Hsing, LM.; Wang, Y. An experimental study on high-temperature
metallization for micro-hotplate-based integrated gas sensors. Sens. Actuators B Chem. 2002, 86, 1-11.
[CrossRef]

Dai, C.L.; Xiao, FY.; Juang, Y.Z.; Chiu, C.F. An approach to fabricating microstructures that incorporate
circuits using a post-CMOS process. J. Micromech. Microeng. 2005, 15, 98-103. [CrossRef]

Dai, C.L. A capacitive humidity sensor integrated with micro heater and ring oscillator circuit fabricated
CMOS-MEMS technique. Sens. Actuators B Chem. 2007, 122, 375-380. [CrossRef]

Janata, J.; Josowicz, M. Suspended gate field effect transistors modified with polypyrrole as alcohol sensor.
Anal. Chem. 1986, 58, 514-517.

Hauptman, P. Sensors: Principles and Applications; Prentice Hall: Hertfordshire, UK, 1991.

Lee, S.P; Park, K.J. Humidity sensitive field effect transistors. Sens. Actuators B Chem. 1996, 35-36, 80-84.
[CrossRef]

Lee, KN.; Seo, Y.T.; Yoon, S.; Lee, M.-H.; Kim, YK.; Seong, W.K. Chemical gating experiment of a
nano-field-effect transistor sensor using the detection of negative ions in air. Sens. Actuators B Chem.
2016, 236, 654-658. [CrossRef]

Jain, U.; Harker, A.; Stoneham, A.; Williams, D. Effect of electrode geometry on sensor response.
Sens. Actuators B Chem. 1990, 2, 111-114. [CrossRef]

Williams, D.; Pratt, K. Theory of self-diagnostic sensor array devices using gas-sensitive resistors. J. Chem.
Soc. Faraday Trans. 1995, 91, 1961-1966. [CrossRef]

Vilanova, X.; Llobet, E.; Brezmes, J.; Calderer, J.; Correig, X. Numerical simulation of the electrode geometry and
position effects on semiconductor gas sensor response. Sens. Actuators B Chem. 1998, 48, 425-431. [CrossRef]
Gardner, J. Intelligent gas sensing using an integrated sensor pair. Sens. Actuators B Chem. 1995, 26-27,
261-266. [CrossRef]

VitaeTamaki, J.; Miyaji, A.; Makinodan, J.; Ogura, S.; Konishi, S. Effect of micro-gap electrode on detection of
dilute NO, using WOj thin film microsensors. Sens. Actuators B Chem. 2005, 108, 202-206.

Shaalan, N.M.; Yamazaki, T.; Kikuta, T. Influence of morphology and structure geometry on NO; gas-sensing
characteristics of SnO, nanostructures synthesized via a thermal evaporation method. Sens. Actuators
B Chem. 2011, 153, 11-16. [CrossRef]

Hoefer, U.; Steiner, K.; Wagner, E. Contact and sheet resistances of SnO, thin films from transmission-line
model measurements. Sens. Actuators B Chem. 1995, 26, 59-63. [CrossRef]

Hoefer, U.; Bottner, H.; Felske, A.; Kiihner, G.; Steiner, K.; Sulz, G. Thin-film SnO; sensor arrays controlled
by variation of contact potential—A suitable tool for chemometric gas mixture analysis in the TLV range.
Sens. Actuat. B 1997, 44, 429-433. [CrossRef]

Capone, S.; Siciliano, P.; Quaranta, F,; Rella, R.; Epifani, M.; Vasanelli, L. Moisture influence of geometry
effect of Au and Pt electrodes on CO sensing response of SnO, microsensors based on sol-gel thin film.
Sens. Actuators B Chem. 2001, 77, 503-511. [CrossRef]

Gourari, H.; Lumbreras, M.; Van Landschoot, R.; Schoonman, J. Electrode nature effects on stannic oxide
type layers prepared by electrostatic spray deposition. Sens. Actuators B Chem. 1999, 58, 365-369. [CrossRef]
Saukko, S.; Latto, V. Influence of electrode material on properties of SnO,-based gas sensor. Thin Solid Film
2003, 436, 137-140. [CrossRef]


http://dx.doi.org/10.1063/1.1994941
http://dx.doi.org/10.1016/S0925-4005(99)00501-8
http://dx.doi.org/10.1016/j.snb.2008.03.011
http://dx.doi.org/10.1109/55.215130
http://dx.doi.org/10.1016/S0925-4005(02)00070-9
http://dx.doi.org/10.1088/0960-1317/15/1/015
http://dx.doi.org/10.1016/j.snb.2006.05.042
http://dx.doi.org/10.1016/S0925-4005(96)02018-7
http://dx.doi.org/10.1016/j.snb.2016.06.057
http://dx.doi.org/10.1016/0925-4005(90)80019-V
http://dx.doi.org/10.1039/ft9959101961
http://dx.doi.org/10.1016/S0925-4005(98)00080-X
http://dx.doi.org/10.1016/0925-4005(94)01598-C
http://dx.doi.org/10.1016/j.snb.2010.09.070
http://dx.doi.org/10.1016/0925-4005(94)01557-X
http://dx.doi.org/10.1016/S0925-4005(97)00230-X
http://dx.doi.org/10.1016/S0925-4005(01)00754-7
http://dx.doi.org/10.1016/S0925-4005(99)00150-1
http://dx.doi.org/10.1016/S0040-6090(03)00509-1

Sensors 2017, 17, 683 18 of 19

89.

90.

91.

92.

93.

94.

95.

96.

97.
98.

99.

100.

101.

102.

103.

104.

105.

106.

107.
108.
109.
110.

111.

112.

113.

Durrani, S.M. The influence of electrode metals and its configuration on the response of tin oxide thin film
CO sensor. Talanta 2006, 68, 732-1735. [CrossRef] [PubMed]

Pijolat, C. Etude des pRoprietes Physico-Chimiques et des Proprietes Electriques du Dioxyde d’etain en
Fonction de I’'atmosphere Gazeuse Environnante, Application a la Detection Selective des Gaz. Ph.D. Thesis,
IN Polytechnique de Grenoble, Grenoble, France, 1986.

Bertrand, J.; Koziej, D.; Barsan, N.; Viricelle, J.P; Pijolat, C.; Weimar, U. Influence of the nature of the
electrode on the sensing performance of SnO, sensors; Impedance spectroscopy studies. In Proceedings of
the Eurosensors XX, Goeteborg, Sweden, 17-20 September 2006; pp. 100-101.

Ylinampa, A.; Lantto, V.; Leppévuori, S. Some differences between Au and Pt electrodes in SnO, thick-film
gas sensors. Sens. Actuators B Chem. 1993, 13-14, 602-604. [CrossRef]

Lin, HM,; Tzeng, S.J.; Hsiau, PJ.; Tsai, W.I. Electrode effects on gas sensing properties of nanocrystalline
zinc oxide. Nanostruct. Mater. 1998, 10, 465-477.

RBender, F; Kim, C.; Mlsna, T.; Vetelino, J.F. Characterization of a WOj3 thin film chlorine sensor.
Sens. Actuators B Chem. 2001, 77, 281-286.

Rank, S.; Hafner, S.; Barsan, N.; Weimar, U. The impact of the nature of the electrode material on SnO, thick
Film sensor performance: Influence on oxygen adsorption. Proc. Eng. 2012, 47, 514-517. [CrossRef]

Sofian, M.; Oussama, M.E.; Imad, A.A.; Marsha, C. K. Semiconducting metal oxide based sensors for selective
gas pollutant detection. Sensors 2009, 9, 8158-8196.

Ahmad, I.A. Metal /metal-oxide nanoclusters for gas sensor applications. ]. Nanomater. 2016, 16, 1-717. [CrossRef]
Barsan, N.; Schweizer-Berberich, M.; Gopel, W. Fundamental and practical aspects in the desgin of nanoscaled
SnO, gas sensors: A status report. J. Anal Chem. 1999, 365, 287-304. [CrossRef]

Steele, M.; Maclver, B. Palladium/cadmium-sulfide Schottky diodes for hydrogen detection. Appl. Phys. Lett.
1976, 28, 687-1687. [CrossRef]

Ito, K. Hydrogen sensitive Schottky barrier diodes. Surf. Sci. 1979, 86, 345-352. [CrossRef]

Cheng, C.; Tsai, Y,; Lin, K.; Chen, H.; Hsu, W.; Chuang, H.; Chen, C.; Liu, W. Hydrogen sensing characteristics
of Pd- and Pt-Alj 3Gag 7As metal semiconductor(MS) Schottky diodes. Semicond. Sci. Tech. 2004, 19, 778-782.
[CrossRef]

Kim, J.; Gila, B.; Chung, G.; Abernathy, C.; Pearton, S.; Ren, F. Hydrogen sensitive GaN Schottky diodes.
Solid State Electron. 2003, 47, 1069-1073. [CrossRef]

Basu, S.; Roy, S.; Jacob, C. Ruthenium as Schottky metal for SiC-based high temperature hydrogen sensors.
Mater. Technol. Hydrogen Economy 2004, 801, 193-198. [CrossRef]

Salehi, A.; Nazerian, V. Characterization of magnetic Ni/n-Si Schottky contact for hydrogen gas sensing
applications. Sens. Actuators B Chem. 2007, 122, 572-577. [CrossRef]

Pandis, C.; Brilis, N.; Bourithis, E.; Tsamakis, D.; Ali, H.; Krishnamoorthy, S.; Iliadis, A.; Kompitsas, M.
Low-temperature hydrogen sensors based on Au nanoclusters and Schottky contacts on ZnO films deposited
by pulsed laser deposition on Si and SiO2 substrates. IEEE Sens. ]. 2007, 7, 448-454. [CrossRef]
Hossein-Babaei, F.; Purahmad, M. Wide dynamic range hydrogen sensing using silver-rutile Schottky
diode. In Proceedings of the Third International Conference on Sensing Technology, Taipei, Taiwan,
30 November—3 December 2008; pp. 72-75.

Song, J.; Lu, W.; Flynn, J.; Brandes, G. AIGaN/GaN Schottky diode hydrogen sensor performance at high
temperatures with different catalytic metals. Solid State Electron. 2005, 49, 1330-1334. [CrossRef]

Meixner, H.; Lampe, U. Metal oxide sensors. Sens. Actuators B Chem. 1996, 33, 198-202. [CrossRef]
Korotcenkov, G. Handbook of Gas Sensor Materials; Springer: New York, NY, USA, 2013.

Hoefer, U.; Kiithner, G.; Schweizer, W.; Sulz, G.; Steiner, K. CO and CO, thin-film SnO, gas sensors on Si
substrates. Sens. Actuators B Chem. 1994, 22, 115-119. [CrossRef]

Michel, HJ.; Leiste, H.; Halbritter, J. Structural and electrical characterization of PVD-deposited SnO, films
for gas —sensor application. Sens. Actuators B Chem. 1995, 24-25, 568-572. [CrossRef]

Sozza, A.; Dua, C.; Kerlain, A.; Brylinski, C.; Zanoni, E. Long-term stability of Ti-Pt-Au metallization system
for Schottky contact and first-level metallization on SiC MESFET. Microelectron. Reliab. 2004, 44, 1109-1113.
[CrossRef]

Capone, S.; Epifani, M.; Francioso, L.; Kaciulis, S.; Mezzi, A ; Siciliano, P; Taurino, A. Influence of electrodes
ageing on the properties of the gas sensors based on SnO,. Sens. Actuators B Chem. 2006, 115, 396—402.
[CrossRef]


http://dx.doi.org/10.1016/j.talanta.2005.08.015
http://www.ncbi.nlm.nih.gov/pubmed/18970522
http://dx.doi.org/10.1016/0925-4005(93)85110-V
http://dx.doi.org/10.1016/j.proeng.2012.09.197
http://dx.doi.org/10.1155/2016/1373725
http://dx.doi.org/10.1007/s002160051490
http://dx.doi.org/10.1063/1.88623
http://dx.doi.org/10.1016/0039-6028(79)90412-6
http://dx.doi.org/10.1088/0268-1242/19/6/022
http://dx.doi.org/10.1016/S0038-1101(02)00485-9
http://dx.doi.org/10.1557/PROC-801-BB6.2
http://dx.doi.org/10.1016/j.snb.2006.07.001
http://dx.doi.org/10.1109/JSEN.2007.891944
http://dx.doi.org/10.1016/j.sse.2005.05.013
http://dx.doi.org/10.1016/0925-4005(96)80098-0
http://dx.doi.org/10.1016/0925-4005(94)87009-8
http://dx.doi.org/10.1016/0925-4005(95)85124-0
http://dx.doi.org/10.1016/j.microrel.2004.01.017
http://dx.doi.org/10.1016/j.snb.2005.10.001

Sensors 2017, 17, 683 19 of 19

114.

115.
116.

117.

118.

119.

120.

121.

122.

123.
124.

125.

126.

127.

128.

129.
130.

131.
132.

133.

134.

135.

136.

137.

138.

139.

140.

Lee, J.; Kim, E. Effect of structural and morphological changes on the conductivity of stretched
PANI-DBSA /HIPS film. Bull. Korean Chem. Soc. 2011, 32, 2661-2665. [CrossRef]

Skotheim, T.A. Handbook of Conducting Polymers; Marcel Dekker: New York, NY, USA, 1986.

Ray, S.; Easteal, A.J.; Cooney, R.P; Edmonds, N.R. Structure and properties of melt-processed
PVDF/PMMA /polyaniline blends. Mat. Chem. Phys. 2009, 113, 829-838. [CrossRef]

Singh, S.K.; Gupta, RK; Singh, R.A. Optical, mechanical, and electrical studies of polymer composites
based on charge transfer complex of phenothiazine-iodine with poly(vinyl chloride). Synth. Met. 2009, 159,
2478-2485. [CrossRef]

Zhang, D.H. On the conductivity measurement of polyaniline pellets. Polym. Test. 2007, 26, 9-13. [CrossRef]
Ansari, R.; Raofie, F. Removal of mercuric ion from aqueous solutions using sawdust coated by polyaniline.
E-J. Chem. 2006, 3, 35-43. [CrossRef]

Holmes, P; Loasby, R. Handbook of Thick Film Technology; Electrochemical Pub.: Glasgow, UK, 1976.

Heine, V. Theory of surface states. Phys. Rev. 1965, A138, 1689-1696. [CrossRef]

Louie, S.G.; Chelikowsky, ].R.; Cohen, M.L. Ionicity and the theory of Schottky barriers. Phys. Rev. B 1977,
15, 2154-2162. [CrossRef]

Mead, C. Metal-semiconductor surface barriers. Solid State Electron. 1966, 9, 1023-1032. [CrossRef]
Andrew, J.; Phillips, . Chemical bonding and structure of metal-semiconductor interfaces. Phys. Rev. Lett.
1969, 22, 1433-1436.

Cowley, A ; Sze, S. Surface states and barrier height of metal-semiconductor systems. J. Appl. Phys. 1965, 36,
3212-3220. [CrossRef]

Wada, O.; Majerfeld, A.; Robson, P. InP Schottky contacts with increased barrier height. Solid State Electron.
1982, 25, 381-387. [CrossRef]

Lee, S.P. Electrode materials and electrode-oxide interfaces in semiconductor gas sensors. In Semiconductor
Gas Sensors; Jaaniso, R., Tan, O.K., Eds.; Woodhead Publishing: Cambridge, UK, 2013; pp. 64-113.
Bachrach, R.Z. Interface Chemistry and Structure of Schottky Barrier Formation, in Sharma B, Metal-Semiconductor
Schottky Barrier Junction and Their Application; Plenum: New York, NY, USA, 1984.

Neamen, D. Semiconductor Physics and Devices; McGraw-Hill: New York, NY, USA, 2003.

Tyagi, M. Physics of Schottky Barrier Junction, in Sharma B, Metal-Semiconductor Schottky Barrier Junction and
Their Application; Plenum: New York, NY, USA, 1984.

Wagner, C. Theory of current rectifier. Phys. Z. 1931, 32, 641-645.

Schottky, W.; Spenke, E. Quantitative treatment of the space charge and boundary-layer theory of the crystal
rectifier. Wiss. Veroff. Siemens-Werken 1939, 18, 225-291.

Crowell, C.; Sze, S. Current transport in metal-semiconductor barrier. Solid State Electron. 1966, 9, 1035-1048.
[CrossRef]

Halas, S.; Durakiewicz, T. Work functions of elements expressed in terms of the Fermi energy and the density
of free electrons. J. Phys. Conden. Matt. 1999, 10, 10815-10825. [CrossRef]

Methfessel, M.; Hennig, D.; Scheffler, M. Trends of the surface relaxations, surface energies, and work
functions of the 4d transition metals. Phys. Rev. 1992, B13, 4816—4829. [CrossRef]

Akbi, M. A method for measuring the photoelectric work function of contact materials versus temperature.
IEEE Trans. Compon. Packag. Manuf. Technol. 2014, 4, 1293-1302. [CrossRef]

Padovani, F; Stratton, R. Field and thermionic-field emission in Schottky barriers. Solid State Electron. 1966,
9, 695-707. [CrossRef]

Crowell, C.; Rideout, V. Normalized thermionic-field emission in metal-semiconductor barriers.
Solid State Electron. 1969, 12, 89-105.

Schottky, W. Zur Halbleitertheorie der Sperrschicht- und Spitzengleichrichter. Phys. Z. 1939, 113, 367—414.
[CrossRef]

Bardeen, J. Surface States and Rectification at a Metal Semi-Conductor Contact. Phys. Rev. 1947, 71, 717-727.
[CrossRef]

@ © 2017 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses /by /4.0/).


http://dx.doi.org/10.5012/bkcs.2011.32.8.2661
http://dx.doi.org/10.1016/j.matchemphys.2008.08.034
http://dx.doi.org/10.1016/j.synthmet.2009.08.015
http://dx.doi.org/10.1016/j.polymertesting.2006.07.010
http://dx.doi.org/10.1155/2006/523275
http://dx.doi.org/10.1103/PhysRev.138.A1689
http://dx.doi.org/10.1103/PhysRevB.15.2154
http://dx.doi.org/10.1016/0038-1101(66)90126-2
http://dx.doi.org/10.1063/1.1702952
http://dx.doi.org/10.1016/0038-1101(82)90123-X
http://dx.doi.org/10.1016/0038-1101(66)90127-4
http://dx.doi.org/10.1088/0953-8984/10/48/005
http://dx.doi.org/10.1103/PhysRevB.46.4816
http://dx.doi.org/10.1109/TCPMT.2014.2328661
http://dx.doi.org/10.1016/0038-1101(66)90097-9
http://dx.doi.org/10.1007/BF01340116
http://dx.doi.org/10.1103/PhysRev.71.717
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Electrode Types of Semiconductor Gas Sensors 
	Two-Electrode Configuration 
	One-Electrode Configuration 
	Gate Electrode 
	Electrode Geometry 

	Electrode Materials for Semiconductor Gas Sensors 
	Interfacial Zones of Electrode-Semiconductor Contact 
	Conclusions 

