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570 17 Chemical Sensors

for blood alcohol levels and as indicators of the digestion problems of patients. In
the military, chemical sensors are used to detect fuel dumps and to warn soldiers of
the presence of airborne chemical warfare agents. Chemical sensors are used to
detect trace contaminants in liquids, and, for example, they are used to search for
and monitor ground water contamination near military, civilian, and industrial sites,
where significant amounts of chemicals are stored, used, or dumped [5]. Combina-
tions of liquid and gas sensors are used in experimental military applications to
monitor compounds produced from refineries and nuclear plants to verify compli-
ance with weapons treaties.

17.1 Overview

Traditionally, chemical sensing of unknown substances is done in an analytical
laboratory with complex benchtop equipment including, for example, mass spec-
trometry, chromatography, nuclear magnetic resonance, X-ray, and infrared tech-
nology. These methods are very accurate, and it is possible to identify most classes
of unknown chemicals with a high degree of confidence. However, the instruments
are often expensive and require trained personnel to operate. Considerable efforts
have been devoted to developing miniaturized low-cost sensing systems to address
specific markets. Impressive advances have been made and many sensor systems
are available at low cost, but these miniaturized systems traditionally have pro-
blems with sensitivity, selectivity, baseline stability, and reproducibility. Here, we
provide an overview of chemical sensors and sensing systems for both the analyti-
cal laboratory and the miniaturized systems for specific applications.
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17.2 History

The history of man benefiting from sensing chemicals is rich and colorful. The first
examples involved clever use of the animal kingdom including the miner’s canary
[6] employed to monitor air quality (Fig. 17.1a). Barly miners often worked in
dangerous conditions without the benefit of modern ventilation systems. For
hundreds of years, miners would work side by side with caged canaries to warn
of dangerous environmental conditions. Canaries are more sensitive than man to
low levels of methane, carbon monoxide, and diminished oxygen levels that can
occur with a tunnel collapse or the release of pockets of trapped gases. As long as
the canary lived the miner knew his air supply was safe. A dead canary alerted the
miners of a potentially dangerous situation. In modern mines, most canaries have
been replaced with various types of personal, portable, and fixed gas-monitoring
equipment [7].

Since prehistoric times, canines were used for finding and tracking game. Today,
trained dogs are used for finding explosives and drugs in airports and other public
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Fig. 17.2 Metal-oxide-semiconductor-based sensor response to increasing and decreasing con-
centrations of ethanol

when the transfer function of a sensor is linear. For the chemical sensors, sensitivity
is the synonym of resolution.

17.4 Classes of Chemical Sensors

There is no universally accepted method to categorize the complete list of chemical
detectors. For the purpose of this chapter, we have grouped them into two main
sections, one being transduction method and the other being method of implemen-
tation. We have further divided the methods of transduction into three classes,
including (1) sensors that measure electrical or electrochemical properties, (2) those
that measure a change in a physical property, (3) and those that rely on optical
absorption. An impressive range of sensor technologies have been developed to
respond to different chemical, physical, and optical properties to aid in the detection
of chemical analytes. Some of these technologies, for example microcantilevers,

can be used to measure chemical and/or physical properties and thus are not easily
classified.

17.4.1 Electrical and Electrochemical Transducers

Sensors that directly measure the electrical properties of a target analyte or the
effect of the analyte on the electrical properties of another material are often the
least expensive commercially available detectors. With these sensors, detection can
be a reversible or a destructive irreversible process resulting in analyte decomposition.
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Fig. 17.4 SnO, Wheatstone bridge circuit (a) used for metal-oxide sensors and responses to
different gases (b)

change of the conductivity may be used to differentiate gases and concentrations
[13]. The bulk conductivity can drift for these devices, but the rate of change of that
conductivity when driven by a pulsed input is more stable and reproducible.

These solid-state sensors have the advantage of being small, having low power
consumption, low in cost, and can be easily batch fabricated. The control and
measurement circuitry can be fabricated on the silicon microchip as well, providing
opportunities to deploy sensor packages containing monolithically integrated arrays
of sensing elements along with on-chip data acquisition and control systems.
Several references to thin and thick film sensors on silicon devices have appeared
based on a number of different materials for sensing a variety of gases [14, 15]. Tin
oxide is the most prevalent pure film material studied [16, 17, 18, 19, 20]. In addition,
Pt-doped [21, 22] and Pd-doped tin oxide films [23, 24] have been used to sense
carbon monoxide, hydrogen, and hydrocarbons. Titania, in various forms and envir-
onments, has been used for sensing oxygen [25]. Rhodium-doped TiO, has been
used to sense hydrogen [26]. Zinc oxide has been used to sense hydrogen, carbon
monoxide and hydrocarbons [27]. The electrical properties of these materials change
with the adsorption, absorption, desorption, rearrangement, and reaction of gases on
the surface or in the bulk. Many of these materials have catalytic properties, and the
adsorption and/or surface reactions of gases contribute to changes in electrical
conductivity.

17.4.1.2 Electrochemical Sensors

The electrochemical sensors are commercially available and very versatile.
Depending on the operating mode, they are divided into sensors that measure
voltage (potentiometric), those that measure electric current (amperometric), and
those that rely on the measurement of conductivity or resistivity (conductometric).
In all these methods, special electrodes are used, where either a chemical reaction
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576 17 Chemical Sensors

takes place or the charge transport is modulated by the reaction. A fundamental rule
of an electrochemical sensor is that it always requires a closed circuit, that is, an
electric current (either dc, or ac) must be able to flow in order to make a measure-
ment. Since electric current flow essentially requires a closed loop, the sensor needs
at least two electrodes, one of which often is called a return electrode. It should be
noted, however, that even if in a potentiometric sensor no flow of current is required
for the voltage measurement, the loop still must be closed for measuring voltage.
The electrodes in these sensing systems are often made of catalytic metals such
as platinum or palladium, or they can be carbon-coated metals. Electrodes are
designed to have high-surface area to react with as much of the analyte as possible,
producing the largest measurable signal. Electrodes can be treated (modified) to
improve their reaction rates and extend their working life spans. The working
electrode (WE) is where the targeted chemical reactions take place (Fig. 17.5).
The electrical signal is measured with respect to a counter or auxiliary electrode
(AE) that is not intended to be catalytic, and in the case of three-electrode systems, a
third reference electrode (RE) is employed to measure and correct for electrochem-
ical potentials generated by each electrode and the electrolyte. The third electrode
improves operation by correcting for error introduced by a polarization of the
working electrode. Newer electrochemical sensors employ thick-film, screen-
printed electrode sets to make manufacturing simpler and more robust.
The electrolyte is a medium that carries charges using ions instead of electrons.
This directly limits the reactions that can take place and is the first stage of lending
selectivity to the electrochemical sensor. The sensor formed by this collection of
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Fig. 17.5 Electrochemical-sensor electrode set
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17.4 Classes of Chemical Sensors 577

electrodes and electrolytes is called an electrochemical cell and may be operated in
several ways depending upon the electrical characteristic being observed (resis-
tance, potential, current, capacitance, etc.). The more comprehensive measure-
ments are captured using various forms of voltammetry discussed later in this
chapter.

A simple liquid electrochemical sensor (cell) uses two electrodes immersed in an
electrolyte solution. Gas analytes, such as CO. react at the working electrode and
produces CO, and free electrons. Charges and charged species migrate to the other
(counter) electrode where water is produced if oxygen is present. The reaction
converts CO to CO, (17.2). If the electrodes are connected in series to a resistor and
the potential drop across the resistor is measured, it will be proportional to the
current flowing making it a function of analyte gas present.

CO + H,0 « COy +2H" + 2e” (17.2)

17.4.1.3 Potentiometric Sensors

These sensors use the effect of the concentration on the equilibrium of the redox
reactions occurring at the electrode—electrolyte interface in an electrochemical cell.
An electrical potential may develop at this interface due to the redox reaction that
takes place at the electrode surface, where Ox denotes the oxidant, Ze™ is the number
of electrons involved in the redox reaction, and Red the reduced product [28]

Ox + Ze = Red. (17.3)
This reaction occurs at one of the electrodes (cathodic reaction in this case) and

is called a half-cell reaction. Under thermodynamical quasiequilibrium conditions,
the Nernst equation is applicable and can be expressed as

(17.4)

RT . C¢
E=Ey+—In-2,
OF uF - C

where Co and Cp are the concentrations of Ox and Red, respectively, n is the
number of electrons transferred, F is the Faraday constant, R is the gas constant,
T is the absolute temperature, and Ej is the electrode potential at a standard state. In
a potentiometric sensor, two half-cell reactions will take place simultaneously at
each electrode. However, only one of the reactions should involve the sensing
species of interest, while the other half-cell reaction is preferably reversible, non-
interferring, and known.

The measurement of the cell potential of a potentiometric sensor should be made
under zero-current or quasiequilibrium conditions; thus, a very high input imped-
ance amplifier (which is called an electrometer) is generally required. There are two
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17.4 Classes of Chemical Sensors 593

Research and development of this detection technology remains very active with
several groups around the world dedicated to advancing this analytical approach.
Variations include different methods of ionization, the addition of chemicals to
enhance ionization, and alternating electric fields to improve ion separation [67].

17.4.4.4 Thermal Sensors

When the internal energy of a system changes, it is accompanied by an absorption
or evolution of heat (as defined by the first law of thermodynamics). Therefore, a
chemical reaction, which is associated with heat, can be detected by an appropriate
thermal sensor, such as those described in Chap. 16. These sensors operate on the
basic principles that form the foundation of a microcalorimetry. The operating
principle of a thermal sensor is simple: A temperature probe is coated with a
chemically selective layer. Upon the introduction of a sample, the probe measures
transfer of heat during the reaction between the sample and the coating.

A simplified drawing of such a sensor is shown in Fig. 17.19. It contains a
thermal shield to reduce heat loss to the environment and thermistor coated by a
catalytic layer. The layer may be an enzyme immobilized into a matrix. An example
of such a sensor is the enzyme thermistor using an immobilized glucose oxidase
(GOD). The enzymes are immobilized on the tip of the thermistor, which is then
enclosed in a glass jacket in order to reduce heat loss to the surrounding solution.
Another similar sensor with similarly immobilized bovine serum albumin is used as
a reference. Both thermistors are connected as the arms of a Wheatstone bridge
[68]. The temperature increase, d7, as a result of a chemical reaction is proportional
to the incremental change in the enthalpy dH

1
dT = —dH, (17.15)
£,

where C, is the heat capacity.

thermal shield

thermistor catalytic layer

Fig. 17.19 Schematic
diagram of a chemical
thermal sensor
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modulatic
is approximately —80 kJ/mol. The sensor responds linearly with the dynamic range are varial
depending on the concentration of hydrogen peroxide (HO»). presence
modulate
mation o1
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at the surface of the sensor and the related temperature change inside the device is
measured. On the other hand, the chemistry is similar to that of high temperature
metal-oxide sensors. Catalytic gas sensors have been designed specifically to 3 17.4.5.1
detect low concentrations of flammable gases in ambient air inside mines. These
sensors often are called pellisters [69]. The platinum coil is imbedded in a pellet of ; Most che
ThO>/ALLO; coated with a porous catalytic metal: palladium or platinum i of bonds
(Fig. 17.20). The coil acts as both the heater and the resistive temperature detector ,! the absor
(RTD). Naturally, any other type of heating element and temperature sensor can be systems
successfully employed. When the combustible gas reacts at the catalytic surface, polychro
the heat evolved from the reaction increases the temperature of the pellet and of netic ene
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modes of the sensor. One is isothermal, where an electronic circuit controls the ¥ cell. as i
current through the coil to maintain a constant temperature. In the nonisothermal é of the li
a
catalyst
coating
Pt wire
orous ceramic
P pellet %
Emitter
Fig. 17.20 Pellister or
catalytic type detector
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Chapter 18
Sensor Materials and Technologies

Any sufficiently advanced technologyis in distinguishable from magic.
— Arthur C. Clarke

Methods of sensor fabrication are numerous and specific for each particular design.
They comprise processing of semiconductors, optical components, metals, cera-
mics, and plastics. Here, we briefly describe some materials and the most often used
techniques.

18.1 Materials

18.1.1 Silicon as Sensing Material

Silicon is present in the sun and stars and is a principal component of a class of
meteorites known as aerolites. Silicon is the second most abundant material on
Earth, being exceeded only by oxygen — it makes up to 25.7% of the earth’s crust,
by weight. Silicon is not found free in nature but occurs chiefly as the oxide and as
silicates. Some oxides are sand, quartz, rock crystal, amethyst, clay, mica, etc.
Silicon is prepared by heating silica and carbon in an electric furnace using carbon
electrodes. There are also several other methods for preparing the element. Crys-
talline silicon has a metallic luster and grayish color.' The Czochralski process is
commonly used to produce single crystals of silicon used for the solid-state
semiconductors and micromachined sensors. Silicon is a relatively inert element,
but it is attacked by halogens and diluted alkali. Most acids, except hydrofluoric, do
not affect it. Elemental silicon transmits infrared radiation and is commonly used as
windows and lenses in the mid- and far-infrared sensors.

'Silicon should not be confused with silicone that is made by hydrolyzing silicon organic chloride
such as dimethyl silicon chloride. Silicones are used as insulators, lubricants, and for production of
silicone rubber.

J. Fraden, Handbook of Modern Sensors, 607
DOI 10.1007/978-1-4419-6466-3_18, (© Springer Science+Business Media, LLC 2010
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