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1. Introduction
Vehicle emissions represent an increasing contributor to air pollution in urban and country
areas which gives rise to a range of environmental problems related to air quality. This has
led to increasingly stringent regulatory laws on exhaust emissions level and composition.
The US regulations, signed in Dec. 2000, set new standards for measurement of automotive
exhaust emissions. The emission limits for regulated species, such as carbon oxides (CO and
CO2), hydrocarbons (THC), and nitrogen oxides, i.e. NO, NO2, N2O (referred as NOx), are
being reduced, and new components such as methanol and formaldehyde are being added
to the list of monitored species. In Japan, diesel emission standards require that in-use onroad light commercial vehicles should meet NOx emission of 0.25 g/km starting from the
end of 2005 and achieve full implementation by 2011 (Nakamura et al., 2006). The European
Commission has also introduced a series of regulations, the so called EURO Emission
directives, from Euro I in 1991 to tighter limitations in 2009 (Euro V 80 g/km) and 2014
(Euro VI 0.08 g/Km), to meet the air quality standards stated by the international agencies
(van Asselt & Biermann, 2007). The standard and validated on-line technologies for
regulated emissions are effective at monitoring few components, but are limited in their use
for measuring other gases. Single-wavelength non-dispersive infrared filters for CO and
CO2 monitoring cannot be used for other species due to interferences from water and other
molecules. Chemiluminescence analyzers, which traditionally are used to measure NOx
compounds, cannot differentiate NO from NO2 in the same test, nor identify the other NOx
gases. Flame ionization detectors cannot differentiate individual hydrocarbons. To measure
raw exhaust, each technique requires a cold trap for water vapour, which can affect the
concentrations of other gases. In addition, calibrations are necessary for each analysis,
avoiding on-line and real-time emission monitoring.
To sample other gases in the exhaust, bag samples must be collected and taken to a
laboratory for further analysis. Expensive dilution equipment must be used to prevent water
condensation in the bag. Each bag sample gathers exhaust for several minutes, therefore the
final result of the test is an integrated average of the gas concentrations and all time
resolution is lost. Methanol and formaldehyde samples are collected with impingers, which
dissolve the gases by passing them through a water-based solution. The extract is then
analyzed using high-performance liquid chromatography (HPLC). Gas chromatography
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(GC) can measure many of the other hydrocarbons in a bag sample with high resolution and
accuracy. While HPLC and GC are effective and widely used, they are unable to track
transient concentration information.
The ideal analyzer for emissions testing would combine the advantages of on-line, real-time
analysis with the accuracy and speciation of laboratory-based methods. Changes in
emissions chemistry that occur with changes in engine speed and torque need to be
measured every second. The analyzer must be able to identify the point at which exhaust
levels are reduced by the catalyst as it heats up.
New emissions regulations are forcing auto, diesel and catalyst producers to better
understand combustion and emission reduction processes. The optimization of these
processes requires sub-second analytical data and new methodologies to monitor gas
species such as NH3 and N2O that are not currently monitored by traditional analyzers.
Among the different pollutants present in vehicle exhaust, nitric oxide (NO) detection is of
particular interest. NO is emitted from the exhausts of both gasoline and diesel engine
vehicles and is generated during high temperature combustion processes from the oxidation
of nitrogen in the air or fuel. NO contributes to ground-level ozone (Alving et al., 1993), acid
rains and a variety of adverse human health effects (Seinfeld & Pandis, 1998), which have
led to increasingly stringent regulatory mandates on the emission of NO.
Thus, accurate and reliable real-time NO sensors are required as an important part of any
control system. In particular, the measurement of NO directly in the engine or in the exhaust
could link into engine management systems for its control and its in situ measurement could
also be used to test the catalytic converter efficiency. Over the years, a huge number of
optical and electronic technologies have been developed and applied to produce sensors
with remarkable sensitivity toward nitric oxide and efficient response (and recovery)
kinetics. In this chapter, particular emphasis will be given on the recent achievements and
ground-breaking results obtained in the past few years, namely 2008-2011, in the field of
both optical and electronic NOx sensors.
NOx optical sensor technology is among the fastest growing for mechatronic applications, as
a result of its high sensitivity and selectivity, high speed, accuracy, and capability of multispecies detection. On the other hand, they need sophisticated and cumbersome equipments.
In this chapter, novel spectroscopic sensing schemes suitable for the integration in high
performance automated inspection systems will be reviewed.
Electronic metal oxide devices offer the advantages of low cost, low cross sensitivity to
humidity and an output signal which is easy to be read and processed. Disadvantages,
however, include limitations for operating at high temperatures, signal drift over time,
limited selectivity or sensitivity as well as high power consumption. For these reasons, the
use of novel materials such as innovative nanostructures, in place of metal-oxides, is being
widely investigated in chemiresistors and transistor based device structures. Improvements
have been seen for selectivity, but operation at high temperature is still an open issue.

2. Mid infrared absorption spectroscopy
Optical absorption methods represent a valid alternative to traditional extractive methods
having the potential for fast, sensitive, accurate, selective and in situ measurements even in
the presence of harsh conditions in terms of temperature, pressure, gas composition and
presence of particulate.
Different spectroscopic schemes, based on the absorption of electromagnetic radiation by
the gas sample, have been developed. The empirical relationship relating the absorption of
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light to the composition of the gas mixture, when the light travels through, is given by the
Lambert-Beer law. In the absence of optical saturation and particulate-related scattering, the
absorbance is proportional to the concentration of gas. So, the gas concentration can be
obtained from the absorption spectrum with a predetermined correlation.
Mid-infrared spectroscopic schemes show particular promise owing to the potential for
accessing strong infrared (IR) absorption transitions. In the mid-infrared region of the
electromagnetic spectrum 2.5 - 25 µm (fingerprint region), most molecular species exhibit
a unique spectral signature, i.e. a characteristic series of fundamental absorption lines due
to transitions between rotational-vibrational states, characterized by very large crosssections.
Engine exhaust emissions can be successfully analyzed by Fourier Transform Infrared
(FTIR) and laser based spectroscopic techniques. Their advantages over more traditional
measurement techniques include direct sampling of raw exhaust, measurement of many
compounds with one analyzer and highly-stable calibrations.
In the following paragraphs we will report on innovative solutions for sensitive and
selective NO monitoring in vehicle exhaust based on IR spectroscopic techniques.
2.1 Fourier transform infrared spectroscopy
FTIR spectroscopy is known as a reliable, self-validating and powerful tool for vehicle
emission analysis due to its multicomponent detection capability, sensitivity and time
resolution (Adachi, 2000; Durbin, 2002). It is especially well suited for monitoring nonregulated pollutants when testing alternative fuels and newer emission-control technologies.
The FTIR technique is a well established methodology which has been validated by several
regulatory and standardization agencies for extractive gas-sampling analysis (EPA, 1998;
Reyes, 2006). Many highly reactive species in the exhaust can be simultaneously measured
by FTIR even below part-per-million levels, replacing several discrete analyzers which may
require complicated calibration procedures.
The analyzer developed by the Thermo Fischer Scientific Company, Antaris IGS, allows
concentrations of up to 40 gases to be calculated simultaneously at one-second intervals
(Thermo, 2007) and requires minimal maintenance and recalibration.
The MultiGas™ 2030 HS by MKS Instruments (Tingvall et al., 2007), has been designed to
measure both traditional and non-traditional combustion emissions gases. The system
incorporates a patented fast scanning FTIR capable of providing high resolution (0.5 cm-1)
data at 5 Hz frequency. The system was also configured to allow combustion exhaust to
flow through the 200 mL gas cell at rates up to 100 L/min to prevent diffusion and
measurement delay. The software and computer hardware provided with each system are
optimized to allow the simultaneously quantification of 20 gases.
Reyes and co-workers developed a method to acquire valuable information on the chemical
composition and evolution of emissions from typical driving cycles of a Toyota Prius hybrid
vehicle in the Mexico City Metropolitan Area (Reyes, 2006). The analysis of the gases is
performed by passing a constant flow of a sample gas from the tail-pipe into a 10 L multipass cell. The absorption spectra within the cell are obtained using an FTIR spectrometer at
0.5 cm−1 resolution along a 13.1 m optical path. Additionally, the total flow from the exhaust
is continuously measured from a differential pressure sensor on a Pitot tube installed at the
exit of the exhaust. This configuration aims to obtain a good speciation capability by coadding spectra during 30 s and reporting the emission of NO and other non-regulated
pollutants.
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2.2 Quantum cascade laser-based optical techniques
The development of mid infrared detection laser-based techniques has received a significant
boost from the invention and optimization of efficient mid-infrared semiconductor laser
sources which can effectively substitute optical methods based on the study of overtones
and combination of lines, falling in the near-infrared spectral region, where the absorption
cross sections drop by orders of magnitudes.
Among the absorption techniques, direct absorption spectroscopy, cavity enhancement
approaches and photoacoustic (PA) spectroscopy have the potentiality to give sensitive and
selective sensors for on-line and in-situ applications. The first two techniques take
advantage of long optical path length absorption in multi-pass cells and high finesse optical
cavities, respectively. Although they are characterized by high sensitivity, they need
sophisticated and cumbersome equipments. More compact and transportable sensors can be
obtained by using the photoacoustic spectroscopy, which presents many advantages, i.e.
high sensitivity (up to parts per billion detection limits), compact set-up, fast time response
and portability.
In the mid infrared region traditional source options include gas lasers (CO, CO2), lead-salt
diode lasers, coherent sources based on difference frequency generation (DFG) and optical
parametric oscillators (OPOs). While these lasers have allowed effective spectrometers with
trace-level sensitivity, they have several disadvantages: lack of continuous wavelength
tunability and large size and weight of gas lasers, low output power and cooling
requirement of lead salt diode lasers, inherently low infrared power and finite line width of
nonlinear optical devices.
The development of innovative mid infrared laser sources, the quantum cascade lasers
(QCLs), has given a new impulse to infrared laser-based trace gas sensors. QCLs are
unipolar semiconductor lasers based on intersubband transitions in a multiple quantumwell heterostructure. They are designed by means of band-structure engineering and grown
by molecular beam epitaxy techniques (Faist et al., 1994).
The benefit of this approach is a widely variable transition energy primarily regulated by
the thicknesses of the quantum well and barrier layers of the active region rather than the
band gap as in diode lasers. Typical emission wavelengths can be varied in the mid-infrared
range 3.5–24 µm up to THz. Moreover, they are characterized by single-frequency operation,
narrow linewidth (< 30 MHz), high powers (up to few watts), and continuous wave (cw)
operation also at room temperature.
To date, QCLs have been used for measurements of different gases (NO, CO2, NH3 etc.) in
industrial and vehicle exhaust emission with sensitivities in the range of the parts per
million/trillion by volume (ppmv/pptv) (Kosterev & Tittel, 2002a; Elia et al., 2011).
In the following sections, innovative quantum cascade laser-based optical sensors for NO
detection, in automotive exhaust applications, will be reviewed.
2.2.1 Direct absorption spectroscopy
Direct absorption spectroscopy based on quantum cascade laser has been extensively
studied in the last years for in situ measurements of gas components in vehicle exhaust
(Weber et al., 2002; McCulloch et al., 2005; Kasyutich et al., 2009; Hara at al., 2009).
QCL-based absorption analysers offer an improvement in performance, higher sensitivity
and selectivity, even at low concentrations, with respect to the other spectroscopic schemes.
Kasyutich et al. (Kasyutich et al., 2009) measured NO in the direct exhaust gas of a gasoline
engine, whose operating conditions can be varied in a controlled manner, with a sensitivity
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of 8 ppmv. They measured NO concentrations in real-time in the range 0 - 2000 ppmv with a
temporal resolution (1 s) suitable to respond to changes in engine operating conditions.
Figure 1 reports the main components of the mid-IR spectrometer based on a
thermoelectrically-cooled cw single mode quantum cascade laser used for NO
measurements in the exhaust of a static internal combustion engine.

Fig. 1. Experimental setup for NO measurements on engine exhaust (reproduced with
permission from Kasyutich et al., 2009. IOP Publishing).
The radiation emission of the single mode QCL was tuned over the strong NO absorption
doublets R(6.5) at 1900.075 (free of interference from strong water absorption lines) by
applying a modulation voltage waveform. Concentrations were determined in real-time by
a non-linear least-squares fitting routine by measuring the attenuation of the beam due to
the light absorption by NO molecules. A minimum detectable optical depth of 0.0018 was
estimated at signal to noise ratio (SNR) of 1 corresponding to a NO detection limit of 8
ppmv. The engine used in the tests was a Rover K series version. The mid-infrared QCL
beam probed the 2-inch diameter stainless steel exhaust pipe 2.5 m away from the engine.
The temperature and pressure of the exhaust gas were monitored just above the
measurement point as reported in the figure. To allow optical access to the exhaust pipe, a
cross-piece was inserted with two wedged sapphire windows mounted 23 cm apart.
In 2010 Horiba (Horiba, 2010) presented a new emission measurement system for NO,
NO2, N2O and NH3 gases (MEXA-1400QL-NX). Sample gas is fed into the gas cell and a
laser pulse irradiates into the gas cell. The laser radiation emitted as continuous pulse is
detected after a multiple reflection between two mirrors in the gas cell. From its inherent
design and control, the wavelength of QCL radiation slightly varies with temperature
therefore it is possible to scan the constant width of the wavelength in a particular region.
Figure 2 shows the block diagram of the HORIBA QCL-based analyzer. Four laser
elements corresponding to one measurement component respectively (NO, NO2, N2O and
NH3) are used in the device. The wavelengths of the respective laser elements are selected
and controlled in order to have emission in a region where a spectrum peak falls with
negligible interference from other environmental gases, such as CO, CO2, H2O. The
analyzer design has two paths in a single sample cell; the short path with only few light
reflections and the long path with multiple light reflections. The combination of two path
lengths allows measuring both high concentration and low concentration gases providing
a wide dynamic range measurement.
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Fig. 2. Experimental setup of HORIBA QCL-based analyzer (reproduced with permission
from HORIBA).
In comparison with FTIR systems, the results of measurements made using QCL technology
are significantly more precise at low concentrations and offer a wider dynamic range of
measurement. The finer resolution of the absorption spectrum makes QCL-based NO
sensors less sensitive to incidental interference from other gases such as CO, CO2, CH4, H2O
and THC. In addition to the higher sensitivity and selectivity, these sensors also do not
suffer from the interference of NOx measurement by NH3 typical of the chemoluminescence
analysers.
2.2.2 Cavity ringdown spectroscopy
Cavity ringdown spectroscopy (CRDS), first demonstrated by O’Keefe and Deacon (O’Keefe
& Deacon, 1988) in 1988, is one of the cavity enhanced spectroscopy methods which
provides a much higher sensitivity than conventional long optical path length absorption
spectroscopy due to its ability to achieve a long optical path in a compact sampling cell.
Sumizawa et al. reported the accurate and precise measurement of nitric oxide in
automotive exhaust gas using a thermoelectrically cooled, pulsed quantum cascade laser as
a light source and cavity ring-down spectroscopy (Sumizawa et al., 2010).
This technique, which can be performed with pulsed or continuous light sources, is based
on the measurement of the decay time of an injected laser beam in a high-finesse optical
cavity in the presence of an absorbing gas by measuring the time dependence of the light
leaking out of the cavity. In particular, in the case of pulsed lasers, a short laser pulse is
injected into a high finesse optical cavity to produce a sequence of pulses leaking out
through the end mirror from consecutive traversals of the cavity by the pulse. Typically, the
laser pulse is short and has a small coherence length compared to a relatively large physical
cavity length. Under these conditions interference effects are avoided and the intensity of
the cavity pulses decays exponentially with a time constant (ringdown time) defined by:
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Where l is the cavity length, c is the speed of light, R is the reflectivity of the cavity mirrors
(R≈1) and  is the absorption coefficient of the sample filling the cavity. Thus, the absorption
coefficient can be determined by measuring the decay rate without (τempty) and with (τ) the
absorbing gas present with the following equation:
1 1

1




  
c    empty 

In Figure 3, the schematic of the CRDS-based NO sensor developed by Sumizawa and coworkers is reported. To detect fundamental vibrational transitions of NO, they used a
pulsed QCL operated near 5.26 μm. The output of the QCL is focused with a lens (L1) on the
center of to the high finesse optical cell. At both ends of the stainless steel cell (500 mm long)
two high-reflectivity ZnSe mirrors with a 25.4 mm diameter and a 1 m radius of curvature
are mounted. A lens (L2) was placed after the cell to collect the transmitted light on an
amplified liquid nitrogen-cooled InSb detector. The ringdown decay curves were measured
and then stored on a computer memory.
The vehicle used for real time NO monitoring in exhaust gas was a light duty truck with a
4.8 L diesel engine equipped with a common rail injection system and a diesel oxidation
catalyst. The analyzed sample gas was made by diluting the exhaust gas with ambient air
filtered by HEPA and charcoal filters using a constant volume sampler. The diluted exhaust
gas was introduced into the cell at a constant flow; a membrane gas dryer was used to avoid
interference by water. An HEPA filter was introduced to eliminate particles > 0.3 μm in
diameter which would lead to arbitrary loss of light in the cell.
The sensor demonstrated a minimum detection limit of NO ≈50 ppbv in a 20 s averaging
time for a signal-to-noise ratio of 2.

Fig. 3. Experimental setup of CRDS-based exhaust-gas NO sensor (reproduced with kind
permission from Sumizawa et al., 2010. Springer Science+Business Media).
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The NO exhaust measurement obtained from the CRDS-based NO sensor in a vehicle test
run under the JE05 cold start cycle was in agreement with the simultaneous results from a
conventional chemiluminescence NOx sensor. Stable measurement in diluted exhaust gas
sample with a concentration from sub-ppmv to 100 ppmv for more than 30 minutes and
with a time resolution of 1 s was demonstrated.
2.2.3 Quartz enhanced photoacoustic spectroscopy
An effective method for sensitive trace gas detection in mechatronic applications is
photoacoustic spectroscopy coupled with QCLs. PAS is an indirect technique in which the
effect on the absorbing medium and not the direct light attenuation is detected. It is based
on the photoacoustic effect, i.e. the generation of a pressure wave resulting from the
absorption of modulated light of appropriate wavelength by gas molecules. The amplitude
of this wave is directly proportional to the gas concentration and can be detected via a
resonant transducer. Traditionally, the pressure wave is detected via one or more
microphones (Elia et al., 2005; Di Franco et al., 2009; Elia et al. 2009). In 2002 (Kosterev et al.,
2002b), an innovative method, the Quartz Enhanced Photoacoustic Spectroscopy (QEPAS),
has been proposed by Kosterev et al.
The key issue of QEPAS is the detection of optically generated pressure wave via a rugged
sharply resonant piezoelectric transducer, a quartz tuning fork (QTF), with a resonant
frequency close to 32,768 (i.e., 215) Hz (Kosterev et al., 2002b; Kosterev et al., 2005) The mode
at this frequency corresponds to a symmetric vibration. A mechanical deformation of the
QTF prongs caused electrical charges on its electrodes. The resulting system exhibits unique
properties such as an extremely high quality factor (Q-factor) of > 10,000, small size,
immunity to environmental acoustic noise and a large dynamic range.
Gas flow

Spectrophone

Power meter

Reference cell

EC-QCL
and controller

Micro-Resonators

Quartz
Tuning
Fork

IR Detector

Fig. 4. Schematic of EC-QCL based QEPAS sensor.
In figure 4 typical QEPAS-based sensor configuration is reported. The module to detect
laser-induced pressure wave is a spectrophone which consists of a QTF and a
microresonator. It is made of a pair of thin tubes and increases the effective interaction
length between the radiation-generated pressure wave and the QTF. The tubes are aligned
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perpendicular to the QTF plane. The distance between the free ends of the tubes is equal to
half wavelength of sound in air at 32.75 kHz, thus satisfying the resonant condition.
Experiments have shown that the microresonator yields a signal gain of 10 up to 20.
Spagnolo and co-workers reported the development and performances evaluation of a
QEPAS based NO sensor, utilizing a cw, thermoelectrically cooled, external cavity quantum
cascade laser (EC-QCL) as a light source operating at 5.26 m (Spagnolo et al., 2010). The
EC-QCL allows to access the strong and quasi interference-free NO absorption doublet
R(6.5) at 1900.075 cm-1. They performed a wavelength modulation technique by sinusoidally
modulating the injection current of the laser at half of the QTF resonance frequency
(f=f0/2~16.20 kHz), while slowly scanning the laser wavelength. The corresponding
photoacoustic spectra were obtained by demodulating the detected signal at the frequency f0
using a lock-in-amplifier.
The NO detection in automotive exhaust assumes the presence of water vapor in the gas
sample. Therefore, it is important to study the H2O influence on the NO sensor performance.
The V-T (vibration-to-translation) energy transfer time VT for NO is dependent on the
presence of other molecules and intermolecular interactions. The QEPAS measurements that
are performed at a detection frequency 32 kHz are more sensitive to the vibrational
relaxation rate compared to the conventional PAS which is commonly performed at < 4 kHz
frequency f. In case of slow V-T relaxation with respect to the modulation frequency
(ωτVT>>1, where =2f), the translational gas temperature cannot follow fast changes of the
laser induced molecular vibrational excitation. Thus, the generated photoacoustic wave is
weaker than it would be in case of instantaneous V-T energy equilibration. Due to the high
energy of first vibrational state of NO, the V-T energy transfer is slow, e.g. in dry N2 the
relaxation time is τVT = 0.3 ms and so ωτVT>>1. The addition of H2O vapor enhances the V-T
energy transfer rate and, thus, the detected QEPAS signal amplitude. Once the ωτVT<1
condition is satisfied, the amplitude of the PA signal is not affected by changes of VT.
In this signal saturation condition, authors demonstrated a NO concentration resulting in a
noise-equivalent signal of 15 ppbv. The higher sensor performances, the compactness, and
the role of water (generally intereferent specie for other sensors) make QEPAS a promise in
commercial sensors for automotive applications.

3. Electronic sensors
Electronic sensors are commonly produced by fabricating metal- or metal oxide-based
nanostructured materials, which may provide long-term, reproducible and selective gas
sensing performance. In fact, it is well-known that absorption or desorption of gas molecules
on the surface of a metal oxide changes the conductivity (or resistivity) of the material, a
phenomenon – first revealed by (Seiyama et al., 1962) using zinc oxide (ZnO) thin film
layers. Since then, electronic (semiconductor) sensing has come a long way thanks to a huge
flux of research in this field resulting into the achievement of sensitivities of electronic
sensors to the order of parts per billion (ppb) toward various gases such as NOx (Gurlo et
al., 1998; Guo et al., 2006; Kida et al., 2009). In addition, advances in fabrication technology
enabled the production of low-cost sensors with improved sensitivity and reliability
compared to those formed using conventional methods (Williams, 1999). Subsequent
paragraphs give a brief introduction to the mechanism of electronic detection, and structure
of the sensing elements and their types.
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3.1 Principle of electronic sensors
According to band theory (Hoch, 1992), within a crystal lattice there exists a valence band
and a conduction band, separated from each other as a function of energy (band gap),
particularly the Fermi level that is defined as the highest available electron energy levels at a
T = 0 K. Generally semiconductors have a sufficiently large energy gap i.e. in the range of
0.5-5.0 eV. Hence at energies below the Fermi level, conduction is not observed; while above
it, electrons start occupying the conduction band, consequently enhancing the conductivity
of a semiconductor. Over the years, band theory of solids attracted intense research with
reference to semiconductor gas sensors (Yamazoe et al., 1979; Barsan et al., 1999). When
gases like NOx interact with the surface of an active layer i.e. generally through surfaceadsorbed oxygen ions; it results in a change in the concentration of charge carriers of the
active material. Such a change in charge carrier concentration transforms the conductivity
(or resistivity) of the active layer. In an n-type semiconductor, majority of charge carriers are
electrons, while a p-type semiconductor conducts with positive holes being the mainstream
charge carriers. And being strongly oxidizing gases, the oxides of nitrogen (NOx) serve to
deplete the sensing layer of charge carrying electrons, thus resulting in a decrease in
conductivity of the n-type semiconductor. Conversely, in a p-type semiconductor the
opposite effects are observed with the sensing material i.e. showing an increase in the
conductivity.
Wei and coworkers (Wei et al., 2004) postulated the sensing mechanism of different types of
tin oxide (SnOx) and single-walled carbon nanotube (SWCNT) composites. High sensitivity
for the said nanocomposites was attributed to the expansion of depletion region on the
surface of the SnO2 particles and the p-n junction between n-type SnO2 and p-type SWCNTs,
when target gas molecules are adsorbed on the surface. However, in a recent work (Hoa et
al., 2009a) on similar nanocomposite system, authors propose that owing to the different
morphology, the characteristic response of the composite originates from the SnOx nanobeads aligned together on the surface of SWCNTs. When these nano-beads are exposed to
air/NOx, the adsorbed O2/NOx molecules extract electrons out of the SnOx beads, leading to
the formation of an electron depletion layer, as shown in Figure 5.

Fig. 5. The sensing mechanism model of tin oxide and SWCNTs nanocomposites based gas
sensor. The surface state of nanowires structured tin oxide and SWCNTs nanocomposites in
(a) air, and (b) NOx, respectively (reproduced with permission from Hoa et al., 2009a.
Elsevier).
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The adsorption of NOx on the surface of SnOx can be simplified as;
NOx + e-  NOxParticularly, when NOx gas molecules adsorb on the surface of active layer, they capture
electrons out of an n-type SnOx material (just like O2 does), thus forming a depletion region.
NOx adsorption, however, increases the depth of depletion region owing to the higher
electron affinity (2.28 eV) of NOx as compared to the pre-adsorbed O2 (0.43 eV) (Broqvist et
al., 2004). Consequently, the resistance of the nanocomposite material increases and is
measured as the electrical sensor response.
3.2 Device structure and types
Electronic sensors are usually based on Metal Insulator Semiconductor Field Effect
Transistors (MISFET), and utilize metal and/or metal oxide nanostructured material as the
catalytically active sensing layers. The field effect devices are sub-divided into different
categories; transistors, Schottky diodes or capacitors, with transistors being the preferred
choice for commercial applications (Mandelis and Christofides, 1993). Figure 6 presents an
overview of the different types of devices.

Fig. 6. The schematic diagrams of (a) graphene-based NO2 gas sensor; (b) In2O3-based NOx
sensor with inter-digitated electrodes; and (c) MIS field effect capacitive sensor. (d) A
bottom gate organic thin film transistor (OTFT); (e) a novel organic semiconductor (D3A)
used as the OTFT’s active layer; and (f) its selective response to various gases at room
temperature (adapted with permission from Ko et al., 2011; Kannan et al., 2010a; Marinelli et
al., 2009. Elsevier).
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A schematic diagram of the simplest electronic sensing device, a chemiresistor, is shown in
Figure 6a. Ko et al (Ko et al., 2011) employed a graphene-based NO2 gas sensor to study
absorption/desorption of gas molecules on the surface of graphene. The device is fabricated
by depositing graphene layers via standard scotch tape method (Novoselov et al., 2004) on a
pre-defined SiO2/Si substrate. The electron-beam lithography is used to form two metal
contacts on to the graphene layer, followed by electron-beam evaporation of Pd/Au. The
device is then used to obtain the current–voltage characteristics of graphene-based gas
detectors at various concentrations of NO2 gas.
Kannan and coworkers (Kannan et al., 2010a; 2010b) also fabricated NOx sensors using a
micro hotplate die, and a 0.3mm thick, 76.2mm Si wafer with 400nm thermally grown SiO2
(Figure 6b). The resistance heater and inter-digitated Pt electrodes (IDE) are fabricated using
a lift off process. They employed four distinct dies with varying IDE spacing. In2O3 based
active films of controlled thickness are RF sputter deposited. These devices are subsequently
tested for NOx response discussed later in this chapter.
Figure 6c shows a typical field effect MIS (Metal–Insulator–Semiconductor) capacitor with a
gate electrode. The capacitive sensor consists of p-doped Si as semiconductor, with a
thermally grown oxide as insulator. The ohmic backside contact comprised of evaporated,
annealed Al; while Cr/Au bonding pads are evaporated on top. The device is covered by a
layer of catalytically active Au-NPs, and then mounted on a 16-pin holder along with a
ceramic heater and a Pt-100 element to perform gas sensing measurements (Ieva et al., 2008;
Cioffi et al., 2011).
In Figure 6d the structure of an organic thin film transistor (OTFT) is reported (Marinelli et
al., 2009). It is a bottom gate OTFT with the organic semiconductor acting both as transistor
channel and as sensing layer. Figure 6e shows the chemical structure of the 9, 10-bis[(10decylanthracen-9-yl)ethynyl]anthracene molecule (D3A). The D3A is deposited as sensing
layer via spin coating onto a SiO2 (100nm)/n-doped Si substrate, where Au/Ti source (S)
and drain (D) pads were photo-lithographically patterned. Authors reported that when the
D3A OTFT was exposed to different gases like NO2, NO and CO, concentrations as low as
250 ppb of NO2 could be detected. The response–concentration regression lines for NO, CO
and NO2 are reported in Figure 6f, which shows that D3A OTFT sensor has very low cross
sensitivities toward interfering gases and that linear dependency of sensor response on
concentration is observed.
3.3 Active nanomaterials and sensor performance
A few exemplary electronic sensors, for instance, those based on graphene, indium oxide,
gold nanoparticle, and organic semiconductor, have been discussed so far. To date, several
other NOx sensors have been proposed and examples of such devices include:
semiconducting metal oxide sensors (GuO et al., 2008; Hwang et al., 2008; Wang et al., 2008;
Hoa et al., 2009a; Navale et al., 2009, Qin et al., 2010; Firoz et al., 2010) and resistive sensors
based on metal-phthalocyanines (Oprea et al., 2007; Shu et al., 2010 ), conjugated systems
(Naso et al., 2003; Nomani et al., 2010) as well as carbon nanotubes (Sayago et al., 2008; Ueda
et al., 2008) and nanocomposites (Balazsi et al., 2008; Kong et al., 2008; Hoa et al., 2009b;
2009c; Leghrib et al., 2010). The scientific research community is currently focusing on the
development and investigation of novel materials, which are sensitive toward NOx gases as
well as appropriate and well-suited for the solid-state gas sensors. The most promising
semiconductor materials for the fabrication of NOx sensors are noble metals such as Gold
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(Au) and metal oxides such as SnO2, WO3, In2O3, and ZnO nanostructures; since they afford
high surface area for active layer-gas interaction, and satisfactory selectivity.
To adsorb as much of the target gas as possible on the surface, it is desirable that these active
layers have a large surface area so as to give a stronger and easily measurable electrical
signal e.g. to trace amounts of NOx; and this has been accomplished by manipulating active
materials into nano-regime. Manipulating and controlling sensing events at the molecular
scale simultaneously avoids several problems associated with traditional sensor
technologies. Incidentally, nanotechnology offers unique advantages to the sensor industry
in terms of sensitivity, and rapid response and recovery kinetics due to larger surface-tobulk ratio. An important feature of these nanomaterials, in addition, is the possibility to
tailor the properties by varying the size and morphology of nanostructures, which in turn
affects the electrical properties of materials.
Ahn et al (Ahn et al., 2009) fabricated ZnO nanowires on-chip via selective growth of
nanowires on patterned gold catalysts thus forming nanowire air bridges (nano-bridges)
between two Pt electrodes, as shown in Figure 7a. These nanowires were prepared by the
carbo-thermal reduction process using a mixture of ZnO and graphite powders. Figures 7b
and 7d shows side- and top-view scanning electron microscope (SEM) images of wellprepared ZnO nanowires grown on patterned electrodes. Researchers found that ZnO
nanowires grow only on the patterned electrodes and many nanowire/nanowire junctions
exist there, which act as electrical conducting path for electrons, as shown in Figure 7c.

Fig. 7. (a) The schematic illustration of ZnO-nanowire air bridges over the SiO2/Si substrate.
(b) Side-view and, (d) top-view SEM images clearly show selective growth of ZnO
nanowires on Ti/Pt electrode. (c) The junction between ZnO nanowires grown on both
electrodes (reproduced with permission from Ahn et al., 2009. Elsevier).
ZnO-based nanomaterials have rather good stability and sensing characteristics toward NOx
gases combined with sufficient selectivity; that is why they have been studied widely in the
past two years. Carotta et al (Carotta et al., 2009), for instance, compared ZnO nanoparticle-
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and nanotetrapod-based thick film NOx sensors. Oh and coworkers (Oh et al., 2009)
fabricated a high-performance NO2 gas sensor based on vertically aligned ZnO nanorod
arrays grown via ultrasonic irradiation. Shouli et al (Shouli et al., 2010) studied different
morphologies of ZnO nanorods and their sensing properties towards NO2. These nanorods
were grown via hydrothermal and sol-gel processes using different surfactants.
Zhang et al (Zhang et al., 2009) produced SnO2 hollow spheres mediated by carbon
microspheres. Authors report that carbon microspheres derived from hydrothermal
conditions are hydrophilic with plenty of –OH and CO groups on the surface, which enable
them to bind metal cations. Such carbon microspheres loaded metal cations give rise to
hollow metal oxide spheres after calcination at high temperatures. Transmission electron
microscopy (TEM) images of SnO2 hollow spheres calcined at 450 °C are shown in Figure 8a.
Researchers demonstrated that the hollow spheres have a rough morphology with a
diameter in the range of 500–700 nm. Shell details are clearly visible in Figures 8b-8d, which
reveal that the porous shells are formed with a thickness of about 25nm. Figure 8e shows the
diffraction rings in the selected-area electron diffraction (SAED) pattern verifying the
polycrystalline structure of SnO2 hollow spheres. These hollow sphere NO2 gas sensors
present excellent selectivity and relatively swift response kinetics.

Fig. 8. (a-d) TEM images and (e) SAED pattern of SnO2 hollow spheres calcined at 450°C
(reproduced with permission from Zhang et al., 2009. Elsevier).
Zhang and coworkers (Zhang et al., 2010) fabricated atmospheric plasma-sprayed WO3
coatings for sub-ppm (i.e. 0-450 ppb) level NO2 detection. Park et al (Park et al., 2010)
employed SnO2-ZnO hybrid nanofibers as active layers for NO2 sensing via combining
electro-spinning and pulsed laser deposition methods. These nanofibers exhibited high
response to NO2 gas concentrations as low as 400 ppb at 200°C. In2O3-ZnO composite films

www.intechopen.com

Advanced NOx Sensors for Mechatronic Applications

261

(Lin et al., 2010) were also fabricated to investigate NOx gas sensing characteristics, and it
was found that composite films with In/Zn ratio of 0.67 reached detection limits of 12 ppb
at 150°C.
The sensor responses of the gas sensors with channels composed of the as-pasted and the
heat-treated ZnO nanoparticles are plotted in Figure 9a and 9b, respectively. Jun et al (Jun et
al., 2009) reported that controlled heat-treatment of the ZnO nanoparticles at 400 °C led to
their necking and coarsening, which resulted in a decrease in the number of particle
junctions (junction potential barrier), thus reducing resistance in the presence of ambient air.
However necking of the particles had an opposite effect when interacting with NOx, as
necked particles of small sizes become fully depleted due to removal of electrons, hence
increasing the sensor response.

Fig. 9. Responses of the (a) as-pasted and (b) heat-treated ZnO NPs as a function of the
injected NO2 gas concentration at 200 °C. (c) Response of the as-deposited, TiOx promoter
and Au promoter In2O3 films (d) Time constants for the rise and recovery from exposure to
25ppm NOx for as-deposited, TiOx promoter and Au promoter in ambient N2 at 500 ◦C.
(adapted with permission from Jun et al., 2010; and Kannan et al., 2010a. Elsevier).
Kannan et al (Kannan et al., 2010a; 2010b) fabricated chemiresistors with inter-digitated
electrode (Figure 2b) with RF sputtered In2O3 thin film (150 nm) either with or without
promoter layers, for instance, Au or TiOx. Promoter layers act as additives on a
semiconductor support (In2O3), and help improve the sensing characteristics. Figure 9c and
9d present the sensor response of 150nm thick In2O3 films as a function of the promoter
layers to 25 ppm NOx in N2 carrier gas operating at 500°C. In2O3 film with Au-promoter
layer shows the faster and highest sensor response that is largely attributed to the spillover
mechanism i.e. NOx strongly adsorbs on the Au surface and spills over to the In2O3 support.
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Metallic nanoparticles such as gold (Au) exhibit high sensitivities toward NOx gases
(Hanwell et al., 2006; Ieva et al., 2008). Cioffi and coworkers (Cioffi et al., 2011) synthesized
core-shell gold nanostructure electrochemically, according to the so-called Sacrificial Anode
Electrolysis (SAE). This kind of synthesis was carried out in the presence of quaternary
ammonium salts dissolved in THF/acetonitrile mixture (ratio 3:1), which act both as the
supporting electrolyte and as the stabilizer by forming a shell and thus giving rise to stable
Au-colloidal solution. These nanoparticles were employed as gate material in field effect
capacitive devices, shown in Figure 6c. TEM images of Au-NPs stabilized by different
quaternary ammonium species are reported in Figure 10a-10c. It was found that Au
nanoparticle sensor was able to detect 50-400 ppm NO2, shown in Figure 10d. Authors
suggest that voltage increase upon exposure to NO2 instigates from the charge donating
behavior of nitrogen oxides leading to an increase in the charge density at the Au
nanoparticle film-insulator interface and thereby increasing the charge carriers in the
semiconductor layer.

Fig. 10. TEM images and dimensional dispersion histograms (insets) of Au nanoparticles
electro-synthesized in presence of (a) tetrabutyl ammonium chloride (TBOC), (b) tetraoctyl
ammonium chloride (TOAC), and (c) tetradodecyl ammonium chloride (TDoAC). (d) Sensor
response at operative temperature of 150°C for several NO2 concentration levels in presence
of an active gate layer of Au nanoparticles/TOAC (adapted with permission from Cioffi et
al., 2011).
The electronic sensors based on core-shell Au-nanoparticles enable selective detection of
NOx gases; and the sensitivity of such systems is influenced by the particle size. These
sensors show negligible sensitivity toward interfering gases such as H2, CO, NH3, and C3H6.
Although further improvement and optimization of these systems is necessary, their
favored characteristics could lead them becoming ever more important tools for real-time
monitoring of NOx gases.
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4. Conclusion
Strict emission regulations and deeper environmental awareness have led to intense
research into emissions reduction by engine producers and research organizations. Over the
years, a huge number of optical and electronic technologies have been developed and
applied to produce sensors with remarkable sensitivity toward nitric oxide and efficient
response (and recovery) kinetics. In this chapter, a brief overview on the recent
achievements and ground-breaking results obtained in the past few years, namely 20082011, in the field of both optical and electronic NO sensors have been reported.
Engine exhaust emissions have been successfully analyzed by FTIR and laser based
spectroscopic techniques. Their advantages over more traditional measurement techniques
include direct sampling of raw exhaust, measurement of many compounds with one
analyzer and highly-stable calibrations. The FTIR technique is a validated methodology by
several regulatory and standardization agencies for extractive gas-sampling analysis. Many
highly reactive species in the exhaust can be simultaneously measured by FTIR even below
part-per-million levels, replacing several discrete analyzers which may require complicated
calibration procedures.
Among the absorption techniques, direct absorption spectroscopy, cavity enhancement
approaches and photoacoustic spectroscopy coupled with laser sources have been
demonstrated to give sensitive and selective sensors for on-line and in-situ applications,
with high sensitivity, compact set-up, fast time response and portability. Infrared tunable
semiconductor lasers represent the ideal radiation sources for gas sensing thanks to their
excellent spectroscopic and technical properties, i.e., narrow linewidth, tunability, reliability
and room-temperature operation.
QEPAS represents an innovative laser based spectroscopic technique promising in
commercial sensor for automotive applications thanks to good performances in terms of
selectivity and sensitivity, compactness and ease of operation.
Metal Insulator Semiconductor field effect devices used as gas sensors can be of different
types: transistors, Schottky diodes or capacitors, with transistors being preferred for
commercial devices. The gas sensing principle for field effect sensors is based on molecules
adsorbing and dissociating on a catalytically active gate material on the sensor. These
interactions create a change in the electric charges on the semiconductor surface, which in
turn results in a shift in the sensor output voltage. The interactions of the gas molecules with
the gate material depend on the operating temperature and the morphology and chemical
characteristics of the gate material.
The use of nanostructured films as gate material has the potential to give sensors with
increased sensitivity, and faster response and recovery time, due to the larger surface area
available for interaction with the gas molecules, as compared to conventional thin film
sensing layers. The optimum sensor performance has not been fully realized due to limited
understanding of the catalytic properties of the active layer, the active layer-gas interactions,
the effects of processing techniques and experimental conditions; which do influence the
microstructure, morphology, and electrical properties of the nanomaterials. Improvements
have been seen for selectivity, but operation at high temperature is still an open issue.
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