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Preface

Although the history of chemical sensor dates back not long ago, it has attracted great re-
search interest owing to its many excellent properties such as small size, satisfactory sensi-
tivity, larger dynamic range, low cost, and easy-to-realize automatic measurement and on-
line or in situ and continuous detection. With decades of vigorous research works, various
sophisticated chemical sensors have been widely used in environmental conservation and
monitoring, industrial process monitoring, gas composition analysis, medicine, national de-
fense and public security, and on-site emergency disposal. The chemical sensor is the ana-
lyzer that responds to a particular analyte in a selective and reversible way and transforms
input chemical information, ranging from the concentration of a specific sample component
to total composition analysis, into an analytically electrical signal. Obviously, the sensor per-
formances are determined mainly by the characteristics of the sensing materials and mecha-
nism therefrom; hence, advanced sensing materials and new response mechanism become
the focus of research in chemical sensor and are reflected in numerous literatures.

This book is an attempt to highlight the progresses in functional structures, sensing materials,
and response mechanism of chemical sensors. Itis composed of eight chapters and divided into
five sections categorized by the working principle of the chemical sensor. The sensor response
mechanism, sensing structure and materials, and future trend of the chemical sensors were
reviewed in details. Section 1 is the introductory of this book, which introduces the conceptual
framework, main types, and development trend of chemical sensors. The next section provides
an introduction to the latest research progress relating to the optical chemical sensors using the
principle of photo-acoustic and photonic crystal. Section 3 reviews some research achieve-
ments of metal oxide and semiconductor-based chemical sensor by using some new sensing
materials as graphene and perovskites, and section 4 describes advances in electrochemical
chemical sensor for sensing nitric oxide exhaust gas. Section 5 provides the introduction to
surface acoustic wave (SAW) sensor. As a relatively new chemical sensor, itis favored and very
promising for sensing trace poisonous gas owing to their small size, low cost, high sensitivity
and reliability. The sensor was composed of SAW sensor chips and selective sensing materials
deposited along the SAW propagation path. Obviously, the accurate identification of the target
species mainly depended on the sensing materials, which are the main topics in this section.

It is my pleasure that this collection of the up-to-date information and latest research progress
on chemical sensor in this book will be of great interest to all those working on chemical sen-
sors. I would like to acknowledge the hard work and dedication of all the contributing au-
thors. Also, I am particularly grateful to Ms. Romina Rovan, the publishing process manager
of this book, for her great help in proposal collection, evaluation, and manuscript editing.

Wang Wen PhD

Professor

Institute of Acoustics, Chinese Academy of Sciences
Beijing, China, PR
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Chapter 1

Introductory Chapter: What is Chemical Sensor?

Wang Wen

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/64626

1. Introduction

The chemical sensor is an analyzer that responds to a particular analyte in a selective and
reversible way and transforms input chemical quantity, ranging from the concentration of a
specific sample component to a total composition analysis, into an analytically electrical signal
[1,2], as depicted in Figure 1. The chemical information may originate from a chemical reaction
by a biomaterial, chemical compound, or a combination of both attached onto the surface of a
physical transducer toward the analyte. The chemical sensor subject is an emerging discipline
formed by the multidisciplinary study among chemistry, biology, electricity, optics, mechan-
ics, acoustics, thermology, semiconductor technology, microelectronics technology, and
membrane technology.

Sensor
Input Transd.uctlo.n of mput_ Signal . Output
chemical quantity to intermediate L processing electrical
quantity qua.ntlty {Electlrlcal, and/?r ‘ GUSHTIEY
optical, acoustical, etc.) conditioning

Figure 1. Sensor principle. Schematic diagram of a sensor that produces an electrical output in response to the presence
of an input quantity.

Although the history of chemical sensor dates back not long ago, it has gained increasing
attraction for applications in environmental monitoring, industrial process monitoring, gas
composition analysis, medicine, national defense and public security, and on-site emergency

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
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4 Progresses in Chemical Sensor

disposal owing toits many excellent properties such as small size, satisfactory sensitivity, larger
dynamic range, low cost, and easy to realize automatic measurement and online or in situ and
continuous detection. Hence, the chemical sensor becomes one of the most active and effec-
tive directions of modern sensor technology.

2. Classification of chemical sensor

According to the working principle, the chemical sensor can be classified into many types such
as optical, electrochemical, mass, magnetic, and thermal. The optical chemical sensor is based
on the changes in optical phenomena analysis arising from the interaction between the analyte
and the receiver. The electrochemical sensor utilizes electrochemical effect among the analytes
and featured electrodes. The working principle of the mass sensor depends on the quality
change induced by the mass loading from the adsorption toward the analyte by the special
modification of sensor surface. The magnetic device is based on the magnetic properties in
analyte adsorption, whereas the thermal sensor utilizes the thermal effect generated by the
specific chemical reaction or adsorption process.

‘ Liquid film ion sensor |

Solid film ion .
lon sensor lon selective FET|
sensor :
| Resistance sensor
Chemical sensor —| Humidity sensor Capacitive sensor
Semiconductor
Others
gas sensor
Gas sensor biosensor
Electrochemical
gas sensor
Contact combustion| | Polymer gas | | Optical gas Microbial Enzyme Immuno
gas sensor sensor sensor sensor sensor sensor

Figure 2. Classification of chemical sensors based on sensing objects.

Another way to categorize the chemical sensors is based on the object to be detected, that is,
the chemical sensors can be classified as gas sensors for trace gas analysis and monitoring,
various ion sensors represented by the pH sensor, humidity sensor, and biosensors made by
biological characteristics. Figure 2 lists the main categories of chemical sensors toward various
objects.

It is well known that the environment monitoring is the major application field of the chemical
sensor, therein, the gas sensor plays a pivotal role. The key performance indicators of the gas
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sensor include sensitivity, selectivity, and stability, which are determined mainly by the
characteristics of the sensing material and mechanism. By utilizing the advanced materials and
the new response mechanism, the gas sensitive characteristic of the sensor can be improved
significantly. Generally speaking, the gas sensor is categorized mainly by its working principle
as asemiconductor type, an electrochemical type, a solid electrolyte type, a contact combustion
type, a photochemical type, and a polymer type. Each type is introduced in the paragraphs
below.

2.1. Semiconductor gas sensor

Semiconductor gas sensor is a sensitive element made by metal oxides or metal semiconductor
oxide materials [3]. As regards the electrical conductivity sensors, the resistance of their active
sensing layer changes due to contact with the gas to be detected. Since the first semiconductor
metal-oxide-ceramic gas sensor was reported in 1962, the semiconductor gas sensors have
become the most comprehensive and widely used gas sensors.

2.2. Electrochemical gas sensor

The electrochemical gas sensor can be categorized into galvanic cell type, controlled potential
electrolysis type, coulometric type, and ion-selective electrode type [4]. The galvanic cell gas
sensor evaluates the target gas composition by measuring the shift in current. The controlled
potential electrolysis gas sensor senses the target gas by measuring the electrolytic current and
is different from the galvanic cell sensor, and a specific voltage should be imposed externally.
Furthermore, the oxygen in blood can also be detected in addition to CO, NO, NO,, and SO,.
The coulometric gas sensor detects the target species by measuring the current generated by
the interaction between the gas and the electrolyte. The ion-selective electrode gas sensor has
appeared earlier, and it detects the gas by measuring the ion current with high sensitivity and
excellent selectivity.

2.3. Contact combustion gas sensor

The contact combustion gas sensor includes direct contact sensor with the combustion and
catalysis combustion sensor [5]. Its working principle is that oxidative combustion of the
combustible gas occurs directly or by using catalysts in the energized state, accordingly, the
burning gas sensitive material (Pt wire) is heated up, resulting in the shift in the resistance
value. By evaluating the resistance shift, the gas concentration can be extracted. Sometimes,
such a sensor is called a thermal conductivity sensor, which is widely used for sensing
combustible gas in petroleum chemical plant, shipyards, mine tunnels, kitchens, and
bathrooms.

2.4. Optical gas sensor

Optical gas sensors include infrared absorption sensors, spectrum absorptive sensors, fluo-
rescence sensors, and fiber sensors [6], in which, the infrared absorption sensor is the most
widely used for sensing gas by measuring and analyzing the infrared absorption peak from
various gas adsorption. Such a sensor has a lot of outstanding advantages of excellent

5



6 Progresses in Chemical Sensor

antivibration and antipollution ability, autocorrection, and possibility of continuous and
longer dynamic monitoring.

2.5. Polymer gas sensor

The polymer gas sensitive materials have grown enormously in the past several years, which
plays an important role in sensing trace poisonous gas because of its easy operation, simple
process, good selectivity at normal temperature, low price, and easy to combine with the micro
structure or surface acoustic wave (SAW) devices [7].

3. Development trend of chemical sensors

Environmental protection and monitoring, prevention and treatment of disease and the
continuous improvement of people’s quality of life are still the main application areas of the
chemical sensors in the foreseeable future. Nowadays, with new challenges as well as new
opportunities, the features of the chemical sensors trend are as follows:

1. A variety of gas sensors used widely in environmental protection and monitoring are
highly valued, which are the mainstays of three mainstreams of chemical sensors. High
sensitivity, miniaturization, integration, and low cost are still the development tendency
of the gas sensors.

2. Biosensor ranks second in three mainstream of current chemical sensors. The twenty-first
century is the century of biology. As an important part of biology, the biosensor provides
the important support for the biological technology. It is not only an important aspect of
the international competition of high-tech but also a window to evaluate the biological
level of a country. Nowadays, the research on biosensor is strengthened in many countries
to adapt to rapid development of biology. Among them, the microarray technology
dominated by the DNA or cDNA biochip is one of the emphases for biosensor research.
Nanobiosensing technology formed by a combination of biosensing technology and
nanotechnology would be a new growth point of the biosensors, and a unprecedented
new situation will be created based on the new applications of the silicon and nonsilicon-
based micro biosensor in biomedical, environmental monitoring and instrumentation
industries.

3.  Electrochemical sensor ranks only the third in the mainstream of current chemical sensors,
but it is very active. The electromechanical sensor dominated by ion selective electrode
(ISE) will continue to trend to high sensitivity, low detection limit, fast response, and long-
operating life. The appearance of the new materials such as organometallic compound,
organometallic polymer, and macrocyclic compounds and their complexes represented
by the metal porphyrin (metalloporphyrins) offers a solid foundation for gradual
perfection of all solid-state ion-selective electrode, electrochemiluminescence (ECL), and
photoelectrochemical sensor. Some new technologies such as nanoparticle LB films,
molecular imprinting technology (MIT), and nanoelectrode arrays, and appearance of
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scanning electrochemical microscopy (SECM) and electrochemical impedance spectro-
scopy (EIS) will make the electrochemical sensor vigorous and exuberant and expand
some new applications in environmental protection, food industry, biology, and medi-
cine.

4. A new generation of bionic sensors, such as electronic nose and electronic tongue, will be
anew growth point of chemical sensor in the coming century. It is an important aspect of
artificial intelligence study to simulate the function of human bodies and facial features
(five human senses) to recognize various substances and environments effectively. Since
the breakthrough in taste sensor was obtained in the 1990s, the substances with five major
tastes of sweetness, sourness, bitterness, spiciness, and saltiness can be detected quanti-
tatively by using the multichannel technology. Further improvement of the taste sensor
in selectivity, repeatability, and durability will lead to more applications in the food
industry to improve the quality and quality control of beverages, fruits, and vegetables.
Electronic nose is a multichannel gas sensor array that provides an effective way to detect
toxic gas, explosive gas, as well as the released smell of drugs, explosives, and food.

5. The emergence of the microchemical sensor and its array is an important sign of the
chemical sensor with excellent performance entering the new century. With the
development of solid-state and microelectronic technology and the appearance of the
MEMS sensors aiming for high precision, low driving, low power consumption, small size
and fast response, the chemical sensor will be turned over a new leaf, and enters into an
unprecedented “Micro world.”

Author details

Wang Wen
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Chapter 2

MEMS-Based Terahertz Photoacoustic Chemical Sensing
System

Nathan Glauvitz, Ronald A. Coutu,
lvan R. Medvedev and Douglas T. Petkie

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/62571

Abstract

Advancements in microelectromechanical system (MEMS) technology over the last
several decades has been a driving force behind miniaturizing and improving sensor
designs. In this work, a specialized cantilever pressure sensor was designed, modeled,
and fabricated to investigate the photoacoustic (PA) response of gases to terahertz (THz)
radiation under low-vacuum conditions associated with high-resolution spectroscopy.
Microfabricated cantilever devices made using silicon-on-insulator (SOI) wafers were
tested in a custom-built test chamber in this first ever demonstration of a cantilever-
based PA chemical sensor and spectroscopy system in the THz frequency regime. The
THz radiation source was amplitude modulated to excite acoustic waves in the chamber,
and PA molecular spectroscopy of a gas species was performed. An optical measure-
ment technique was used to evaluate the PA effect on the cantilever sensor; a laser beam
was reflected off the cantilever tip and through an iris to a photodiode. As the cantile-
ver movement deflected the laser beam, the beam was clipped by an iris and generated
the PA signal. Experimental data indicated a predominantly linear response in signal
amplitude from the photodiode measurement technique, which directly correlated to
measured cantilever deflections. Using the custom-designed PA chamber and MEMS
cantilever sensor, excellent low-pressure PA spectral data of methyl cyanide (CH,CN) at
2 to 40 mTorr range has been obtained. At low chamber pressures, the sensitivity of our
system was 1.97 x 10° cm™ and had an excellent normalized noise equivalent absorp-
tion (NNEA) coefficient of 1.39 x 10 cm™ W Hz " using a 0.5 s signal averaging time.

Keywords: cantilever, MEMS, photoacoustics, spectroscopy, terahertz sensor

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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1. Introduction

Chemical sensing and the spectroscopic detection of chemical species can be made through
various means. In this work, a direct sensing technique was performed by measuring the
photoacoustic (PA) response of a microelectromechanical system (MEMS) cantilever when a
gaseous sample was excited with a terahertz (THz) radiation source. The “energy deposited in
the sample is measured directly” [1] through the PA effect and is proportional to the radiation
source power. The PA effect was first published by Alexander Graham Bell in 1880, when he
found that modulated sunlight incident on a thin disk generated sound waves [2]. Since its
discovery, the PA effect has been used to study solid, liquid, and gaseous states of matter.
Traditional molecular absorption spectroscopy systems measure the electromagnetic energy
that is transmitted through a sample species. A disadvantage of the absorption spectroscopy
technique is that it requires a baseline measurement, which is needed to account for standing
waves in the system that may obscure absorption lines. In this research, the MEMS cantilever
PA response to modulated THz radiation was used to investigate chemical sensing applica-
tions and collect molecular absorption spectra. An advantage over the traditional absorption
spectroscopy technique is that the PA technique used here does not require a baseline meas-
urement and it is not sensitive to baseline variations seen in traditional absorption spectrosco-
py techniques.

Molecules can absorb and dissipate energy through different pathways such as electronic,
radiative, vibrational, and rotational pathways or through translational means via collisions
[3, 4]. In recent years, many techniques have been employed for the detection of trace gases
and molecular spectroscopy [1]. The PA effect is the result of molecules absorbing energy from
an electromagnetic wave, where the absorbed energy is then released through collisions and
other nonradiative pathways into translational energy, resulting in an increased pressure. This
pressure wave can then be detected by a microphone or other pressure-sensitive device.
Several different sensor methods to pick up PA waves have been implemented over the years;
among them are the tuning fork [5-8], membrane microphone [9, 10], bridge [11], and
cantilever designs [11-20]. As is true for any sensor configuration, the sensor design must be
optimized to achieve maximum sensitivity to the anticipated changes in pressure caused by
the excitation radiation captured in the PA cell.

Additional applications of MEMS and THz radiation technology have also been investigated
for imaging purposes. The incorporation of superconductors [21] and metamaterials [22] on
MEMS devices has enabled the direct absorption and sensing of THz radiation. As acoustic
sensors, arrays of piezoelectric cantilever and spiral beam-supported diaphragm transducers
have shown increased sensitivity by approximately 30 times when many transducers were
connected in parallel [23]. Along those same lines, arrays of piezoelectric cantilevers have the
potential to be used for THz PA imaging applications.
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1.1. PA performance figures of merit

In PA spectroscopy and trace chemical detection systems, there are several figures of merit
that are traditionally used to evaluate system performance. The first metric that must be
determined is the signal-to-noise ratio (SNR). The SNR of the system is

PA,,
SNR _ Signal (1)

Noise

where the PAg,,, is measured on an absorption line and the PAy. is the PA signal level
evaluated in a region away from absorption lines. A high SNR is desirable because it plays a
role in calculating another performance metric of the system, the sensitivity, which is descri-
bed as what minimum absorption strength the system can detect. The sensitivity a,,;,, of asystem
is

a

amin = ﬁ (2)

where a,,, is the strength of the measured absorption coefficient. Because PA systems can be
configured differently, another useful figure of merit is the normalized noise equivalent
absorption (NNEA) coefficient and it is expressed as

NNEA =a,, PT. 3)

NNEA calculations allow for a better performance comparison between different PA systems
by taking into account the system sensitivity, the radiation source power P, and the PA signal
averaging time T.

1.2. PA detection systems

The PA excitation radiation source has to be specifically selected for the absorption lines of the
chemical or chemicals under investigation. Radiation sources that have been commonly used
are black-body sources, arc lamps, microwaves, LEDs, lasers, or tunable lasers. Kuusela et al.
[12] used three different LED radiation sources, centered at 3.4, 4.2, and 7.0 um wavelengths
to excite the gaseous specimens to perform trace gas detection. Their experiment tested
methane, propane, CO,, and sulfur dioxide gases using a 3 x 1.5 x 0.01 mm?® (length x width x
thickness) silicon cantilever with a 5 um gap around the beam. The small sensitive cantilever
PA gas sensor design used a laser interferometer to measure cantilever displacement. A figure
of merit for performance of a trace gas detection system can be given by the lowest achievable
detection limit, which was 6 ppm for propane with a 1 s sample integration time. Experiments
were performed at atmospheric pressure (760 Torr) with the gas species diluted with nitrogen
to control the concentration [12].

13
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Ledermann et al. [11] constructed a miniaturized PA cell with dimensions of approximately
15 mm in length x § mm in diameter to test piezoelectric acoustic sensors configured in bridge
and cantilever structures for detecting CO, in a nitrogen-diluted mixture at atmospheric
pressure. Cantilever devices were approximately 2 mm long x 2 mm wide and were fabricated
using a silicon wafer that was backside etched to determine the device layer thicknesses that
ranged from 5 to 20 um. A pulsed incandescent lamp and an interference IR filter were used
in the test chamber to produce 4.25 um wavelength radiation to excite the CO, gas mixture. In
the PA tests, depending on the CO, concentration, they measured 200 to 1300 puV from the
piezoelectric layer on the devices, leading to a minimum sensitivity of 330 ppm CO, [11].

In an earlier work by Kauppinen et al. [18], a more flexible 4 x 2 x 0.005 mm? silicon cantilever
with a 30 pm gap was used to detect methane down to 0.2 to 0.8 ppb with their PA sensor and
chamber configuration. An optically chopped black-body source and a band-pass filter
allowed 2.94 to 3.85 um wavelength radiation to excite the methane gas, which has an
absorption line at 3.33 um. The methane gas tested was also diluted with nitrogen and the PA
measurements were performed at a reduced pressure of 465 Torr [18].

McNaghten et al. [14] reported on an interferometer-based PA cantilever detection method
that used four multiplexed tunable diode lasers at wavelengths of 1.534, 1.567, 1.568, and 1.62
pm as the radiation sources to investigate acetylene, carbon monoxide, CO,, and methane gases
in nitrogen dilution. PA measurements using a 6 x 1.5 x 0.01 mm?® cantilever were taken on the
gas samples over a range of pressures, but they found that the optimal PA signal for their
system configuration was 93 Torr. Nominal data collection duration used to analyze a gaseous
sample was approximately 2.62 s. To achieve the best sensitivity, signals were averaged over
several minutes. The lowest NNEA for their system was achieved with acetylene gas at 1.4 x
107 cm™ W Hz™. They evaluated the trace detection system performance over a long period
of time and found that the Michelson interferometer set-up showed some instability in signal
intensity over a 12 h data collection period. The fluctuations in signal intensity were attributed
to acoustic noise in the room and phase shifts in the interferometer set-up seen at the photo-
diode [14].

Recently, Peltola et al. [17] used an interferometer-based analyzer system that included the
cantilever sensor, PA chamber, and software, manufactured by Gasera Ltd. (Turku, Finland),
to investigate the detection limits of hydrogen cyanide (HCN) and methane. The cantilever
sensor was 5 x 1.5 x 0.01 mm?, and Peltola et al. used a continuous-wave optical parametric
oscillator (OPO) centered at ~3 um wavelength as the radiation source. The detection limit for
HCN was calculated to be 190 ppt in nitrogen and the NNEA was 1.8 x 10 cm™ W Hz”* with
an OPO power of 0.5 W and a 1 s signal averaging time. PA measurements were conducted at
300 Torr (~0.4 atm), whereas the HCN and nitrogen mixture were flowed through the chamber
at~1 L min™[17]. With another analyzer from Gasera Ltd., Sievild et al. [19] tested six different
cantilever designs in the system for PA detection, testing solid-phase materials of carbon black
and polyethene. Their most sensitive cantilever design had dimensions of 5 x 1.2 x 0.005
mm? and a SNR = 189 while testing polyethene.

The cantilever PA systems discussed previously performed trace gas analysis to find the
minimum detectable concentration of a selected gas or gases in a nitrogen-diluted environ-
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ment. The PA measurements were conducted at reasonably high chamber pressures ranging
from 93 to 760 Torr. Due to the high chamber pressures used, the PA signal was often stronger
at modulation frequencies lower than the resonant frequency of the cantilever sensors. For
spectroscopy applications in the THz spectral region, the PA measurements should be made
at the lowest chamber pressure possible. A low chamber vacuum level minimizes the effects
of pressure broadening on the absorption coefficient and allows for closely spaced absorption
lines to be resolved. One of the earliest applications of THz PA spectroscopy was done by
Krupnov and Burenin in the 1970s, when they constructed a submillimeter spectrometer that
used a 3-pm-thick, 5 cm in diameter Mylar capacitive membrane microphone in a PA cell. They
used broadband submillimeter backward wave oscillators (BWOs) as the radiation sources,
which could produce frequencies of 0.199 to 1.07 THz. The chamber pressures tested ranged
from 0.05 to 10 Torr and were able to achieve sensitivities of 6 x 10 cm™ with a radiation source
power of 10 mW [9].

The THz diode amplifiers used here as a radiation source for PA signal generation are modular;
through different combinations of amplifier chains, the system can span 0.250 to 1.5 THz
frequency range with great accuracy. The small THz PA spectroscopy system developed in
this work has several advantages over traditional THz spectroscopy absorption cells. A major
advantage is the reduction in size, as traditional spectroscopy absorption cells can be large,
ranging from 3 to 10 ft long to increase sensitivity. Cantilever sensor designs have been shown
to be more sensitive than bridge-type microphone designs [11], and the sensitive MEMS
cantilever design used here enables the absorption cell size to be greatly reduced. Cantilever
deflection caused by a PA pressure load dissipates the energy through bending. For a com-
parable membrane or bridge sensor, the deflection occurs through stretching and the devices
would experience much less deflection for the same applied load conditions.

Categories for chamber pressure operating conditions have classically been divided into
intrinsic, molecular, or viscous regimes [24]. Each pressure regime was named after the
dominant damping mechanisms. Previously discussed cantilever PA systems were operated
at higher chamber pressures of 93 to 760 Torr, which is in the portion of the pressure spectrum
dominated by viscous damping effects. The molecular regime has been defined in the range
of 7.5 to 750 mTorr (1-100 Pa) [24] and the intrinsic regime is defined as pressure environments
less than 7.5 mTorr. A significant contribution of the research presented in this work is in the
low 2 to 60 mTorr chamber pressure regimes that were investigated for the PA molecular
spectroscopy applications. PA measurements in this work were performed at the lower portion
of the molecular regime and just crossing over into the intrinsic damping dominant regime.

The analysis of the cantilever behavior in the PA system is first discussed through analytical
equations and then finite element model (FEM) using CoventorWare® to evaluate cantilever
performance. An overview of the MEMS device fabrication is then presented, which highlights
the methodology used to create the cantilever PA sensor. The experimental PA test set-up is
then presented, which used an extremely stable optical measurement technique to observe and
record the cantilever PA signal. Cantilever dynamic behavior in the PA chamber and PA
spectral data collection techniques for low-pressure environments are then presented. Finally,
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the sensitivity of the system and the impact of future potential applications of this THz sensing
method are discussed.

1.3. PA molecular spectroscopy

In the THz regime, molecules in a low-vacuum environment absorb energy in narrow
quantized rotational states. The associated absorption frequencies are a function of the
molecular structure, whereas the absorption strength depends on the electric dipole moment
and structure. The characteristic absorption line shape coefficients of a molecule is subject to
many different sources of line broadening, which can be established through the convolution
with an appropriate broadening function. At low pressures, the dominant source of spectral
line broadening is Doppler broadening, which can be represented with a Gaussian function.
Doppler broadening is due to the thermal motion of the absorbing atoms, which leads to small
variations in the absorbed frequency. As the chamber pressure increases, pressure broadening
will play more of a role, as the absorbing molecules will collide with neighboring molecules
more frequently. Pressure broadening, represented by a Lorentzian function, becomes more
dominant at higher pressures. Often, spectral line widths are a function of both Doppler and
pressure broadening, which can be represented through a Voigt profile and these line broad-
ening parameters are unique to each molecule. In the THz spectral range, the optimal operating
pressure is near ~10 mTorr when the Doppler broadening and pressure broadening contribu-
tions to the line shape are nearly equal.

To model the PA performance of the cantilever in the THz PA chamber, the order of magnitude
of the pressure change was estimated through the use of the kinetic theory of gases and the
ideal gas law. PA chamber designs can take on many different configurations such as cylin-
drical, Helmholtz [3], or differential [25] PA system designs. For this PA analysis, the absorp-
tion cell is assumed to have a cylindrical shape with a characteristic length I and radius . It is
also assumed that the THz radiation beam energy from the source is uniformly distributed
and that the radius of the beam closely matches to that of the chamber radius. The radiation
source power defined as P, is the amount of power inserted into the chamber, whereas P is the
amount of unabsorbed power that exits the chamber. Over long distances, the molecular
absorption of radiation is best described by Beer’s absorption law, and through a short chamber
length [, the absorbed power AP follows the relationship:

AP=P,-P=Ppal 4)

where « is the absorption coefficient and p, is the partial pressure factor of the gas under
investigation. The partial pressure factor here describes the volumetric fractional abundance
of the species and can be set equal to one, as no backfill of gas is used to dilute the gas species
under investigation. Figure 1 shows a segment of simulated absorption coefficient @ (m™)
spectra for methyl cyanide (CH,CN) at 18 mTorr.
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Figure 1. Small region of the simulated absorption coefficient of CH;CN at 18 mTorr with applied pressure broadening
conditions.

Based on the predicted absorption coefficients, an equation for the PA change in pressure Ap
can be given as

_Ppal  Pa 5
Wy, s, ©)

where the anticipated change in chamber pressure per cycle as a multivariable function of
radiation source power, V is the absorption chamber volume, p, is the partial pressure factor
of the gas, a is the absorption coefficient, r is the chamber radius, and f,, is the radiation
modulation frequency. Based on these design space parameters, the anticipated changes in
pressures could span a large range depending on the gas constituent tested and the vacuum
level in the chamber. Under ideal conditions, the change in chamber pressure per cycle is
expected to be approximately 18 uTorr when a radiation source power of 0.1 mW, a=1m™, r
=5 mm, and f,, = 550 Hz are used.

The sensitive microfabricated MEMS cantilever sensors created here were the key technology
that significantly reduced the size of the system and enabled the low-pressure spectral
measurements. A complete system integration of the sensitive MEMS cantilever sensor and
the narrow line, broad spectral capabilities of the THz radiation source used with the custom
low-pressure PA chamber create a uniquely powerful spectral chemical analysis tool.

2. Cantilever modeling

Cantilever motion in an under damped system can be described by Newton’s second law of
motion, where all the internal and external forces acting on the cantilever are set up in a detailed
balance equation. The resulting differential equation describes the cantilever position based
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on the forces involved and the initial conditions of the system. Of particular interest are two
cases of motion, driven oscillation and damped harmonic oscillation. Using Newton’s second
law of motion, the equation for an under damped driven oscillator under an external driving
force is represented as

d*x dx
m—+c—+kx=Fcos(wt + 6
d*  dt (r+9) ©)

where m is the mass of the object, ¢ is the damping coefficient, k is the spring constant, x is the
position, dx/dt is the velocity, d%x/dt is the acceleration, F is the amplitude of the driving force,
w is the excitation angular frequency, and ¢ is the phase term. A steady-state solution for
displacement x for a sinusoidal applied force is

x(t) = Acos(wt + @). 7)

The amplitude of the displacement A is a function of the modulation frequency w, the angular
resonant frequency w, of the cantilever and of the applied force F. When the system is modu-
lated at the resonant frequency (w = w,), the expression can be simplified to

where the time constant 7, defined as t =2 m/c, represents how quickly the system dampens
or responds to external stimuli. An examination of Eq. (8) reveals that decreased damping and
a lower resonant frequency of the cantilever allow for the greatest amount of deflection for a
given applied force.

Traditional cantilever design parameters of length, width, and thickness were used to create
designs sensitive to the lower end of the anticipated pressure spectrum. As discussed above,
cantilever spring constant and cantilever resonant frequencies are of great importance to the
design to maximize sensitivity. An equation for the spring constant k of a rectangular cantilever
beam [13] is

2 hY
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where Ey is the Young’s modulus of the material, whereas the other parameters are the
cantilever dimensions of length L, width w, and thickness h. A cantilever with the above
dimensions then has a resonant frequency f, that is then described as

fo=ro | — (10)

eff

where m,; is the effective mass of the cantilever. Using Rayleigh’s method of the conservation
of energy, where p is the density of the cantilever material, it can be shown that the cantilever
effective mass under a uniform distributed pressure load is

104
md] =EpWhL (11)

Then, with these anticipated PA pressure conditions estimated through Eq. (5), potential
cantilever designs were evaluated in the CoventorWare® FEM software. FEM using modal
analysis of cantilever designs was performed in an earlier work and it showed that, as the
cantilever width over length ratio increased, the second harmonic torsional mode frequency
decreased [26]. To minimize the amount of energy dissipated through higher harmonic modes,
it is advantageous to use the smaller width over length ratio cantilever designs. Using the
harmonic modal analysis tool, a harmonic pressure load was applied to the surface of the
cantilever as a function of frequency to find the maximum magnitude of the cantilever tip
deflection. A cantilever damping parameter was used in the FEM software, defined as a
fraction of the critical damping coefficient ¢, which is

¢o = 2mk (12)

where m is the mass of the beam and k is the spring constant. For the simulations, the damping
conditions for the analysis were set to 0.1% of the critical damping coefficient to simulate a
low-pressure environment. Figure 2 shows the tip displacement amplitude response of a 5 x
2 x0.01 mm?®silicon cantilever under four load conditions. Simulated sinusoidal load pressures
of 0.03 to 7.5 uTorr resulted in amplitude displacements of 0.14 to 2.8 um, respectively. The
modeled results predict cantilever deflections that could easily be measured optically with a
laser interferometer set-up and provided a reasonable estimate of PA performance of the
cantilever design.

19
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Figure 2. FEM resultant tip deflections from modal harmonic analysis of a 5 x 2 x 0.01 mm? silicon cantilever design
under four periodic load conditions using 0.1% of the critical damping coefficient.

There are several advantages to developing an accurate FEM simulation to evaluate cantilever
performance in the PA chamber. With an established framework in place, both traditional
rectangular and nontraditional paddle and dual-anchor cantilever designs could be evaluated
to optimize the next generation THz PA sensor. Wang et al. [27] used paddle designs out of a
silicon nitride film to create airflow sensors. The paddle designs had a narrow anchor width
to reduce the spring constant and a large tip surface area to capture the airflow across the
sensor. Although a different cantilever design could use a dual-anchor configuration, two
narrow anchor widths are spaced apart and connected to a large area to capture pressure
waves. For a fixed device layer thickness, paddle and dual-anchor designs may present an
advantageous means of modifying the spring constant of the beams by changing the anchor
width while maintaining a larger tip surface area to capture the PA pressure.

The analysis of the analytical equations and FEM results highlights the two factors that were
considered in selection of a beam design for fabrication: (1) the magnitude of the tip displace-
ment and (2) the cantilever’s resonant frequency. If the PA system is modulated at the resonant
frequency of the cantilever, a higher resonant frequency would be advantageous to enable a
greater number of signal averages over a short duration. A counterargument is to select a
reduced resonant frequency design due to Eq. (5), which shows that the anticipated change in
chamber pressure per cycle is inversely proportional to the modulation frequency, and a lower
resonant frequency means a lower spring constant and therefore greater deflection. From
several considered beam designs, the 5 x 2 x 0.01 mm?® cantilever was selected for fabrication
due to the predicted moderate tip deflections and resonant frequency of 550 Hz from the FEM
prediction.
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3. Device fabrication

The entire process from the initial sensor device concept design through the completed
fabrication of the cantilever sensors was performed in this work. The cantilever beam designs
were constructed using the device layer of Ultrasil silicon-on-insulator (SOI) (100) wafers. The
selection of the SOI device layer and buried oxide (BOX) layer thicknesses were important
parameters that affect both the cantilever performance characteristics and manufacturability
of the devices. The BOX layer was used as an etch stop material for both the front and backside
plasma etches used to create the cantilever devices.

Fabrication began with a thin layer of Ti/Au (20/100 nm) evaporated at the tip of the cantilever,
which created the necessary reflective surface for the optical measurement technique em-
ployed in the experimental PA tests. A deep reactive ion etch (DRIE) plasma tool was then
used to create small 3 to 8 um gaps that were etched through the device surface of the SIO
samples to define the cantilever shape. The majority of the cantilever designs fabricated in this
effort were 5 x 2 x 0.01 mm?. The advantage of using the DRIE is that it is an anisotropic etch
process, which results in a near vertical sidewall profile and virtually no mask under cut to
create gap widths the same resolution as the photoresist mask pattern. Figure 3a shows a
schematic layout of the cantilever devices created and Figure 3b shows an optical image of a
device with a small 3 um gap achieved with the DRIE process.

(m) b}

Figure 3. (a) Layout of cantilever design and (b) an optical image of the 3 um gap etched through the device layer with
the DRIE plasma tool.

To the release the cantilever beams, a hole was etched through the backside of the silicon handle
wafer in a two-step DRIE and RIE process technique, which was presented in an earlier work
[26]. Cantilevers fabricated here had a length/thickness ratio of 500 and a large surface area to
be sensitive to the low pressures generated in the THz PA chamber. As a sensor platform, the
silicon cantilever performs well, elastically deforming for small cantilever tip deflections. Due
to the high length/thickness ratio of the devices, the final stages of the backside etch and
cantilever release process proved to be a challenging task. The brittle nature of macroscale
silicon was observed when residual stress between the device and BOX layers caused highly
localized stress points, which cracked the earlier fabricated cantilever samples. These fabrica-
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tion challenges were overcome through the use of a photoresist support layer [26] and a thinner
1 um BOX layer to significantly increase the manufacturability of the high aspect ratio
cantilever devices. To complete the fabrication, the BOX under the cantilever was removed
with a hydrofluoric acid vapor etch. Completed devices were then tested in the custom THz
PA chamber described next in the experimental set-up section.

4. Experimental set-up

The compact custom-fabricated THz PA chamber had overall dimensions of approximately 2
x 2 x 2 in* and was constructed out of stainless steel. The test chamber consisted of two
segments: a front and back half with the cantilever sensor mounted in between them. The back
portion of the chamber contained the absorption cell section, whereas the front half had a small
balance volume. The absorption region portion has a cylindrical shape with dimensions of 2
in. long and a diameter of 10 mm. A schematic diagram of the back portion of the PA cell and
cantilever position is shown in Figure 4.

THz Radiation |
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Figure 4. Schematic diagram of PA cell shown with the front portion of the chamber removed; the highlights are cham-
ber dimensions and cantilever position in relation to the absorption cell volume.

To seal the chamber for low-vacuum conditions, Teflon windows were used to enclose the
ends of the absorption cell and an antireflective (AR)-coated glass window sealed the balance
volume so the optical measurements of the cantilever deflection could be made with a HeNe
laser. A Pfeiffer HiCube™ turbo pumping station was used to evacuate the chamber and
achieve a low base pressure vacuum level. CH,CN, also called acetonitrile, was the first gas
used to characterize the cantilever sensor. Liquid CH;CN was exposed to the low-vacuum
environment and allowed to vaporize. Through a series of valves, the CH;CN vapor was
allowed into the acoustic cell in a highly controlled manner and the absolute chamber pressure
was continuously monitored with a MKS Baratron® capacitance monometer vacuum gauge.
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PA data collection was controlled through a series of LabView VI's and the signals were
collected with a National Instruments (NI) USB-6221 multifunction data acquisition (DAQ)
card. To generate the THz radiation and cause the PA effect, Virginia Diodes, Inc. (VDI)
amplifier multiplier chains were used. The signal to the VDI THz radiation diode was provided
by an Agilent E8254A PSG-A signal generator. Controlled through the LabView interface, the
output of the signal generator was set to a specified THz radiation frequency, which was then
amplitude modulated on and off with a 50% duty cycle square wave at the desired modulation
frequency. The emitted power by the THz VDI source ranged from 0.6 to 1.4 mW and is
frequency dependent. At low chamber pressures, the output power of the THz source was too
high and therefore had to be attenuated at low pressures to prevent molecular saturation. On
the opposite side of the chamber from the THz source, there is a VDI detector positioned to
monitor the transmitted power that exits the chamber and simultaneously measure the
absorption spectra with traditional techniques. For this experiment, the amplifier chain used
generated radiation over the 0.250 to 0.375 THz frequency range. An advantage to the test set-
up is that additional amplifier multiplier chains can be adapted to the system to reach higher
frequencies, up to 1.5 THz if required.

The PA chamber and optics for the experimental set-up were mounted on an optical bench.
Two optical measurement techniques were employed to examine the PA effect. A diagram of
the test set-up is shown in Figure 5. A HeNe (A = 633 nm) laser beam, guided through a series
of mirrors, beam splitter, irises, and focusing lens, was reflected off the tip of the cantilever,
back to a photodiode where the laser beam power was measured. An iris beam clipping
method or optical beam deflection method, similar to Garcia-Valenzuela and Villatoro [28],
was used to collect PA spectral data in the THz test chamber when the reference mirror was
blocked.

THz .
Absorption AR Window Diode
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Figure 5. Diagram (not to scale) shows both the PA optical measurement techniques used; beam clipped by the iris
when the reference mirror is blocked and a Michelson interferometer displacement measurement when the reference
arm was used.

To quantify the sinusoidal changes in power observed at the photodiode, a Michelson
interferometer measurement was also incorporated into the experiment. Switching to the
interferometer measurement was accomplished by unblocking the reference mirror, modify-
ing the filter settings of the photodiode amplifier, and removing the iris closest to the PA

23
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chamber. Accurate cantilever tip deflections measurements were made through the generated
constructive and destructive inference signal measured at the diode detector. For large
cantilever deflections, the photodiode signal goes through maxima to minima interference
patterns as the cantilever deflects a distance of A/4.

In both measurement techniques, the photodiode signal was sent to a Stanford Research
Systems SR560 preamplifier, set-up in a band-pass filter configuration. The photodiode signal
was also sent to a Stanford Research Systems SR530 lock-in amplifier. The amplitude modu-
lated frequency from the Agilent E8254A signal generator is used as the reference signal for
the SR530 lock-in amplifier. The two-channel output of the lock-in amplifier reported the
magnitude and phase components of the amplified photodiode signal compared to the
reference.

For the iris beam clipping method, the measured PA signal at the diode was greatly affected
by the iris placement at distance x in front of the cantilever and the positioning of the focal
lens. The focal lens was positioned such that the beam formed a tight spot at the tip of the
cantilever and beam spot at the detector was smaller than the detector opening. Iris placement
in front of the cantilever served two purposes. The first function was to reduce the diameter
of the incoming beam before the laser light impinged the cantilever. The second purpose was
to act again as an aperture; light reflected off the deflected cantilever was then clipped by the
iris before it reached the photodiode. The diameter of the iris closest to the chamber was set
to ~0.8 mm. The final spot size of the HeNe laser beam at the photodiode was ~1.1 mm in
diameter. The beam displacement d from steady state shown in Figure 5 is expressed by

d= x‘[an(sin1 %J (13)

where x is the distance from the cantilever steady-state position to the iris, Ax is the cantilever
deflection distance, and L is the cantilever length. To obtain the optimal signal, the THz source
was modulated at the resonant frequency of the cantilever, and the chamber, mounted on a
three-axis stage, was adjusted until the photodiode signal produced a symmetric amplitude
sine wave. The sinusoidal peak-to-peak voltage signal from the photodiode and the magnitude
of the lock-in amplifier signal were used to collect the PA spectral data from the sample gas.
The peak-to-peak voltage signal created at the photodiode was due to the linear region of a
three-dimensional Gaussian beam profile caused by the clipping iris when the center of the
beam was shifted by a total distance of 2d. The PA signal and interferometer measurements
are discussed further in the Results section.

5. Results

The experimental results are discussed in two distinct topic areas: cantilever behavior and PA
spectral data. The first important aspect to discuss is the cantilever sensor dynamic behavior



MEMS-Based Terahertz Photoacoustic Chemical Sensing System 25
http://dx.doi.org/10.5772/62571

in response to the PA effect in the test chamber. Relevant information about the behavior of
the cantilever sensor includes determining the resonant frequency, quality factor, time
constants, and PA signal vs. cantilever deflection for the system over the range of tested

pressures. Based on the identified cantilever sensor traits, data collection rates, techniques, and
PA spectral collection results are discussed.

5.1. Cantilever sensor

To investigate the cantilever and PA chamber performance, CH;CN was selected because it
has documented absorption lines over a large spectrum (0.018-1.8065 THz), making it an ideal
gas, as the radiation source can span a large portion of that spectrum. Also, CH;CN has both
strong and weak absorption line strengths within that frequency range, which would dem-
onstrate the large dynamic range capability of the cantilever PA system. Initial PA data were
taken using the absorption line frequency just over 312.633 GHz, identified as Freq 1 from here
forward. Then, to acquire the optimal PA signal from the cantilever, a modulation frequency
scan was performed using the THz Freq 1 absorption line. Modulation frequency scans from
1to 700 Hz found that the maximum PA signal was achieved when the system was modulated
at the resonant frequency (v=w,) of the cantilever. Figure 6 shows the PA signal from the lock-
in amplifier as a function of modulation frequency over the 3 to 400 mTorr pressure ranges.
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Figure 6. PA response of the cantilever as a function of modulation frequency for four different pressures tested re-

vealed that the maximum PA signal was achieved at slightly higher modulation frequencies with increased chamber
pressure.

The required modulation frequency to achieve the maximum PA signal increased nonlinearly
with increasing chamber pressure, approximately 8.8 x 10* Hz mTorr overall. The slight
observed frequency shift was attributed to an increase in the effective spring constant of the
system due to the gas interactions with the cantilever, which increased as a function of chamber
pressure [20]. More importantly, from the modulation frequency scans, the quality factor of
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the cantilever in the low-vacuum conditions can be assessed. The quality factor of a cantilever

can be expressed as

o, _ 1

Q:E_E

(14)

where f, is the resonant frequency of the cantilever and Afis the full-width half-maximum of
the PA signal. Due to the low damping conditions of the rarified gas in the PA chamber, the
cantilever had a sharp resonance response to the modulation frequency scan and small Af
values of 0.15 to 1 Hz were measured. At the low vacuum pressures tested, the 5 x 2 x 0.01
mm?® cantilever design had high-quality factors that are shown in Figure 7.

Using the optimal modulation frequency of the cantilever found at each pressure, the dynamics
of cantilever excitation and relaxation was investigated. Figure 8 shows a sample of PA data
collected from the system at a chamber pressure of 3 mTorr using THz Freq 1. The THz
excitation on time was 8 s and it can be seen in the graph that the lock-in PA signal was just
approaching a steady state before the radiation was turned off. As the chamber pressure
increased, the PA signal response time improved. In Figure 9, PA data were collected at a
chamber pressure of 80 mTorr. The higher chamber pressures showed a much quicker response
to reaching steady-state conditions and generated a stronger PA signal, and the output of the
lock-in signal reached a steady-state value in approximately 4 s.
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Figure 7. Quality factor of the 5 x 2 x 0.01 mm? cantilever sensor was high due to the low-pressure intrinsic/molecular
damped environments in the PA chamber.
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Figure 8. PA data recorded at 3 mTorr in plot (a) shows the slow response of the lock-in amplifier and raw PA signals
at the low chamber pressure. Plot (b) is a zoomed-in view of the raw PA signal from the diode and modulated THz

signal as the radiation is turned off.
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Figure 9. PA data in plot (a), taken at 80 mTorr, illustrates the quicker response time of the lock-in PA signal and raw
PA signal from the THz excitation radiation at higher chamber pressure. Plot (b) is a zoomed-in view of the raw PA

signal from the diode and modulated THz signal.

For a range of pressures, the cantilever was brought up at an excited state and then the
exponential decay of the PA signal was recorded. An exponential curve fit was then performed
on the PA data to extract the time constants, 7. The resulting time constant versus pressure
plot is shown in Figure 10. Time constants dramatically increase as the chamber pressure gets
lower and moves from the molecular to intrinsic pressure regime. For the investigated
pressures, a curve fit was performed using a power function. An equation for the time constant

as a function of pressure was found to be
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T(pc) — 4.553pc70,32556 (15)

where the chamber pressure p, is given in mTorr. The resultant function shown in Eq. (15) had
a strong correlation to the experimental measurements and had an R* value of 0.998. At a
chamber pressure of 3 mTorr and a lock-in time constant of 0.3 s, it was found to take approx-
imately 8 s for the PA signal from the lock-in amplifier to reach a steady-state value. This long
required excitation time at lower chamber pressures can be expected due to the extremely low
pressure change generated per modulation pulse.
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Figure 10. Time constants found through the exponential curve fit to the decay of PA signals over the range of pres-
sures shown.

To quantify the PA signal generated by the diode voltage measurements, cantilever displace-
ment measurements with a Michelson interferometer configuration were performed. Peak-to-
peak PA signal and cantilever tip displacement measurements shown in Figure 11 were taken
across a small range of pressures. The left side of the graph corresponds to the diamond-shaped
markers, which are the peak-to-peak PA signal data points. Circular data points on the graph
with error bars correspond to the axis on the right, which shows the amplitude of cantilever
deflection from center position given in microns. When the chamber was pumped down to a
high vacuum condition, no THz PA signal could be measured. It can be seen in the graph that,
as the pressure increased with the addition of CH;CN, the measured PA signal and cantilever
deflection continued to increase with pressure. Above ~7 um deflection, the PA signal
increased only slightly due to the positioning of the laser beam through the iris. This strong
correlation between the PA signal and deflection measurements provides good justification
for using the iris-clipped PA method for the range of deflections encountered. An additional
advantage of the of the iris-clipped PA method is the modest required sampling rate; four
channels of data can be digitized at 60,000 samples per second allowing for multiple channels
of data to be collected simultaneously.
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Figure 11. Graph of measurements taken on 5 x 2 x 0.01 mm? cantilever at different chamber pressures show PA peak-
to-peak signals represented by a diamond shape corresponding to the scale on left, whereas the interferometrically
measured cantilever amplitude deflections, shown with a circle and error bars, correspond to the deflection scale on
the right.

The frequency spectrum of the PA system noise and an active PA signal were also investigated.
In Figure 12, a 1 s duration of data was evaluated using Fourier analysis of the PA signal and
noise. The inset in Figure 12 shows the single-sided amplitude of the FFT when the THz source
was off. With the THz source operated at Freq 1 at a modulation frequency of 626.02 Hz, the
PA signal was more than 1000 times greater than the noise. The PA system had a low amount
noise in the measurement signal. Two portions of the spectrum that stood out slightly were
the noise signals occurring below 200 Hz and region around the resonant frequency of the
cantilever. The signal around the resonant frequency of the cantilever beam was attributed to
the pickup of vibrations in the experimental set-up due to noise and vibrations in the room.
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Figure 12. Fourier analysis of a 1 s PA signal, collected at 200 mTorr taken at Freq 1, showed low noise in the system
with no single dominant noise frequency in the iris-clipped PA measurement method.
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5.2. PA spectral analysis

PA spectral data collection was also performed across a range of pressures. As discussed earlier
in the cantilever sensor analysis, chamber pressure greatly affected PA signal strength and
response time. Therefore, two data collection techniques were investigated; fast scan methods
to coarsely cover a broader-frequency spectrum and a slow scan method to achieve a stronger
and more accurate PA signal. Spectral data collection measurements were performed in two
steps: excitation and signal averaging segments. The amplitude modulated THz radiation at
the specified THz frequency was turned on for a period of time, which we defined as the
excitation time. This excitation time or period allowed the cantilever to attain an excited level
of amplitude displacement from the generated PA pressure pulses. After the excitation time,
the PA signal was averaged over the second specified interval, referred to as the signal
averaging period. The PA signal measured during the signal averaging period was recorded
as the PA signal for that specific THz frequency. The THz frequency was then increased by a
small amount and the measurement sequence was repeated.

To show the effects of excitation time and resulting PA signal, different excitation times were
performed. The signal averaging period was held constant for each of the trials and was set to
a 0.1 s duration. Figure 13 shows the results of three excitation times taken at a chamber
pressure of 59 mTorr with a frequency step size of 0.05 MHz. The 2 s excitation PA spectral
collection took 9.7 min, the 0.5 s excitation set took 2.8 min, and the 0.1 s excitation data set
took 0.9 min to collect. The PA response shows a pronounced frequency shift at the rapid 0.1
s excitation time and a marked reduction in PA signal strength. This observed frequency shift
highlights three regions of particular interest in the PA signal. First is the frequency location
of the maximum PA signal, and it should ideally occur at line center frequency where the

g 2.0 sec
2 -=-(1.5 sec|
— 0.1 sec

7

=6

=

B

';';}'4

SE
2
1

| 1 1 1 1 1
31262 312.64 312.66 312.68 327 312,72 31274
Frequency (GHz)

Figure 13. Spectral PA signals taken at 59 mTorr with 2, 0.5, and 0.1 s excitation times using a 0.05 MHz step size,
moving from low to high frequency, the PA peak response shifted to higher frequencies and reduced amplitudes as
the excitation time was decreased.
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maximum absorption occurs. The other two important regions are the rising and the falling
edge of the absorption curve about the maximum PA signal, which are due to the line
broadening mechanisms mentioned earlier.

A few drawbacks exist to low-pressure (2-60 mTorr) spectral PA data collection. On the rising
edge of the PA signal, PA excitation to full amplitude deflection under low-pressure conditions
can take more than 4 to 12 s due to the low excitation pressure generated in the chamber and
the high-quality factor of the cantilever resonator. Likewise, on the falling edge of the PA
signal, once the cantilever reaches an excited steady state, the small damping coefficient at the
lower chamber pressures and continued excitation at a lower absorption strength cause the
amplitude of the cantilever deflection to reduce slowly, which is manifested in a small
frequency shift on the downward slope of the PA signal. Radiation excitation frequency and
the corresponding PA response are the crucial parameters that would be used for chemical
identification applications, so they must be accurately identified.

That being said, the fast scan technique tested above is extremely useful and could be used
to quickly evaluate small spectral regions for absorption lines if an unknown chemical were
evaluated with the system. Then, a slower, more accurate scan could be performed to identi-
fy the line center absorption frequency and the relative PA amplitudes for each absorption
line. To achieve an accurate line center absorption frequency during a spectral scan, the ex-
citation time had to be increased as the chamber pressure decreased. At the lower 2 to 5
mTorr pressures tested, spectral line broadening appeared to be dominated by Doppler
broadening effects and created the narrowest spectral line widths. As line broadening in-
creased with pressure, the frequency step size could be increased and the excitation time
could be decreased. In Figure 14, a small portion of spectra was recorded for three low-pres-
sure cases. Each collection took 10 to 12 h due the small 0.05 MHz step size used and the 12
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Figure 14. PA spectral data of CH;CN collected at three pressures used a 0.05 MHz step size and recorded the 0.5 s
average PA signal for each frequency step.
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to 15 s excitation time before the subsequent 0.5 s average PA signal was recorded. The PA
spectra presented in Figure 14 is of interest for two reasons. This spectral region contains
strong absorption lines and it also contains two peaks in close proximity, separated by only
6 MHz. The data in Figure 14 also show the effects of pressure broadening in the PA signal
as the two closely spaced absorption lines merge into one PA peak at higher chamber pres-
sures.

During the long data collection runs, the PA measurement scheme employed for the experi-
ment using the iris-clipped laser beam diode signal and lock-in amplifier signals proved to be
extremely stable. The PA chamber maintained low vacuum levels well. Over the course of the
long data collections, the chamber pressure increased slowly and had an average system leak
rate of 0.5 to 1 mTorr h™.

To demonstrate the broader spectral performance of the THz PA system, a 0.72 GHz frequency
scan was performed spanning 312.07 to 312.79 GHz. This low-pressure PA signal taken at 13
mTorr successfully captured the 13 rotational absorption lines in the CH;CN spectral region
scanned. The data collection method used 0.2 MHz step size and 12 s excitation, and then the
0.5 s average signal from the lock-in amplifier was recorded. This much larger PA scan of
CH,CN shown in Figure 15 took 12.5 h to collect, and it also compares the simultaneously
recorded THz diode signal to the modeled absorption coefficient profile. The scaled simulated
spectra closely matched the measured PA signature of the gas with a small deviation at higher
absorption strengths.
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Figure 15. PA data and the simultaneously recorded THz diode signal are compared to the simulated absorption spec-
tra of CH,CN recorded at 13 mTorr.

With excellent PA spectral data collected at multiple low pressures, a further analysis of the
system performance parameters was carried out. SNR, sensitivity, and NNEA coefficient of
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the PA sensor were important figures of merit for system performance. Data collected at 13
mTorr with the THz source power attenuated down to ~0.1 mW had a peak PA signal of 7.084,
measured at 312.6336 GHz. The RMS noise floor for the collected data set was determined to
be 0.0058, which was located between two weak absorption peeks at 311.925 GHz. Using the
peak and minimum PA signals in the spectral data collection, the SNR = 1221. Using Egs. (2)
and (3), a sensitivity of 1.97 x 105 cm™ and an NNEA 0f 1.39 x 10 em™ W Hz* were determined
using a 0.5 s signal averaging time. The sensitivity and NNEA achieved in this effort were
excellent and compare well to previously reported cantilever PA trace gas detection systems
while operating at significantly lower chamber pressures.

6. Conclusions

In this work, a sensitive MEMS cantilever design was successfully modeled, fabricated, and
tested in a custom-designed low-vacuum THz PA chemical sensing and molecular spectro-
scopy system. Cantilever design parameters of length, width, and thickness of the cantilever
structure were used to select a cantilever design that was sensitive to the generated PA
pressures in the chamber. With this novel system, the first ever cantilever-based THz PA
spectrum was collected and analyzed at low chamber pressures in the 2 to 60 mTorr range.
The pressure regimes tested here were several orders of magnitude lower than the trace gas
detection cantilever PA systems discussed earlier [11-18]. Significant PA signals were achieved
at chamber pressures as low as 2 mTorr. For THz spectroscopy applications, the sensor size
and chamber pressures tested were also an order of magnitude smaller than the membrane
sensor system used by Krupnov and Burenin [9]. By collecting PA spectra in the 2 mTorr
pressure regime, it allowed for a primarily Doppler limited line broadening of the CH,CN,
making closely spaced absorption lines highly resolvable.

This research effort achieved an NNEA of 1.39 x 10° cm™ W Hz™” using a compact THz PA
spectroscopy and chemical sensing system. Due to its compact size, the system could be used
as a portable chemical sensing and spectroscopy platform. This would be a great advantage
in comparison to a large traditional absorption cell for spectroscopy applications and may lead
one day to a handheld THz chemical sensor or MEMS detector arrays for THz imaging
applications.
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Abstract

In this chapter, the definitions of the photonic crystals (PhCs) are presented and the
photonic crystal-based sensors are described. The structures of some photonic crystal
biosensors that can detect chemical or biochemical molecules are also investigated.
Sensing mechanism in the most photonic crystal sensors is based on the refractive index
(RI) change mechanism. By binding the chemical or biochemical molecules to active
sensing surface, the refractive index will be changed. So, the resonant wavelength or
the intensity of the transmission spectrum is changed. This process can be used as a way
to measure the concentration of the molecules. To simulate the optical wave behavior
in the structure and evaluating the ability of biosensing, the two-dimensional finite-
difference time-domain (2D-FDTD) and plane-wave expansion (PWE) methods are
used. The sensors that are presented in this chapter are mostly based on photonic crystal
resonators. Some structures based on micro-/nano-resonators, structures based on LX
resonators, and structures based on ring resonator are investigated. Important
parameters on sensing applications for these structures are also calculated.

This chapter is organized as follows: an introduction to photonic crystal structures is
presented in Section 1. Then, sensing mechanism in chemical sensors based on photon-
ic crystals is described in Section 2. Quality factor, full width at half maximum (FWHM),
free spectral range (FSR), detection limit (DL), and sensitivity are the most important
parameters in sensing applications which are introduced in Section 3. Finally, the last
section describes some structures of photonic crystal chemical/biochemical sensors.

Keywords: photonic crystal, nanostructures, chemical sensor, biochemical sensor, mi-
cro-/nano-resonator
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1. Introduction

In recent years, designs of optical devices based on periodic structures have been widely
developed. One of the periodic structures that can control and guide the photons is photonic
crystal (PhC). Photonic crystals are the periodic dielectric structures that can be categorized
into three main groups as one-dimensional (1D), two-dimensional (2D), and three-dimensional
(3D) structures [1].

A good example of 1D PhCs is the Bragg grating which the periodic dielectrics of structures
occur in one direction, while in two other directions structure is uniform. In 2D PhC structure,
the periodicity of the dielectrics occurs in two directions. An example of the 2D PhC is the
periodically arranged system of air holes in the silicon substrate or a lattice of dielectric rods
in air. If three dimensions in the photonic crystal structure have permittivity modulation, the
structure will be called 3D PhC. 1D, 2D, and 3D PhC structures are shown in Figure 1.

Photonic band gap (PBG) is the important property of the photonic crystals. PBG mentions to
forbidden frequency or wavelength range in PhC structure. However, a little change in the
periodic structure, which is called as defect, can create a new frequency range in the band gap
[1]. In the lattice of air holes in silicon, defects can be formed by reducing or increasing the
radius of one or more air holes; even defects can be shaped by filling holes.

Figure 1. Photonic crystal structures (a) 1D, (b) 2D, and (c) 3D [1].

The photonic crystals have been presented by various structures and have been used in various
applications. These structures such as fibers, waveguides, cavities, micro- and nano-resona-
tors, and ring resonators and also their applications including photonic crystal multiplexers,
photonic crystal filters, photonic crystal lasers, photonic crystal sensors, etc., have been
reported.

Photonic crystals can be fabricated by complementary metal-oxide-semiconductor (CMOS)
techniques and because of the unique capability to control light in small dimensions are
excellent platforms for ultra-sensitive sensors to small changes in the refractive index. These
advantages and other benefits caused photonic crystal sensors as a strong sensing platform [2].
Photonic crystal sensors have been designed to detect different parameters such as gas,
pressure, displacement, chemical, and biochemical molecules [3-§].

In photonic crystal chemical and biochemical sensors, the analysis is mainly done by two
methods: two-dimensional finite-difference time-domain (2D-FDTD) and plane-wave expan-
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sion (PWE) approaches. The propagation of electromagnetism wave can be simulated by the
2D-FDTD method and the PBG can be calculated with the PWE approach.

In this section, an overview of the photonic crystal chemical and biochemical sensors is
discussed.

2. Sensing mechanism in the photonic crystal chemical sensor

Two detection protocols can be used in optical chemical and biochemical sensors: fluorescent-
based detection and label-free sensing [2]. In fluorescent-based detection, the biological
molecules are altered. The biological molecules are labeled by fluorescence, and then, the
intensity of the sensor output is measured. The measured intensity is used to represent the
presence of biological molecules. But, in label-free sensing, the target biological molecules are
not labeled and are detected in their natural forms.

The label-free based chemical/biochemical sensors were reported to variety of methods such
as surface plasmon resonance, interferometer, waveguide, fiber, ring resonator, and photonic
crystal [2]. Among these methods, the method based on the photonic crystals has been more
attention.

Al

l__.

Figure 2. (a) Resonant wavelength shift pattern and (b) intensity variation pattern.

Sensing mechanism in the most photonic crystal sensors is similar in the use of refractive index
(RI) change mechanism. The RI change does not depend on the total sample mass but depends
on the surface density. When nano-measurement is involved, this characteristic will be very
important.
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In RI change mechanism, when the biological molecules inject to the optical sensor, the
biological molecules bind to active sensing surface. As a result, the refractive index of the active
sensing surface will be changed. So, some of the characteristics of the transmission spectrum
will be changed. This process can be used as a way to measure the concentration of the
biological molecules [9].

In the first category, to identify the presence of biological molecules, the amount of changes
in the resonance wavelength is calculated (see Figure 2(a)). This method is based on the
resonant wavelength shift (RWS) scheme. This scheme is used to measure a wider range that
is determined by the free spectral range (FSR). To improve the accuracy of sensor based on
RWS-scheme, achieving narrow full width at half maximum (FWHM) is very important. Using
this method, the tiny shift in the effective refractive index cannot be measured. For this
measurement, high sensitivity sensor is required.

In the second category, to identify the presence of biological molecules, the amount of the
intensity change at the resonant frequency is measured. This method is based on the intensity
variation (IV) scheme (see Figure 2(b)). In this case, a broader FWHM will be desirable and
only a small range of wavelength shift can be calculated.

3. Important parameters in sensing applications

Compact optical devices with high quality can be made by precise control in geometric
parameters, which some of them have inconsistency. Thus, in biosensing applications, they
should be selected so that the optimum state is achieved. Some of the most important param-
eters of the sensor are as follows.

3.1. Quality factor

Quality factor is the ratio of resonant wavelength (A,,) to the full width at half maximum
(FWHM) of drop waveguide output (AA). Quality factor can be expressed as A, /AA or w/
Awgyy, Where w is the resonant frequency and Aw is the full width at half maximum.

3.2. Full width at half maximum (FWHM)

Full width at half maximum is an important parameter to design the sensor, because it affects
the quality factor and detection limit (DL). As FWHM be more narrowed, the quality factor
and detection limit will be better. With increment of loss, FWHM is increased.

3.3. Free spectral range (FSR)

Free spectral range should be sufficiently wide that adjacent resonant peaks do not interfere
in operation of the working resonant peak. FSR is directly proportional to the square of the
wavelength. Thus, in the shorter wavelengths, FSR will be smaller. Since the wavelength has
a more impact on the FSR, design of sensor in longer wavelengths is the easiest way for
optimization of the FSR. In sensors that the presence of the analyte is determined, FSR is not
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very important parameter. Sensors that use the change density method for the sensing have
small FSR. But the sensors that use resonant wavelength shift method with large scale need to
wider FSR.

3.4. Detection limit (DL)

Detection limit is the minimal physical change that can be detected. It can be calculated by
DL = FWHM/S, where S is the sensitivity. The detection limit in homogenous sensing can be
defined as the smallest changes in the refractive index unit which sensor can detect. Detection
limit is minimal increasing the thickness of add-layer that is formed by binding biomaterial to
sensing surface.

3.5. Sensitivity

Sensitivity is the wavelength shift per weight of biomolecule in femto-gram unit or, according
to another definition, wavelength shift per refractive index unit.

4. Photonic crystal chemical/biochemical sensors

Most of the photonic crystal biosensors are able to detect chemical and biochemical molecules.
Biosensors can be designed according to different photonic crystal structures such as photonic
crystal fibers [10, 11], photonic crystal-based waveguides [12, 13], photonic crystal-based
resonators [14-20], and ring resonators [21-24]. Now, research on the photonic crystal
resonator-based sensors has more attention. In the following, some of the biosensors or
biochemical sensors have been presented.

4.1. Biosensor or biochemical sensors based on photonic crystal resonators

The biosensors or biochemical sensors usually have a resonator and one or two waveguides.
The resonator plays the role of sensing hole. In the resonator, since light is strongly limited,
quality factor is improved.

4.1.1. Photonic crystal biosensor with wide measurement range

Olyaee and Najafgholinezhad were introduced a biosensor based on nano-cavity for identifi-
cation of chemicals and biomaterial molecules such as DNA and protein [14]. The basic
structure of the biosensor is illustrated in Figure 3(a). The structure consists of a nano-cavity
and two end waveguides. The nano-cavity is obtained by reducing radius of one air hole in
the middle of the photonic crystal structure and the two waveguides are formed by eliminating
a row of air holes.

In the structure design, many parameters such as the size of nano-cavity hole, the coupling
distance, and the length of the input and output waveguides have been calculated. To select
the appropriate value for the size of the nano-cavity, the transmission spectra and the quality
factor have been studied with for different sizes of defects. As shown in Figure 3(b) and (c),
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for different radii of the defect, the quality factor has a maximum value for the radius equal to
80 nm. In this study, in order to have the high output, R;,=0.6R and R, =1.4R are considered,
where R is the radius of the air holes.

(LR R R R R Y]

L]

1

Trarmsamims i
Ulmaafily Laser

(T 0 B W% m i

o % W W ]
Radinn of defect {nm) B ol defoct dm )
(] ich

Tramasmins ol

(LT

L T R ]
Wavekength (am)
i)

Figure 3. (a) The basic structure of the biosensor, (b) the transmission spectrum, (c) the quality factor for different sizes
for nano-cavity, and (d) the transmission spectrum in three states for coupling distance [14].

Also, in this structure, the distance between the waveguides and nano-cavity has been
investigated. In Figure 3(d), the transmission spectrum in three states with one (blue curve),
two (green curve), and three (red curve) rows of holes as coupling distance is depicted. In the
case of one row for coupling distance, the disturb mode is appeared in transmission spectra.
If the third row of holes is between the waveguides and the resonator, the intensity of spectrum
transmission will be a sharp reduction. But with two rows of holes as distance coupling, the
intensity transmission spectrum is desirable and the sensor presents the high quality factor.
For a good coupling between the waveguide and nano-cavity, choosing the length of wave-
guides is important. The length is studied at five states. In each case, the transmission spectra
are measured. The output transmission spectra at the five cases can be observed in Fig-
ure 4(a). Choosing the three, four, and five states are not suitable and the quality factor of the
state 1 is more comparing to the quality factor of state 2. So the state 1 is intended to select the
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length of the waveguides. Figure 4(b) shows the transmission spectrum of the biosensor by
changing the refractive index in the range of 1.00-3.00. The resonant wavelength is shifted to
the longer wavelengths by increasing the refractive index. The parameters in sensing appli-
cation include the quality factor, sensitivity, and regression coefficient that are, respectively,
obtained as 5248, 55 nm/RIU, and 0.99923.
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Figure 4. (a) The output transmission obtained by waveguides’ length variation for five states and (b) the transmission
spectrum of biosensor for some refractive indexes in the range of 1.00-3.00 [14].

4.1.2. Biosensor-based photonic crystal micro-resonator to detect small changes in the refractive index

In 2003, the biosensor based on the photonic crystal micro-resonator was introduced to detect
small changes in the refractive index [15]. The sensor was suitable to detect many chemical or
biochemical molecules. The transmission spectra of the sensor have a resonance wavelength
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within the wavelength range of 1.5 um and the quality factor was equal to 400. The structure
was responsive to changes in the refractive index in the range of 1-1.5. The micro-resonator
was formed by decreasing the size of the air hole in the center of the structure. The general
layout of the structure is represented in Figure 5(a). By changing the refractive index as 1.446,
1.448, 1.450, 1.452, and 1.454, the resonant peak is shifted to about 1500.2 nm, 1500.8 nm,
1501.2 nm, 1501.7 nm, and 1502.1 nm, respectively, as shown in Figure 5(b).

4.1.3. Photonic crystal biosensor based on waveguide and nano-cavity

A new sensor for sensing DNA molecules has been investigated in 2016 by Mohsenirad et al.
[16]. The structure of this biosensor consists of hexagonal lattice of air holes in a silicon slab
and its operation based on two waveguides and nano-cavity that have been created in this
lattice. Pulse is applied to waveguide 1, then resonant mode of resonator is excited, and output
signal is recorded at the end of waveguide 2. In recorded transmission spectra, the result of
interaction between trapped light and analyte into sensing hole is appeared in the form of
resonant peak shift. As shown in Figure 6(a), nano-resonator has been created by reducing the
radius of an air hole.
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Figure 5. (a) The layout of photonic crystal structure of the biosensor based on micro-resonator to detect small changes
in the refractive index and (b) the transmission spectrum of structure for binding biochemical with different refractive
indexes [15].

In this structure, physical parameters such as position of resonator, length of the wave-
guides, radii of the defect, and coupling distance have been investigated in order to achieve
an optimized sensor for biochemical sensing applications. In order to choice the best size for
nano-resonator, the radius of defect has been studied in the range of 80-100 nm that accord-
ing to Figure 6(b), the radius of 95 nm has been selected. By increasing the size of sensing
hole, sensitivity increases; thus, larger radius is desirable. But quality factor as another im-
portant parameter for biosensing applications is contrast with sensitivity.
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Figure 6. (a) The schematic of photonic crystal biosensor and (b) the sensing parameters of PhC sensor [16].

Since the cavity position affects the sensing parameters of biosensor, transmission spectra of
structure for different positions (holes H;, H,, and H;) as are shown in Figure 7(a) have been
investigated that according to simulation results, H; has been selected as the best position.

1750
1 70

165

Resonant wavelength (nm)

Figure 7. (a) The position of the sensing hole for the nano-resonator (H,, H,, and H, are, respectively, marked by blue,
green, and red holes) and (b) the quasi-linear relation between resonant wavelength and refractive index of defect [16].

Another parameter that in this design has been studied is the length of the waveguide.
According to the investigations, when waveguides have been created by eliminating more
than 11 holes, spurious modes appeared. The best result for waveguide length is 11 holes. In
this design, two rows of air holes have been selected as coupling distance, because by selecting
one period as coupling distance, quality factor decreases and spurious mode appears. Also in
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increment of coupling distance of three periods, light coupling gets difficult and sensitivity
decreases.

This biosensor is able to measure a wide range of refractive index of 1.00-3.00 with sensitivity
of 83.75 nm/RIU and quality factor of 3051. Also this sensor has quasi-linear operation with
correlation coefficient of 0.99954 that is shown in Figure 7(b).
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Figure 8. (a) Photonic crystal biosensor based on nano-cavity, (b) layout of nano-cavity and six labeled holes, (c) longer
wavelength shift for H, compared to the wavelength shift for H, and H; in transmission spectra of biosensor (H,, H,,
H,, and reference are shown as orange, red, blue, and green curves) and (d) the higher sensitivity for H, [17].

4.1.4. Biosensor based on nano-resonator

In the biosensor based on nano-resonator structure, the resonator has been created by omitting
an air hole and selecting an air hole adjacent to it as the best sensing hole [17]. In this sensor,
a waveguide has been considered for applying optical pulse and recording output signal. In
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Figure 8(a), nano-cavity and waveguide or in other words point and line defects are shown.
Sensing mechanism is based on resonant wavelength shift that this shift caused by the binding
biochemical to bioreceptor.

The best position of the sensing hole and coupling distance for obtaining optimized sensor
parameters with high quality factor and sensitivity are investigated. For this purpose, six holes
around the cavity labeled H,, H,, H;, H,, H;, and H, are considered as shown in Figure 8(b).
Any of these holes was considered as a sensing hole and their effective refractive index
variation due to injecting biochemical was investigated.

In Table 1, quality factor values and wavelength shift for any hole as a sensing hole are list-
ed. According to Table 1, H,, H,, and H; are roughly equal to H,, Hs, and H,, respectively,
because of symmetry. By choosing H; as sensing hole, resonant wavelength shifts more than
other cases, as shown in Figure 8(c). Thus, higher sensitivity is obtained by H, as a sensing
hole, as shown in Figure 8(d). Among all holes, H; has been selected for sensing hole be-
cause of its high quality factor and wavelength shift.

Sensing hole Wavelength shift (nm) Quality factor
H, 22 4267.67
H, 0.4 4261.67
H, 0.9 2558.00
H, 0.9 2558.00
Hs 0.4 4261.67
H, 22 3200.75

Table 1. List of resonance wavelength shift and quality factor for different sensing holes [17].

Also, the effect of coupling distance has been studied and two rows of air holes were select-
ed as coupling distance between resonator and waveguide. Investigations indicated that
with increment of distance, quality factor is increased but sensitivity and output intensity
are decreased.

Sensitivity of this sensor is calculated as 165.45 nm/RIU for the refractive indices of 1.00-1.33.
Quality factor and detection limit of sensor are ~4000 and 1.2 x 10 RIU, respectively.

4.1.5. Multichannel photonic crystal biosensor

Multichannel photonic crystal biosensor consists of some cavities and a waveguide that any
cavity has separate operation. This sensor with three cavities is shown in Figure 9(a) [17]. The
biosensor is able to sense three specific refractive indices simultaneously. In this design, in
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order to obtain resonators with different resonant wavelengths, the sensing holes have been
shifted. By displacing marked hole in Figure 9(a), resonant wavelength shifts, and therefore,
new resonant wavelength is appeared as shown in Figure 9(b).

Channels 2 and 3 have been created by deleting an air hole and displacing the sensing hole
equal to 0.2 ym and 0.3 um, respectively. Channel 1 has been obtained by deleting a hole
without any displacement. The resonant wavelengths of channels 1, 2, and 3 are 1281.1 nm,
1286.6 nm, and 1296.1 nm, respectively, as shown in Figure 9(c).

Figure 9(d) illustrates the separated operation of channels of multichannel biosensor. In
Figure 9(d), refractive index of channel 3 has been changed from 1.00 to 1.45, while refractive
index of two other channels has not been changed. The resonant wavelength of channel 3 has
been shifted to longer wavelengths, but resonant wavelength of channels 2 and 3 has remained
stable. Sensitivity and detection limit of channel 3 have been calculated as S = 1.185 nm/RIU
and 0.084 fg, respectively (assuming the injection DNA molecules to sensing hole).
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Figure 9. (a) The structure of multichannel biosensor, (b) the effect of sensing hole on transmission spectra, (c) the
transmission spectra of multichannel biosensor without any analyte, and (d) transmission spectra of multichannel bio-
sensor for injecting DNA molecules to channel 3 [17].

4.2. Biosensor or biochemical sensor based on photonic crystal LX resonator

In the biosensors and biochemical sensors, another resonator that has been introduced and
used is LX resonators. This resonator is formed by removal of the successive air holes of
structure which X represents the number of removed holes. In other words, X is the resonator
length. For example, L3 resonator is obtained by removing three air holes in the photonic
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crystal structure. Some of the resonators, namely, L3, L4, L7, and L13, have been provided [18-
22]. Some of these sensors based on LX resonators are given in Figure 10.
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Figure 10. Photonic crystal LX resonators that are suitable for biosensor: (a) L3, (b) L13, and (c) L7 resonators [18-22].

The photonic crystal biochemical sensor based on L4 resonator has been developed in 2005. It
was a biochemical sensor for detection of cations and anions [19]. The resonance wavelength
of sensor was around 1.5 and the quality factor was obtained about 300-800.

According to conducted research on L3 resonator, Liu and Salemink were reported L7-
resonator structure for biosensor applications [20]. The basic parameters of photonic crystal
structure such as the lattice constant, the radius of the hole, and the thickness of the silicon
slab were selected in such a way that the wavelength was near 1550 nm. The L7 resonator by
setting several small holes has been amended. The quality factor of the sensor was 2600.
Comparison of simulation results of binding ethanol and water showed that a change in the
refractive index equal to 0.03 leads to a change of 12.5 nm in resonance wavelength of trans-
mission. Therefore, a high sensitivity sensor can be created.

Photonic crystal biosensor based on L13 resonator had a high quality factor equal to 9300 [21,
22]. This biosensor has been used to detect protein.

4.3. Biosensor or biochemical sensor based on photonic crystal ring resonator

One of the photonic crystal structures that are used for biosensor applications is the ring
resonator [8, 23-26]. For increasing the quality factor and sensitivity of the sensor, reduction
of the radius of the ring can be very important. The sensing mechanism of this biosensor or
biochemical sensor is based on the measurement of the refractive index change. In continua-
tion, some examples of the biosensor or biochemical sensor based on photonic crystal ring
resonator have been presented.

4.3.1. Biosensor based on photonic crystal diamond-shaped nano-ring resonator

Recently, a diamond-shaped nano-ring resonator for biochemical sensing applications has
been investigated [23]. Sensing mechanism of sensor is based on RI change mechanism of label-
free detection. By binding biochemical molecules to sensing hole, the refractive index will be
changed. Thus, the resonance wavelength of the transmission spectrum shifts to longer
wavelengths. Defects into the photonic crystal structure are formed by reduction of radius of
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air holes and are included of a diamond-shaped ring resonator and two end waveguides. The
size of ring diameter is equal to three rows of holes. Sketch of the biosensor is shown in
Figure 11(a).

In design of the structure, several parameters including reduction of defect holes radius, the
end point of the waveguides, and the best holes for attaching chemical or biochemical
molecules have been studied [24]. Selecting the best size for the air holes in defect, the R,,/R,
(ratio of the size of the holes of the defect to the size of the air holes) in the range of 0.26-0.39,
has been altered. In any case, the quality factor and the intensity of transmission spectra have
been measured. According to the results shown in Figure 11(b) and (c), the size of 40.8 nm is
selected.

For the best point to finish waveguides, five cases have been investigated. The five point cases
are marked in Figure 11(a). By comparing all simulation results, the end points, namely, “in
ew 4” and “out ew 4,” are the best holes to end the waveguide (see Figure 11(d)).
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Figure 11. (a) Sketch of the biosensor based on photonic crystal diamond-shaped ring resonator for biochemical sens-
ing applications where the red and green holes indicate position of ew and SHx holes, respectively, (b) the quality fac-
tor with respect to the radius of waveguide, (c) the intensity of transmission spectrum, and (d) the quality factor for
various end-point waveguides [24].
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Also, 10 air holes around the ring resonator for binding biochemical molecules have been
studied. The 10 holes, namely, SHx, are shown in Figure 11(a). After attaching the DNA
molecule into each holes, the resonance wavelength shift and quality factor are measured.
The results have been presented in Table 2. Based on the results, the SH; can be selected as
the sensing hole.

Sensing hole Resonant wavelength (nm) Resonant wavelength shift (nm) Quality factor

n=1  REF (Reference) 1468.0 - 3716
n=145 SH, 1473.1 5.1 3683
SH, 1468.6 0.6 1538

SH, 1468.6 0.6 3497

SH, 1468.6 0.6 3338

SH; 1468.6 0.6 3671

SH, 1469.9 1.9 3266

SH, 1469.5 15 1427

SHg 1469.9 1.9 3674

SH, 1469.3 13 3498

SH,, 1469.9 1.9 3674

Table 2. List of resonance wavelength shift and quality factor for different sensing holes [24].

A relatively large range of refractive index in the sensor from 1.33 to 1.54 is detected. The
quality factor of the sensor is about 3700 and the sensitivity of biosensor for DNA detection
is 3.4 nm/fg.

4.3.2. Two-curve-shaped (TCS) biosensor for detecting small refractive index variations

In some identification of chemical or biochemical molecules, a sensor is required to detect small
refractive index changes. A novel design of TCS biosensor has been reported in [25]. The
biosensor is constructed based on photonic crystal using the hexagonal lattice of air holes in
dielectric slap (see Figure 12(a)). Defects into the structure consist of a ring resonator and two
waveguides. The defects are configured by removing one or several of air holes. The coupling
distance is equal to two rows of air holes. Sensing mechanism of TCS biosensor is based on the
IV scheme. By filling sensing hole with chemical or biochemical molecules, the intensity of the
transmission spectrum is shifted to lower values.
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Figure 12. (a) TCS biosensor based on photonic crystal nano-ring resonator (the sensing hole is marked on the struc-
ture as yellow hole) [25] and the resonant wavelength of the TCS biosensor when the sensing hole is filled by various
biochemical molecules, (b) salt levels of sea water, and (c) glucose concentration (increasing salt level and glucose con-
centration are shown by arrows) [8].

The present sensor can be used for the detection of the sea water salinity and identification of
the glucose concentration [8]. The transmission spectrum when sensing hole plugging by sea
water with different salinities is presented in Figure 12(b). Also, the transmission spectrum is
shown in Figure 12(c) for different percentages of glucose solution attached to the sensing hole.
According to Figures 12(b) and 12(c), in the both cases, the intensity is reduced by increasing
concentration.

4.3.3. A novel photonic crystal nano-ring resonator for biochemical sensor applications

Another structure of biochemical sensor is presented that is based on nano-ring resonator
shaped by two consecutive curves. One of the curves is made by removing seven air holes [26].
A waveguide to apply light is located at the bottom of the structure. The light from top
waveguide is detected by a photodetector. The layout of the biochemical sensor is demon-
strated in Figure 13. According to Figure 13, the coupling distance is considered equal to two
TOWS.
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The number of rows between the two curves is expressed in horizontal distance. To have a
suitable horizontal distance, this is studied in four states. In the each case, the quality factor
and intensity of spectrum transmission are calculated, as shown in Figure 13(b) and (c).

The vertical distance meant that curve 2 is several rows higher than curve 1. To examine the
vertical distance, the distance from zero to six rows of holes is selected. Figure 13(d) and (e)
presents the results of these modes including the quality factor and the intensity of spectrum
transmission.

To check the suitability of the structure for sensing, the refractive index of sensing hole is
changed in the range of 1.33-1.48. The normalized curve is shown in Figure 13(f). This curve
demonstrates a relatively linear relationship between changes in the refractive index and the
intensity shift of transmission spectra. Regression coefficient of the biosensor is obtained about
0.99967. By a unit change in the refractive index of the biochemical sensor, the intensity of
transmission spectrum is reduced to 14.26 units.
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Figure 13. (a) The preliminary layout of the biochemical sensor, (b) the quality factors and (f) the intensity of the reso-
nance wavelength in various horizontal distances between the two curves, (c) the quality factors and (d) the intensity
of the resonance wavelength in various vertical distances between the two curves, and (e) the intensity shift of reso-
nant wavelength with respect to the effective refractive index [26].
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5. Conclusion

In this chapter, photonic crystals and detection methods in chemical sensors have been de-
scribed. Also, the most important parameters in sensing applications, such as quality factor,
detection limit, and sensitivity, have been introduced. In addition, several sensors based on
photonic crystal structures for using chemical or biochemical sensing were investigated. The
photonic crystal structures used in presented sensors included resonators or nano-ring reso-
nators. Most of them were based on resonant wavelength shift and the rest were based on
the intensity variation scheme. Due to the positive indicators for photonic crystal sensors,
they can be appropriate structures for nanotechnology research, food processing, pharma-
ceutical industry, biology, and environmental applications.
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Abstract

The perovskite structure is adopted by many compounds in solid-state chemistry. The
sensitivity, selectivity, and stability of many perovskite nanomaterialshave been devoted
the most attention for chemical sensors. They are capable to sense the level of small
molecules such as O,, NO, and CO. This chapter provides a comprehensive overview of
perovskite nanoscale materials that concentrate on chemical sensors. The perovskite
structure, with two differently sized cations, is amenable to a variety of dopant addi-
tions. This flexibility allows for the control of transport and catalytic properties, which
are important for improving sensor performance. We devote the most attention on the
synthesis, structural information, and sensing mechanism. We will later elaborate on the
development mechanism of chemical sensors based on perovskite nanomaterials. We
conclude this chapter with the personal perspectives on the directions toward future
works on a novelty of nanostructured chemical sensors.

Keywords: Perovskite, Nanomaterial, Chemical sensor, Gas sensing material, Semi-
conductor

1. Introduction

The 3D-metal monooxides such as MnO, FeO, CoO, and NiO are semiconductors with low
electrical conductivities. In general, the as-mentioned metal oxides have such large band gaps
thatthey areinsulators. The structure with general formula ABX;, containing 12-coordinate hole
of BX; is occupied by a large A ion (A: Ni, Pb, Fe, Co, Zn, etc) are known as perovskites. The
tetragonal structure of perovskites showing the local displacements leads to the variation in
electric behavior of this material (Figure 1).

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
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Figure 1. The local ion displacements of a tetragonal ABX; structure [1].

Many applications of perovskites (here ABO;) are reported in electrodes of solid oxide fuel
cells [2], metal-air batteries [3], gas sensors [4], and high-performance catalysts [5].

Metal-oxide semiconductors, such as semiconducting tin oxide (SnO,), have been used as
chemical sensors for a number of years. Applications include environmental monitoring, fire
detection, and vehicle monitoring [4]. The fundamental sensing mechanism of these metal-
oxide-based gas sensors relies upon the change in electrical conductivity due to the interaction
between the gases in the environment and oxygen in the grain boundaries.

A chemical sensor is a device that transforms chemical information into an analytically useful
signal. The chemical information may originate from a chemical reaction of the analyte or from
a physical property of the investigated system. They have applications in different areas such
as medicine, home safety, environmental pollution, and many others. Chemical sensors are
classified according to the operating principle of the transducer (Table 1).

A variety of chemical methods have been reported for the synthesis of semiconducting
materials including perovskites, spinels, or illminites which include ball-milling [6, 7],
combustion synthesis [8-10], co-precipitation [11], sol-gel [12-15], radio frequency sputtering
[16-19], solid-state reaction [20-22], and molten-salt method [23, 24].

In this chapter, we will review the routine reliable synthesis method, structural information,
and gas sensing behavior of (mixed) metal-oxide semiconductors with tunable functionalities
used in electrical devices for chemical sensors. Novel functional nanostructure semiconductors
will be presented.
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Type of Source Example
chemical
sensor
Oprical Optical Absorbance, reflectance
(optodes) phenomena Luminescence
Fluorescence
Opto-thermal effect
Light scattering
Electro Electrochemical Voltammetric sensors
chemical process Potentiometric sensors
Chemically sensitized field effect
transistor potentiometric
solid electrolyte gas sensors
Electrical Electrical Metal-oxide semiconductor
properties Organic semiconductor
Electrolytic conductivity
Electric permittivity
Mass Mass change at a Piezoelectric devices
sensitive specially modified surface Surface acoustic wave devices
Magnetic Change of Oxygen monitors
paramagnetic
properties
Thermometric Heat effects of a specific chemical Combustion reaction
reaction or adsorption Enzymatic reaction
Optothermal device
Radiation Change of Physical X-, p- or r-radiation
properties

Chemical composition

Table 1. Classification of chemical sensors

1.1. Semiconductors chemistry

Semiconductors are insulators at absolute zero. Above this temperature and below the melting
point of the solid, the metal acts as a semiconductor. Semiconductors are generally classified
on the basis of their composition and particle size. Procreation of semiconductors with typical
band gaps (a few eV’s corresponding to 100-200 kJ mol™) usually occurs between p-block
metals and group 13/14 metalloids in combination with chalcogenides and pnictides [1].

Perovskites are an example of especial class of semiconductors (Figure 2). In this structure, the
unit cell is not centrosymmetric and the crystal develops a permanent electric polarization as
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aresult of ion displacements (refer to Figure 1). Barium titanate, BaTiO,, is one of the interesting
examples of perovskite. This compound, at above 120°C, exhibits a cubic structure while a
lower symmetry, that is, a tetragonal unit cell at room temperature due to ions displacement.
Fe,TiOs [25], NiTiO; [26, 27], CoTiO; [15, 28], BaZrO, [12], La,CuO, [29], LaMnO; [5],
MnTiO; [14], and PbTiO; [30] are some important examples of common perovskite oxide
semiconductors.

Figure 2. Schematic representation of (a) perovskite (ABX;) structure, (b) emphasizes of octahedral sites, and (c) its re-
spective projection [1].

1.2. Semiconducting Chemical Sensors

Chemical sensors are generally classified according to the shape of metal oxides to nanotubes,
nanorods, nanobelts, and nanowires [16]. A nanotube sensors include metal-oxide tubes such
as Co;0, (superior gas sensing capabilities toward H,), SnO, (gas sensor to ethanol), and
TiO, (hydrogen sensor). Nanorod-based sensors are involved in metal oxides such as ZnO,
MoQO;, and tungsten oxide nanosensors, polymer nanorods such as poly(3,4-ethylene-dioxy-
thiophene)-nanosensor, and metal nanorods such as Au nanosensor. As for nanobelt-based
sensors, the attentions have been devoted on metal oxides such as ZnO (Co and O, sensors),
5n0O, (NO, sensors), and V,Os (stable ethanol sensor) nanosensors, especially on ZnO nanobelts
sensors. Nanowire metal oxides such as In,O,, SnO,, ZnO, and Ga,O, are used in NO, sensor,
O, and CO sensors, NHj; sensor, and ethanol sensor, respectively.

Perovskites with a general formula of ABO,, a typical band gap of 3-4 eV and good thermal
stability, are interesting choices for gas sensing materials [6]. A suitable material for a chemical
sensor particularly gas sensors must not only have an appropriate electronic structure but also
a good affinity with the target reactant which satisfies a number of other requirements such
as manufacturability, hydrothermal stability, poisoning resistance, and adaptability with
existing technologies. A wide variety of techniques are capable of synthesizing perovskites
(nano)- materials. Sol-gel, impregnation, and precipitation are some of the most promising
ones from efficiency and scale-up perspectives.

Many researchers have reported the gas sensing devices for dangerous gases such as carbon
oxides (CO, CO,), nitrogen oxides (NO, NO,), and sulfur dioxide (SO,) released from high-
temperature combustion processes. CH, is another potent greenhouse gas that leads to global
warming [31-34].
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The perovskite oxide generally used in oxygen sensors is SrTiO; [35]. The oxygen partial
pressure dependence of the conductivity of undoped SrTiO; contains both n-type and p-type
regimes.

Gas sensing properties of nanocrystalline perovskite, LaFeO; [36] and BaTiO; [37], were
successfully involved in previous literatures. It is concluded that the sensor based on the
LaFeO; powders has a considerable sensing response to carbon dioxide. On the other hand,
the BaTiO; sensor has a good selectivity to LPG against CO,, H,, NH;, C,H;OH, and Cl,. The
BaTiO; thin films exhibit rapid response recovery which is one of the main features of this
sensor. The defect structure and conduction properties of BaTiO; are also similar to those of
SrTiO,. However, the conductivity of BaTiOj; is higher than that of SrTiO; in the p-type regime.

Hydrogen-sensitive semiconductor SrCe;,Yb,;0; nanopowders with tunable sensing func-
tionalities toward H, and H,S were synthesized in our group [13]. We observed a noticeable
gas sensing behavior of the perovskite at room temperatures with semi-spherical and porous
structures of nanoparticles.

High sensitivity and selectivity of mixed potential sensor based on Pt/YSZ/SmFeO; for NO,
gas are investigated by Giang et al. [38]. They concluded that the high sensing performances
of the as-mentioned sensor to NO, could be related to high catalytic active of the sensing
material, that is, SmFeO;. The adsorption of exposed gases on the surface of SmFeO; has been
considered the factor that affects on the performance of the sensor Pt/YSZ-8/SmFeO;.

CO sensitive nanocrystalline LaCoO; and La,_,Ce, CoO; perovskite sensor were investigated
by Dhivia et al. [6] and Ghasdi et al. [31]. They inferred that the oxygen mobility increased by
increasing the surface area. Moreover, the maximum response ratio of CO exhibited a good
correlation with the total amount of desorbed oxygen.

Hydrocarbon gas sensing of nanocrystalline perovskite oxides, LnFeO,, shows a superior
response to gas sensing characteristics containing methane, propane, and n-hexane. Moreover,
the rare earth elements of the as-mentioned perovskite play an important role to gas sensitiv-
ities [39].

Nanostructured perovskite, CdTiO; films for methane sensing, is one of the recent studied
examples of semiconductor for chemical sensors [40]. The gas sensing mechanism of CdTiO;
sensor is of surface-controlled type. The variation in the resistance of sensing material caused
by the adsorption and desorption of gas molecules such as O,. The oxygen adsorption on the
CdTiO,; film surface depends on the temperature. At high temperatures, O, dissociates into

atomic oxygen O(,;(Eq. 1)
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The chemistry image, the classification of perovskites applicable as gas sensing materials, the
fabrications, and the performance mechanism of gas sensors will be discussed in the following
sections. It must be noted that in this chapter the perovskites classes are named based on “B”
site in general formula of ABO;, such as stanate (BaSnOj), titanate, and niobate.

2. Classification of perovskites

As mentioned before, the typical chemical formula of the perovskite structure is ABO; and
AB,O,, where A and B denote two different cations. The ilmenite structure has the same
composition as the perovskite, that is, ABO;; however, A and B in this structure are cations of
approximately the same size that occupy an octahedral site.

Compound Lattice parameter/x 10 nm
A B c
Cubic structure
KTaO, 3.989
NaTaO; 3.929
NaNbO, 3.949
BaMnO, 4.040
BaZrO, 4.193
SrTiO, 3.904
KMnF,; 4.189
KFeF, 4.121
Tetragonal structure
BiAlO, 7.61 7.94
PbSnO, 7.86 8.13
BaTiO, 3.994 4.038
PdTiO; 3.899 4.153
TIMnCl, 5.02 5.04
LaAlQ; type
LaAlO, 5.357 a=60° 06
LaNiO, 5.461 a=60° 05’
BiFeO, 5.632 a=60° 06
KNbO, 4.016 a=60° 06
GdFeQO, type
GdFeO, 5.346 5.616 7.668
YFeO, 5.283 5.592 7.603
NdGaO, 5.426 5.502 7.706
CaTiO, 5.381 5.443 7.645
NaMgF; 5.363 5.503 7.676

Table 2. Typical perovskite compound [41]
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Various combinations of charged cations in the A and B sites of perovskite compounds such
as 1+ 5 and 2 + 4 have been reported. However, a complex combinations are also investigat-
ed, such as M(B',,B",)O;, where M can be Pb or La, B’ can be Sc, Fe, Ni, or Mg and B”: Nb,
Ta, Ru(IV), or Ir(IV). Typical perovskite compounds with various lattice structures are listed
in Table 2.

In Table 3, the as-reported elements that can be incorporated within the perovskite structure
are listed (Self-test: to be completed by the readers). It is obvious that almost all elements except
noble gases can be occupied either A or B lattice structure in the perovskite lattice. The crystal
structure of perovskites is dependent on the size and the nature of the A and B atoms.
Simplifying the possible lattice interaction between elements forms a perovskite structure for
gas sensing materials.

B/A Na KRb CaSrBaY La Hf Ag Cd ILn TIPb Ce Th Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Th
Li
Mg
Sc

Co v /Y v
Ni v v

a0

“v” Represents the available, as-synthesized gas sensing perovskites; “*” corresponds to LaFeO, [42].

Table 3. (Self-test) elements that can occupy perovskite structure (ABO;, AB,O,)
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Another class of perovskites forms by the replacement of B-site elements with a dopant. The
as-mentioned structure with general formula A;MB,O, is called as superstructure perovskites.
In fact, large differences in ionic radii lead to the formation of this huge structure. Here, M can
be Fe, Co, Ni, Zn, or Ca like Ba;S5rTa,0,. Moreover, a new class of superstructure perovskite is
invented where the ordering of cation vacancies located on A sites: for example, MNb;O, (M-
La, Ce, Pr, Nb) and MTa;O, (M-La, Ce, Pr, Nd, Sm, Gd, Dy, Ho, Y, Er).

Typical polymorphs of the perovskite structure are brownmillerite (A,B,O;). This is oxygen
deficient type of perovskite, the oxygen vacancy is ordered [41, 43]. In this structure, as the
content of oxygen drops, the phase changes from the cubic perovskite to tetragonal, to
orthorhombic, and finally to the brownmillerite structure. These phases are in fact a repeating
sequence of octahedral and tetrahedral layers [44]. In the typical example of a non-stoichio-
metric ternary oxide such as SrFeQ,5,, (0 < x <0.5), there is a series of phases that is derived
from the perovskite structure. Stepwise dropping of the oxygen content, the phase changes
from the cubic (x = 0.5) to tetragonal (x = 0.35), to orthorhombic (x = 0.25), and to the brown-
millerite structure (x = 0) [43, 44]. The as-mentioned phenomenon can be observed clearly in
the reaction isotherm profiles (Figure 3). In the regions where two phases co-exist, the x-value
increases greatly for the small increase in oxygen pressure.
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Figure 3. Reaction isotherm of SrFeO, ., in a substituted SrFe;4Cu,,0, 5 [44].

Ruddelsden-Popper compounds are a group of perovskite with the general formula
(ABO;),AO (Figure 4). Some examples of this structure are Sr;Ti,0, and Sr,Ti;Oy,.
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Figure 4. Ruddelsden—popper structure [41].

3. Sensing materials and mechanism

Sensor technology has widely distributed as a basic enabling technology in many instances.
Many applications of sensing devices particularly in intelligent manufacturing processing
have been reported ranging from assessing the integrity of aircraft to monitoring the environ-
ment for hazardous chemicals [45, 46]. The oxygen deficient crystal structure in semiconduct-
ing oxide materials is responsible for the change in resistance an oxide sensor [1]. This is due
to the adsorbed surface species [41]. The reducing gas develops a shrink charge region which
allows better charge movement.

A chemical/gas sensor provides an electrical/optical output in response to chemical and
physical interactions with chemicals/gases. In particular, the gas sensors have been used for
various industrial and/or safety applications and chemical such as a) determination of gas
leakage [41, 47-49], novel LPG sensitive materials working in the entire range of least explosive
limit (LEL) to upper explosive limit (UEL) [30-32]. Nanostructured perovskite materials can
improve the sensing properties of the sensor due to high surface-to-volume ratio characteris-
tics. Knowledge of nanoscale perovskite sensing materials have been achieved a great
attraction to serve as a novel gas sensing materials at the lower working temperatures.

How does a sensing materials work? Band theory is a principle of chemical sensors technology
which postulates that when atoms or molecules are aggregated in the solid state, the outer
atomic orbitals are split into bonding and antibonding orbitals and mix to form two series of
closely spaced energy levels. In general, in a gas sensor, the gas species react with metal-oxide
particle surfaces thereby trapping electrons (Figure 5). This is the process of chemisorptions.
A resistance layer from an electron-depleted space (cloud) charge on the n-type (the majority
of charge carriers are electrons) particle surface or conducting layer from accumulated holes
on the p-type (the positive holes being the majority of charge carriers) particle [50]. Continued

67



68 Progresses in Chemical Sensor

reaction between gas molecules and chemisorbed oxygen causes electrons to release from
oxygen back to oxide. The current changes the electrical conductivity in the space charge layer.
The conductivity increases in the case of n-type oxides, as a greater charge carrier (electron)
concentration, and decreases in p-type oxides, as electrons recombine with holes. Time-by-
time changing of conductivity in the space charge layer varies the overall electrical resistance
of the oxide. Hence, the space (cloud) charge surrounding the bulk material directly influenced
the sensitivity, that s, thicker the space charge layer higher the sensitivity. The change of sensor
resistance depends on a type of metal-oxide semiconductors, here perovskites. The changes in
sensor resistance upon exposure to the target gas/reducing gas in the cases of n-type and p-
type perovskite sensors are reported by Choopon et al. [51] as illustrated in Figure 6.

depletion layer

= . gas molecule

@ chemisorbed oygen

Figure 5. Mechanism of gas sensing [50].

Adsorbed targetgas  Adsorbed  targetgas

- ® ion,— @

Conduction band (. e ( e
2! (1)
Valence band h‘D h.'m'

owm

EK",Cmin

Resistance

n-type MOS sensor p-type MOS sensor

Figure 6. Change of sensor resistance upon exposure to the target gas [51].
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4. Application of perovskite nanomaterials in gas sensor

Variety of component and high chemical stability are two important characteristic of perov-
skite nanomaterials applicable for catalysts in various reactions. It is impractical to consider
the classification of perovskites without their applications in sensing devices. The advent of
high-performance solid-state gas sensors has motivated several scientists in searching the new
perovskite materials and investigating their gas sensing properties. In general, the perovskites
are either oxidation catalysts or oxygen-activated catalysts as an alternative to catalyst
containing precious metals, or a model for active sites. The stability of the perovskite structure
allows the invention of new compounds with an unusual valence state of elements or a high
extent of oxygen deficiency [41]. In Table 4, we summarize the as-reported perovskite
nanomaterials in sensing device. We mentioned that the high catalytic activity of perovskite
oxides is based on the high surface activity to oxygen reduction ratio or large number of oxygen
vacancies in the particular structure. Among the various catalytic reactions studied, automo-
bile exhaust gas, various pollutant gases such as H,S, and NH;, NO, decomposition reaction
gas, hydrogen gas, methanol, and LP gas attract particular attention. The perovskite materials
can be used as a thin film (nanocomposites) or nanopowders.

Sensing NO, CH, NH, LPG C,H,OH Acetone Refs.
materials
Perovskite
Titanate Sr(Ti o gsFepa5)0s, BaTiO,, CdTiO,, LigssLag 55 TiO5 [52-57]
Pb(Zr,,Tiy5)O; Na,Ti;O,
Ferrite Cu,Fe; O, SrTiy¢Fe 405 La,gSry,Fe, ,Cu,O,;,  Co. NiFe,O,, NiFe,O, [17, 58-62]
Mg sZnsFe,0, BaFeO, Cuy5ZngsWosFe ;0;  MgysZngsFe,0,
Cobaltite Bi,0C0,,0s, NdCoO;, Bi;5(Biy55C00.45)O106 [63-69]
Ln,_Sr,CoO, NdSr;,C00;  LnBaCo,0s.;,
Bi;iC01(Os5
Bay 551 5C005Fe 055
Cobaltate YCo0O,, LaCoO, [6, 35, 60,
La, Ce,CoO, 65-68]
NdCoO,
Mangenate Lay¢Sry,Al sMny,0;, [67, 70]
Ln,_ Ca(Sr) MnO,
Cerate SrCe, 05 Ybg 0505 BaCe;,Gd,,0; [9, 71-73]
SrCeO,,
SrCeosTbysOs5
Niobate FeNbO, BaNbO; FeNDbO, [74, 75]
Nickelate LaNi0; [76]
Stanate BaSnO,, Zn,SnO,, Ba, Ni,SnO, BaSnO, [77-83]
ZnSnO, Ba, ,La,SnO;, ZnSnO,
Zirconate PbZrO, CaZrO, [20, 48, 84]
Chromate MgCr,0, [85, 86]
Molybdate  Bi,MoO, Bi;FeMo,0,, ZnMoO, Bi,FeMo,0,, [87-89]
BiyFeO,(Mo0O,),
NiMoO,, CuMoO,,
PbMoO,
Tungstate ~ SnWO,., ZnWO,, MnWO, CoWO,, [90-96]

Sn,WO,.,, SnWo,
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Sensing NO, CH, NH, LPG C,H,OH Acetone Refs.
materials
Perovskite
Sensing NO, CH, NH, LPG C,H;OH Acetone Refs.
materials
Perovskite
Titanate ZnTiO, CoTiO,, Cr,,;Tiy:0, [97-100]
Zn,TiO,,
Ferrite LaFeO,, Mg sZn,sFe,O, NiZn,_ Fe,O, CuFe,O,, Co,_Ni,Fe,O,, CoFe,O,, [11, 23, 47,
Co,_ Mn,Fe,O,, Ni,Co,Fe,O, ZnFe,O, NiFe,O,, 95, 96, 98—
CoFe,O, Ni,Zn,_Fe,O,, GaFeO;Ni, ,Co,Fe,O, 101]
Ni,,Co,Fe,0,
Cobaltate YCoO, YCoO,
Mangenate LaMnO,,,, [42,102]
Lay(Ca,4Mn; Ni,O;,
Niobate LiNbO, CrNbO,, InNbO, InNbO,, FeNbO, AINbO,, CrNbO,, [70,97,
InNbO, 102-107]
Nickelate LaNi0, [76]
Stanate Zn,SnO, Zn,SnO, CaSnO,, ZnSnO, Zn,SnO,, CaSnO,, Zn,SnO,, [72-74,
ZnSnO, 108, 109]
Chromate LaCr,_Ti,O, [8]
Molybdate Bi,MoO,, NiMoO, Bi;FeMo,0,, [110, 111]
Tungstate ~ CuWO,, SnWO0,, CoWO, [87-89,
MgWO,, ZnWO,, 110, 112]
BaWO,

Table 4. Gas sensing perovskite oxides

From Table 4, it is obvious that the various combinations of elements are used to produce the
perovskite nanomaterials for the as-mentioned sensing devices. Among them, the humidity,
LPG, ethanol, and pollution gases have been achieved a great attention.

Humidity measurement is one of the most significant issues in various areas of applications
such as instrumentation, automated systems, agriculture, climatology, and GIS. Molybdate-,
stanate- , and titanate-based perovskites are three powerful groups of materials used in this
criterion. When perovskite oxides are exposed to moisture, interaction occurs in three stages:
(a) a few water vapor molecules are chemisorbed at the neck of the crystalline grains on
activated sites of the surface and form hydroxyl groups. As a result of this interaction, the
hydroxyl group of each water molecule is adsorbed on metal cations and possesses high charge
carrier density and strong electrostatic fields, and producing mobile protons. The protons
migrate on the surface and react with the neighbor surface oxygen to form a second hydroxyl
group. The chemisorbed layer is the first formed layer. (b) After chemical completion of the
first layer, subsequent water vapor layers are physisorbed on the first-formed hydroxyl layer.
After forming the first physisorbed layer, another water molecule adsorbs via double hydrogen
bonding to two neighboring hydroxyl groups. This is continued to form multilayer. (c) By
forming the more layers, a large amount of water molecules is physisorbed and bonded water
vapor molecules become mobile and form continuous dipoles and electrolyte layers between
the electrodes to generate dielectric constant and bulk conductivity. Figure 7 shows the layer
by layer adsorption of humidity on the ceramic intelligent surface.
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Figure 7. Mechanism of humidity sensing [113].

Ferrite and cobaltate/cobaltite are two main groups of materials used as active sites in CO
sensing device. The mechanism of CO sensors is based on an anionic adsorption and the lattice
oxygen atoms activities in the surface of perovskites ceramic. Here, the oxygen atoms are
adsorbed and react with the available CO gases to form CO, and generate a free electron [114]
of following types (Eq. 2):

0, +CO=CO,+e

co,=cCo,, =CO', +e

CO,, +0,=>CO,+e¢ (2
CO,+0",=>CO,+e +V*,

CO +1/20,+V* +e =CO,+0",

A possible mechanism of oxidation of CO by lattice oxygen ions on the surface of La-doped
BaTiO; is shown in Figure 8.

—
® O ! lattice oxygen

Figure 8. Schematic representation of CO absorption.

LPG (LPG is a mixture of hydrocarbons like n-propane and n-butane), ethanol, and NH,
sensors are another classes of perovskite-based sensing devices with a variety of applications.
The sensing mechanism follows almost the same mechanism. When the perovskite sensor is
exposed to air, O, adsorbs on the surface substrate and trap electrons from the conduction
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band of perovskites. This occurs due to the electronegativity of oxygen atom, negative-charged
chemisorbed oxygen species, that is, O* and O". As a result, the number of holes increased,
the resistance decreased, and the concentration of available carrier achieves a higher value. By
exposing the sensing materials to reducing gases, the gas molecules first reacted with the
adsorbed oxygen, the carrier (holes) density depressed (due to electron donating nature of
gases), and finally increasing the resistance. The reaction mechanisms of LPG (Eq. 3), ethanol
(Eq. 4), and NH; (Eq. 5) [115] are the following;:

CH, ., +(3p+1) 0 .4 = PCO, + (p+ I)HZO(g) +(3p+ 1)e 3)
C,H,OH + 60"’(ads) —2CO0, +3H,0 + 6ne” (4)
2NH, + 30’(ad5) —N, +3H,0+3e” (5)

An example is LaCo,Fe, ,O; nanoparticles which used to investigate the ethanol sensing
properties [116]. A careful consideration on the response curves indicates that the La-
Co,,Fe;40; nanoparticles are very promising materials for fabricating ethanol sensors
(Figure 9).

120 < —=— LaCo, Fe, 90_1:.
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Figure 9. Responses of LaFeO,, LaCo,,Fe;40; LaCo,,Fe;z0; and LaCo,;Fe,,O; nanoparticles to 500 ppm ethanol [116].

Miscellaneous applications of perovskites in solid-state sensors such as infrared, electro-optic,
heat, magnetic field, and liquid-state sensors especially in health-care products such as glucose
and cholesterol are reported (Table 5). The form of the substrate is thick film including a



Perovskites-Based Nanomaterials for Chemical Sensors
http://dx.doi.org/10.5772/62559

nanocomposite of perovskites and a polymer. Typical example of this class is Lay 51, ;;MnO;
(LSMO). A 400 nm thick LSMO films grow on the lucalox (polycrystalline Al,O; + Mg)
substrates via vapor deposition technique. Mechanism of such sensors is based on the change
of the film resistivity depending on the applied magnetic field magnitude [119]. Initial
resistance and the sensitivity to magnetic field are two important factors depend on ambient

temperature. This is a drawback for magnetic field measurements because a temperature

compensation mechanism is required. Figure 10 shows a typical magnetic field LSMO sensor.
Twisted wires solder to the parts of the electrodes above the substrate (uncovered). Some
samples were covered with the polyethylene hot-melt adhesive.

Sensing materialsInfrared Magnetic field Heat Electro-opticGlucose H,0, CholesteroINADH Acetone Refs.
Perovskite
Titanate Bay 5551, 75105 [117]
Ferrite LaTiO;, CoFe,0O,NiFe,0;  CoFe,0,CoFe,0O, NiFe,0,  [47, 98-100, 118-121]
ZnFe,O,, Ni,_Co,Fe,O,
CuFe, 0,
Mange NiMn; O, LaSr);;MnO;, [119, 122-126]
nate La0,Ba, 3,0, LaSrMnO,
Lay;Sr;;MnO;,
Lay Pby.MnO;
Niobate LiNbO; KTa, ,NbxO, [45,127]
Zirconate Pb(Zr5,Ti,S)0; 18, 128]

Table 5. Miscellaneous perovskites sensors

Twisted wires

b S

Mot covered

LSMO film Ag

Covered

electrode

0\1 ,6'/ Solder

Figure 10. Covered and uncovered LSMO sensor (top and cross-section view) [119].
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High selectivity, good sensitivity, fast, and reversible response are the main advantages of
enzymatic glucose sensors (EGS) [129]. However, some deficiencies prevented wide range
applications of EG sensors like the lack of mechanical and thermal stability and also environ-
mental concerns. Development of glucose sensors without using enzymes based on magnet-
ic nanoparticles can play a significant role. The nanoperovskites can be a good candidate due
tothehigh surfacearea, high catalyticefficiency, superior mass transport, and strong adsorption
ability [120]. Here, an electrode is covered/modified by intelligence perovskite nanomateri-
als or polymer-perovskite nanocomposite to enhance the sensing properties. In a typical
example, polypyrrole is used as shell in polypyrrole-ZnFe,O, magnetic nanocomposites to
induceastrictbarrierand reduce themagneticcouplingeffectbetweennanoparticles (Figure11).
Electro-oxidation mechanism of glucose on ZnFe,O,/PPy core shell electrodeis alsoshown [121].

LN

TAF guills MaAGSRIthe TaFerdolPalypyivels eare-shalls Glapy Cortaiek il oud Tl e
bl
]
H 1) ., 1] R AT o [
C T T b . E -
M 0 Erokzt h—o o O o0 O]
H=C0H === Hel=gr « ¥ —f= (-0 ey | — - YRt
gl Jc - % = e fe—0 |
L g m ey o e=q ]
I § (] (s ]
Cliow Haedl Sramm| O LR X !
Eswdial 2610 10, Compln

Figure 11 The illustration of (a) preparation process of modified electrode and (b) electro-oxidation mechanism of glu-
cose on ZnFe,O,/PPy core-shell-glassy carbone modified electrode [121].

5. Fabrication of gas sensor

Various fabrication techniques have been developed in the production of metal-oxide semi-
conductor sensors. Purity, porosity, reliability, reproducibility, and expense are the most
important factors in selecting the production technique [130]. The mechanism of gas sensors
are discussed in previous sections. Thick film and thin film technologies have been popular
techniques to minify various types of the sensors unifying in monolithic hybrid circuits. In the
general definitions, thick film depositions are a process of surface modification by applying a
thick coating on a substrate. The manufacture of such devices is multilayer coating film
involving deposition of several layers deposition of conductor, resistor, and dielectric layers
on the insulating substrate. Thin film technology is a process of deposition of required
materials by applying a very thin coating layer often just a few nanometers thickness. Screen
printing of ceramic powders, chemical vapor deposition (CVD), sol-gel techniques, spray
pyrolysis, physical vapor deposition (PVD), and drop coating [130] are the main techniques
for production of metal-oxide films for gas sensors.
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5.1. Screen printing

Spiral shape sensing device (screen printing) is one of the simplest sensors in most of the as-
reported research articles [13]. Intelligent ink pushes through a porous layer, and it contains
the material to be deposited on the substrate. After complete deposition, the print is heated to
remove the vehicle, leaving perovskites on the specific target area. Figure 12 indicates a unit
of gas sensor containing metal oxide fabricated by screen printing.

B Electrode
Perovskite (sensing layer)
Substrate

B Finger width

B Gap width

I Overlaping area

Figure 12. Unit of gas sensor fabricated by screen printing [113].

5.2. Chemical vapor deposition

A heated substrate is exposed to a precursor or controlled mixture of precursors in the vapor
phase. The vapors finally interact on the substrate to form a film of the intelligent material.
Figure 13 demonstrates a gas sensors fabricated by CVD.

Figure 13. Gas sensor fabricated by chemical vapor deposition process.

5.3. Sol-gel

A film formation by sol-gel involves the formation of colloidal suspension of solid particles
and cross-linking between particles, followed by evaporation, and finally heating the film to
form a dense surface on the substrate (Figure 14).
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Laplbing

Sal Wet gel Agglomerated gel Dense malerial

Figure 14. Gas sensing film fabricated via a sol-gel technique.

5.4. Spray pyrolysis

The reactants are sprayed on to the target substrate and then react on the surface by continuous
heating to form film (Figure 15).

Particles Transport
Carrier Gas /

“ ; Deposited Perovskite
R
— Substrate

Perovskite solution iy C] L— HotPlate

Figure 15. Schematic representation of spray pyrolysis [131].

5.5. Physical vapor deposition

The starting materials are transferred into the gas phase by evaporation/sputtering. A reactive
gas reacts with the metal vapor, to form a compound, which further deposited on the substrate
(Figure 16).

Target
Anode ring v:l.;:'su'l.l.m chamber

Subsitrate

Gas Inlet Pump out

Figure 16. Unit of physical vapor deposition.
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5.6. Drop coating

Drop coating is a process by where a paste is made of the desired perovskite powder and a
solvent; the mixture is then deposited onto a substrate using an appropriate apparatus
followed by the evaporation to form a film (Figure 17).

Dropper

Suspended

’ Free drop, Normal dry
Perovskite

' ’ Constrained drop, Fast dry
Substrate
Functionalization drop, Colloidal immersion
Normal dry

How does a real gas-sensor response to the analyte? The gas-sensor performance measures
from the V, of R, that cascades R, (the resistance of gas sensor). The resistance of gas sensor
(R,) and the sensor response (S) obtain from the (Egs. 6 and 7), respectively;

V.-V
A ©

= g

where R, is the resistance in air and R, is the resistance in the air mixed with detected gases.
The response time is the time required for the conductance to reach 90% of the equilibrium
value after a test gas injection, and the recovery time was the time necessary for a sensor to
attain a conductance 10% above its original value in air (Figure 18).

Figure 17. Drop coating sensor fabrication.

Figure 18. Electrical circuit diagram of a gas sensor [132].
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For instance, YCoOs-based sensors (p-type semiconductor) were tested at temperature range
of 100-380°C. The obtained response to the gas (here NO,) versus time can be given by the
contribution of two different reactions: (a) oxidation and (b) reducing of the surface (Fig-
ure 19). The former is faster and favored at low temperature, and the latter is slower and
favored at higher temperatures [133].

TA A F.:
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Figure 19. Typical response to (a) NO, and (b) CO at various temperature [133].

Artificial olfactory systems (AOS) based on metal-oxides chemiresistors is one of the devices
which practically used for sensing the air pollutions. YCoOj; sensors doped with various metals
were selected for CO and NO, detection at different temperatures. At around 280°C, the sensor-
doped Pd shows a satisfactory sensitivity with a large response speed to CO gas. The same
electrode-doped Co was selected for NO, pollution sensing. The results clearly indicate that a
good sensitivity and a fast response (response time, Ty, oy, = 1 min, and recovery time, T o,
10% = 3 min) at a temperature close to 180 °C [133].

The selectivity toward various target gases such as sulfur dioxide (SO,), ammonia (NHj;),
hydrogen sulfide (H,S), nitrogen dioxide (NO,) has been discussed before. For instance, 95%
sensing response of CoFe,O, observes toward NO, compared to other gases at an operating
temperature of 150°C, 5 seconds response time and 117 seconds recovery time with NO, gas
[23]. Performing the same sensors for SO, NH; and H,S was given just 3%, 6%, and 7%,
respectively. The ferrites such as NiFe,O, ZnFe,O, MgFe,0O, ZnAl,O, CoALO, and
MgAlO, shows the gas response 10-20% for H,S and 1-10% for NH, gas at 300°C operating
temperature.

The sensing response of GaFeO, toward ethanol vapor at 350°C demonstrates that the
resistance declines rapidly in the alcohol atmosphere which exhibited n-type behavior. The
response characteristics of the sensors below 350°C for 1 ppm of methanol, ethanol, and
isopropanol do not show any significant output. This is due to low thermal energy of the
molecules to react with the surface adsorbed oxygen species [105]. Table 6 illustrates some
typical experimental results of gas sensing properties of perovskite-based materials.
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Perovskite Sensing Sensing response Response time Recovery time Response temperature (°C) Refs.
material (%) (Sec.) (Sec.)
LaCoO, Cco 95 423 377 250 [134]
AINDO, Ethanol 99 24 100 250 [109]
ZnSn0O, H, 95 1 12 >375 [135]
ZnWO, H,0 98 15 158 RT [90]
NiFe,O, H,S 75 60 300 150 [136]
CoWO, NH, 90 3 1 Elevated [118]
SmFe, ,Co,0; O, <80 - 600 R.T [137]
La, Sr,FeO, CO, <80 660 300 380 [138]
LaFeO, CH, 93 - - 250 [139]
CuFe,O, LPG 86 5 68 350 [11]
Zn,Sn0O, NO, - 43 326 200 [79]

Table 6. Practical efficiencies of some important perovskites-based sensors.

6. Summary and recommendation for future research

The oxygen partial pressure dependence of the point defect concentration, and its conductivity,
in perovskite semiconductors allows for their application in sensors. The resistance of the as-
mentioned semiconductors can be affected by other gases, such as O,, CO, NH,, hydrocarbons,
and ethanol, which create opportunities for developing new chemical sensors.

In addressing diversity and establishing the current chapter, it is necessary to develop the
sensors technology by routine reliable synthesis of self-assembled materials including
inorganic materials or inorganic-organic nanocomposites for real-life applications and also
commercialization. The need of novel perovskites sensing materials with suitable composi-
tions from all reported perovskites (summarized in Tables 4 and 5) as a filler/cover for sensing
device for an especial chemical. The need of high-accuracy sensing device in everyday life
especially for health care and also environmental concerns requires a systematic management
and researches. For example, a suitable combination of perovskite materials can be identified
out of 15 components for ethanol sensors. Moreover, suitable manufacturing technologies, free
choice of device geometrical properties to attain the indispensable dimensional efficiencies,
optimization of surface for the occurrence of conductance, ease of production flow, and
investment expenses are immediately required. It seems that the accurate optimization of
perovskite materials applicable in gas sensor is influenced by temperature and partial pressure
of oxygen. Therefore, the performance of gas sensor depends on the exact height from the sea
level.
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Abstract

Maintaining specific temperature is a key parameter for most of the gas sensing
materials, particularly for metal oxide-based thin film layers, to operate them more
efficiently to detect different gaseous (or vapor) species at ppm and ppb concentra-
tion levels. For field applications, battery-operated micro-gas-sensors, power dissipa-
tion and the required temperature stability are to be maintained with a close tolerance
for better signal stability and also to analyze the generated data from the sensing
element. This chapter mainly focuses on several metal oxide films to highlight the base
temperature and its creation on silicon-based platforms. Air-suspended structures are
highlighted, and a comparison is drawn between simple and MEMS-based structures
from the power dissipation point of view. Ease of fabrication and operation limita-
tions are explained with fabrication issues.

Keywords: Metal oxide thin films, Gas sensing devices, Platinum micro-heater, Plati-
num resistance thermometer, MEMS, Surface micromachining

1. Introduction

A lot of research effort has been directed toward the development of miniaturized gas sens-
ing devices, particularly for toxic gas (or vapor) detection and also for pollution monitoring in
general and industrial ambience. Such devices should allow continuous monitoring of the
concentration levels of particular gaseous species in a quantitative and selective way to enable
one to take specific remedial action against the prevailing situations. Though various techni-
ques are available for gas detection, studies based on gas chromatography methods are popular
for their accuracy in quantifying the species. This is a major chemical analysis instrument for

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
open science | open minds and reproduction in any medium, provided the original work is properly cited. (e NN
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separating species in a complex sample. The system uses a flow-through narrow tube, known
as the column, through which different air samples pass in a gas stream at different rates.
Dependingon their various chemical and physical propertiesand theirinteraction with aspecific
column filling, they get separated and are subsequently detected. For field applications, such
instrumentation usage has practical limitations, and hence, portable devices are preferred. In
this respect, solid-state metal oxides offer a wide spectrum of materials, and their sensitivities
for different gaseous species, thus making it a better choice for miniaturized sensing devices.
However, theeffortshavenotyetreached commercial viability formany gaseousspeciesbecause
of problems associated with the sensor fabrication technologies applied to these micro-gas-
sensing devices.

Primarily the gas detection method is based on the changes in the electrical properties of the
sensing films, such as electrical resistance (or conductance); in this case, they are thin metal
oxide films. The key detection process in these films is the change of the oxygen concentration
surrounding the sensing element. This is caused by the adsorption of the test gaseous species
and subsequent heterogeneous catalytic reaction of oxidizing and reducing gaseous species to
which they are interacting at the surface. The electrical conductivity depends on the gas
atmosphere and on the temperature of the sensing material exposed to the test gas. The signal
generated from the sensing element strongly depends on the temperature of the element also.
Hence, one has to keep the temperature of the element with an external heater such as platinum
in most of the cases. Other elements include doped polycrystalline silicon and nichrome (alloy
of nickel and chromium) for this application.

Almost all the solid materials interact with the surrounding areas with their exposed surfaces.
The physical and chemical compositions of these solid surfaces determine the nature of these
interactions. The surface chemistry will influence many properties, and a gas species interac-
tion is one of the key parameter for gas sensing phenomena. In these reactions, only very small
proportions of the atoms of most solids, that too very close to surface areas, participate and
interact. These interactions also depend upon the shape and surface roughness conditions.
With the increasing demand for better gas sensors, of higher interactions and greater selectiv-
ity, intense efforts are being made to find suitable solid materials with the required surface
and bulk properties useful for these applications. Material properties and the gaseous species
structure cum polarity of the gas molecule play a key role at this stage. It is always desired that
the material to be used in the fabrication of these sensors do interact with the gaseous species
and upon removal of the interacting species the material ability to return to its initial state,
which has induced the change, of its electrical properties. Not many sensor materials show
this surface property.

2. Metal oxide thin films for sensing applications

The gas sensors using metal oxide semiconductors have been the subjects of extensive
investigations for more than four decades primarily focusing on the SnO, material. In more
recent research efforts, the interest has shifted to some other promising metal oxide thin films,
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with very interesting detection properties that they exhibit as promising gas sensing materials.
Using new metal oxides has several technological advantages, such as: simplicity in element
formation and definition of device structure, excellent chemical stability in harsh environment,
relatively low material cost for their fabrication, robustness in practical field applications, and
adaptability to wide variety of reductive or oxidative industrial ambient conditions. Fairly
good studies have been carried out on these groups of gas sensing materials, and at present,
it is an active field of research, and many research teams are actively involved for their
development. Nano-structured metal oxide films are gaining popularity because of their
surface features exhibited by providing additional surface area achievable in these features [1]
for more gaseous interactions.

Metal oxide semiconductor gas sensors work mainly on the principle of reversible change of
their electrical resistance when exposed to the gas under study. This property is exhibited by
most of the sensing materials that are induced by the changes in their chemical environment.
Itis found that the adsorption of atomic and molecular species on the inorganic semiconductor
surfaces affect the surface properties not only related to the electrical conductivity but also
influence the material surface potential. Careful study of these variations in the ambient
atmosphere and applying them for gas detection scheme will help to analyze the environment
to which it is exposed. This change permits detection and nature of the gas and also on the
magnitude of change in chemical environment. In almost all the cases, suitability of sensing
material, to be used in the fabrication of chemical gas sensor, depends on its ability to return
toitsinitial stage upon removal of cause that induced the change. Metal oxides are better choice
in most of the cases to achieve this key point. However, this issue is one of the toughest
problems to select the combination of sensing material and the gas/vapor to be detected. Many
breakthroughs are expected in this field of research in near future.

As mentioned earlier, the gas (or vapor) detection technique is primarily based on the change
in their electrical resistance of the metal oxide films [2] upon their exposure to the test gas
under study. The principal detection process is the change of oxygen concentration at the
surface of these sensing metal oxides, caused by the adsorption of the test gas and subsequent
heterogeneous catalytic reactions of the gas under study. These test gases could be either
oxidizing and/or reducing gaseous species. However, these reactions are temperature sensitive
and the electrical conductivity (or variation) depends on the nature of the test gas and also on
the temperature of the sensing material exposed to this gas. The signal, typically defined as
the ratio of resistance variation, generated from the sensing element strongly depends on the
operating temperature of the sensing element. It is necessary to keep the temperature of this
sensing element, with an external heater, such as platinum, at a predetermined temperature
and is generally attached to the sensing element or should be a part along with it. The heating
element should be capable of producing higher temperatures than the typical operating
temperature ranges of the sensing element during the operation. This excess temperature is
necessary and is purpose built and will help for the periodical regeneration of the sensor
surface to drive away the unwanted surface adsorbents. The regeneration process is normally
carried out at a temperature above the highest temperature at which the sensing devices are
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typically operated for maximum sensitivity. Typical values are about 50°C in most of the cases.
This will drive out other unwanted gaseous species attached to the surface.

3. Importance of sensor temperature

Operating temperature of gas sensors, based on metal oxides, is a key issue and most important
parameters for the operation of any sensor. Different oxide materials respond differently to
various gaseous species, as shown in Figure 1 [3], and one has to be very choosy in selecting
this value. Most of these sensors operate at above room temperature range extending up to
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Figure 1. Gas sensing properties of different doped and undoped metal oxides for various gaseous species between the
temperatures 50 and 500°C. The regions are placed adjacent to each other. Gaseous species are earmarked to each cate-
gory. There are three different temperature zones that are identified here to create the required temperatures for the
operation of the metal oxide-based sensor devices: on simple oxidized silicon wafer substrate (for operation from 50 to
150°C), SOI wafer surfaces (for operation from 50 to 350°C), and micromachined silicon MEMS structures (for opera-
tion from 50 to 500°C). For hybrid microcircuits using alumina substrates, the operating temperature ranges from 50 to
500°C and above ranges [3].
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several hundred degrees centigrade, and it is necessary to know the correct operating tem-
perature range of them. These values vary depending on the material and the detecting gaseous
species. Figure 1 shows the gas sensing properties of different doped and undoped metal
oxides for various gaseous species between the temperatures 50 and 500°C. To create such
temperature, we need a platform where these temperature zones maintain the required
operating temperature. Here, three zones are identified for this purpose: simple silicon surfaces
(from 50 to 150°C), silicon-on-insulator (SOI) surfaces (from 50 to 350°C), and micromachined
silicon structures (up to 500°C). The other option is for hybrid microcircuits, where the
operating temperature ranges from 50 to 500°C and above ranges. To obtain good sensitivity,
one should know and operate these elements, accordingly.

First, molecular adsorption and desorption are mainly temperature-activated processes and
thus decide many dynamic properties of the sensors, such as sensor response time and
recovery times, and these parameters depend exponentially on this operating temperature.
Surface coverage of the adsorbed species, co-adsorption, chemical decomposition or other
reaction issues is also temperature dependent, resulting in different static characteristics of
sensors that takes place at different temperature ranges. On the other hand, temperature has
an effect on the physical properties of the sensor material, such as charge-carrier concentration,
Debye length and work function. In most of the cases, the sensor sensitivity varies with the
temperature. Initially, it increases gradually with increase in temperature and becomes less
gradual subsequently at higher temperature ranges. With increase in temperature, it exhibits
linear dependency initially but later ranges it deviates to non-linearity. This way it attains a
maximum sensitivity value, and beyond this point of operation, the sensitivity falls rapidly
showing a negative dependency with temperature. This type of behavior is being exhibited by
almost all the metal oxide-based gas sensing materials. This is one possible reason for the
decreasing sensitivity at higher operating temperatures. Some examples and their response
behavior are shown below for most popular metal oxides.

Figure 2 shows the sensitivity graph illustrating the response of SnO, sensor to 100 ppm
methane gas in dry air as a function of sensor operating temperature [1, 4]. Here, the sensitivity
increases continuously from 300 up to 450°C, and this is the best performance point. If one
exceeds this operating range, at higher temperatures, there is a negative influence to the
sensitivity and it will fall. Subsequently, the sensor sensitivity with temperature changes from
positive coefficient to negative coefficient values and degrades the sensor performance.
Further, rise in temperature will reduce the sensitivity values considerably as shown in the
figure. From the experimental results, one can identify and choose the best operating
temperature range for the sensing element by carefully operating the sensor performance with
temperature. In this combination, 425-475°C is the best operating zone. It is rare to get such
symmetrical behavior of sensitivity values. The slopes and best operating temperature range
are identified for this combination. No significant sensing property is possible beyond a
specific temperature range, and the values are not good for signal analysis.
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Figure 2. Response of tin oxide-based sensor to 100 ppm of CH, in dry air [1, 4] as a function of sensor operating tem-
perature (in °C). Here, the sensor sensitivity, with operating temperature, changes from positive to negative values.
Best operating temperature zone for the sensor combination is indicated. No sensing property is possible beyond a
particular temperature range, and the recorded values are not good for signal analysis.
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Figure 3. Typical zinc oxide sensitivity vs. temperature range for detecting 200 ppm CO gaseous species [5]. Both oper-
ating temperatures and best operating regions are identified for the data recorded using spline fitting. Beyond these
ranges, the sensitivity becomes rather poor.
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In the Figure 3, typical zinc oxide sensitivity with temperature is shown for the detection of
200 ppm carbon monoxide using zinc oxide sensing layer [5]. Both typical operating and best
operating temperature regions are identified for the data recorded using spline fitting for the
experimental points. Beyond these ranges, the sensitivity becomes rather poor. This material
does exhibit sensitivity at lower temperatures, but the curve is not very symmetric in nature.
The best operating temperature in this combination is seen to be between 250 and 350°C.

Similar characteristics are seen for the sensors using indium oxide material-based sensor for
detecting 2 ppm of nitrogen dioxide gas, as shown in Figure 4 [1, 4]. This is an important
industrial raw material used in the synthesis of nitric acid. In this experimental observation,
the sensitivity initially rises with temperature, and after reaching to a maximum value, it falls
steadily moving towards a saturation stage after crossing the maximum sensitivity point. Here
again, the sensor sensitivity with temperature changes from positive value to negative value.
Best operating range is indicated here for sensor operation and is very narrow in these
experimental results and is recorded between 165 and 185°C only. Positive slope indicates the
reaction limited case, whereas the negative slope is due to binding energy of the gaseous
species. Athigher temperatures, the gaseous species fail to react with the sensor surface regions
and are not detected.
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Figure 4. Response of indium oxide sensor to 2 ppm of NO, gaseous species as a function of sensor operating tempera-
ture (in °C) [1, 4]. Sensor sensitivity changes with the increase in operating temperature from positive value to negative
values. Best operating range is indicated here for sensor operation to obtain useful signal for analysis. Positive slope
signifies the reaction limited case, whereas the negative slope is due to binding energy of the gaseous species and fail
to react with sensor surface regions.

Tungsten oxide also shows similar behavior as indicated in Figure 5. Here, the material
sensitivity to 1 ppm nitrogen dioxide as a function of operating temperature is shown with
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spline interpolation of recorded data [6]. Temperature in the range of 135-165°C is the best
suited for this combination of gaseous species and sensing material. This is also relatively
narrow region. According to Ghimbeu [6], the detection mechanism of nitrogen dioxide has
some similarities to that of zinc oxide. Itis considered that at low operating temperatures, these
gas molecules are adsorbed on the WO, surface and forms nitrite type absorbents (ONO") and
dissociates into nitrosyl-type absorbents (NO-, NO"). Hence, the response is related to the
catalytic reaction of WO, with adsorbed species. The release of electrons from the surface
increases the film sensitivity. The maximum sensitivity point here is 150°C.
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Figure 5. Tungsten oxide sensitivity to 1 ppm NO, as a function of operating temperature with spline interpolation of
data. Data points are taken from Ref. [6]. Temperature in the range of 135-165°C is the best suited for this combination
of gaseous species and sensing material.

4, Microelectromechanical structures (MEMYS)

Silicon is the material used to create most of the integrated circuits used in the consumer
electronics, and it has a major role in MEMS applications also. For many sensor applications,
single-crystal silicon wafer, based on its intrinsic mechanical stability and the feasibility of
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integrating sensing and the signal processing electronics on the same substrate, often presents
an excellent substrate choice. This is a major point when compared with other substrate
materials, such as glass, alumina, and hard polymers. For chemical sensors, the substrate is
merely a working platform and its choice is not always straightforward. The silicon material
has the highest cost per unit area, but this can be ignored by the small feature size possible in
implementing silicon-based platforms. The silicon with its extreme surface flatness and well-
established coating procedures often is the preferred substrate, especially for thin film-based
sensing elements. The application of silicon device processing techniques to these miniaturized
gas sensors results in low heating power, due to inherent low specific heat of silicon as a
material, and a smaller spread in the electrical characteristics of silicon devices because of
material uniformity in growing the silicon wafers. Owing to the low heat capacity of silicon
material, this requires a heating power of the order of few milliwatts per any standard device.
Reduction of power consumption is also a key aspect to reduce local thermal stress and also
to obtain battery-operated devices for smart sensor applications including the field studies and
to use in remote and inaccessible locations. These specific advantages have made silicon rather
a convenient substrate for housing different gas sensing materials and to create high temper-
ature zones required for sensing elements.

MEMS structures in silicon are fabricated either by bulk micromachining or by surface
micromachining techniques. In the former case, the silicon substrate is etched by either wet
chemical solutions or by vapor phase etching. Both anisotropic and isotropic etchants are used
for this application. These etching steps are generally deeper and could etch out the silicon
wafer depth to a level of 80-90% of the total thickness. The purposes of etchings aim to isolate
the part, where high temperatures are to be created. Without these steps, it is difficult to stop
the heat flow generated through the heating element mainly because of the good thermal
conductivity of silicon and the generated heat spreads very fast into the bulk silicon. The thin
platforms thus formed are used for placing the sensing element along with the heating
elements. Etching to the predetermined depths in silicon wafer and the screening materials
during the silicon for selective etching is very crucial and a challenging task.

In case of surface micromachining, an air gap is created using sacrificial layers. This created
air gap prevents the heat flow to the bulk silicon and reduces the body thermal mass. The
sacrificial oxides are typically deposited through low temperature CVD process and are etched
out at a later stage to create the physical gaps. Many options are available for this purpose to
create/deposit the sacrificial layers. Platform structures are selected such that they are ther-
mally stable, mechanically stronger, and HF acid-resistant materials. These are mandatory as
the material has to withstand high temperature operation and should not deform during their
operation. At the time of etching of the sacrificial oxides, the platform material must show
inertness to the etchant. In this category, only two material options are possible. They are
LPCVD polycrystalline silicon and LPCVD silicon nitride films. In case of polycrystalline
silicon films, it satisfies all the three requirements. HF-based solutions do attack silicon nitride,
but the etch rates are very low in comparison with the sacrificial oxides. In this study, both
options are used for platform formation and the experimental observations are reported.
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Figure 6 shows the SEM image of platform release using sacrificial oxide lateral etching
technique for the creation of air gap on silicon surface [7]. For this purpose, a blanket CVD
oxide, to a desired thickness, was deposited at low temperature on a fresh silicon wafer. Anchor
points are defined selectively using photolithography technique, and the oxide was removed
from these portions. Polysilicon was subsequently deposited, and the platform area is defined
with photolithography technique again. Unwanted polysilicon portions were etched out and
also the CVD oxide underneath it. Platform release experiment was carried out by immersing
the complete wafer and was examined periodically for the status sacrificial oxide. In this
picture, the platform is not fully released. Since the film is transparent, at this thickness value,
the sacrificial oxide is clearly visible through the platform body. The sacrificial oxide regions
are totally removed under the supporting arms because of low lateral distances, and the freed
supporting structures of platform are visible clearly in the figure. Figure 7 shows the closer
view of the measurements of the created air gap highlighting one of the corner portions of the
platform [7]. The vertical measurements were done to confirm the air gaps created in this
approach. The slight variation depends on the sacrificial oxide thickness uniformity and also
due to errors in marking the regions. Tilt of SEM image capture has its limitations and direct
air gap measurements are rather difficult.

15kV. X1,500 10pm 0005 44 65 SEI

Figure 6. SEM image of platform release using sacrificial oxide lateral etching technique for the creation of air gap on
silicon surface [7]. Here, the platform is not fully released. The film is transparent, at this thickness value, and the sacri-
ficial oxide is clearly visible through the platform body, whereas the sacrificial oxide regions are totally removed under
the supporting arms because of low lateral distances.
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Figure 7. SEM image of platform released by surface micromachining structure on silicon surface highlighting one of
the corner portions [7]. The vertical measurements were done to confirm the air gaps created in this approach.

Figure 8 shows the different popular platform structures used for this application. In this test
structure, all these shapes are defined and were subsequently etched for releasing the plat-
forms. This figure shows the lateral etching of sacrificial oxide and the platform status of
release. The etch front and the released corners are shown in this SEM images. Figure 9 shows
the similar experiment with LPCVD silicon nitride using lesser sacrificial oxide thickness, that
is 1.0 um. These silicon nitride films were densified to reduce the HF acid effect during the
platform release. This optical photograph shows the fully released thin film silicon nitride
structures.
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Figure 8. Polycrystalline silicon platform suspension structures for creating an air gap of approximately 3.0 um [7].
This polysilicon was deposited by LPCVD technique based in silane chemistry. These platforms are in the process of
release using surface micromachining technique. Figure shows the lateral etching of sacrificial oxide, and the platforms
are semi-transparent at this thickness. The etch front and the released corners are shown in this SEM images.
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Figure 9. Optical micrographs of different suspended and released silicon nitride platforms by surface micromachining
technique on silicon substrates [7]. These nitride films were deposited using LPCVD technique using dichlorosilane-
and ammonia-based chemistry. Films were subsequently densified prior to releasing the platform structures. Sacrificial
oxide portions are completely removed using hydrofluoric acid-based solutions.

A test run for these release experiments provides enough information to estimate the time
durations to complete the entire process. As these structures will reduce the thermal mass
considerably and greatly reduces the power dissipation to raise the platform temperatures.
They also respond very fast to the changing measurement conditions and exhibit quick thermal
response in maintaining the temperatures. The lateral etching and removal of the complete
sacrificial layer are time-consuming processes, and the process bound wafer experiences other
technology-related issues because of long time contact of hydrofluoric acid. To avoid such time
delay, perforated platforms are proposed and many scientific teams are working in this issue.
This method reduces the time, but the advantage of perforation limits the mechanical strength
of the platform and disturbs the temperature distribution on it. However, there are several
practical difficulties in realizing the complete gas sensor devices on these released platforms.
Releasing these thin diaphragm platform is a serious technology issue and often decides the
yield.

5. Air-suspended structures

To avoid technological limitations, as discussed above, an attempt is made to use the silicon
wafer directly as a platform for the required temperature distribution. When compared with
the thickness of MEMS platform, say few microns, the bulk silicon wafer thickness is much
larger and consumes proportionately larger power. However, the mechanical strength and
temperature distributions advantages are not negligible and the device can be put to use for
gas sensing applications. As discussed earlier, most of the metal oxide sensors work at higher
temperatures, of the order of few hundreds of centigrade, heating the complete silicon die is
worth to note. No mechanical issues are reported for silicon in this temperature range and are



Air-Suspended Silicon Micro-Bridge Structures for Metal Oxide-Based Gas Sensing
http://dx.doi.org/10.5772/62647

stable to operate for longer periods. It is also important to note the temperature of the platform
to monitor and also to control it to the desired ranges.

In most of the cases, the heating element is made up using platinum metal. This material has
been widely used for harsh environment and also known for its standard in many industrial
applications. It is chemically inert, and no electrical parameter drifts are reported. In this case,
we have used this material and the same is sputter deposited on to the substrate for this
application. Standard photolithography and lift-off technique is used for defining the heater
for this purpose. Substrates were properly cleaned before the deposition step was carried out.
Adhesion layer is used to enhance the adhesion of the film. Defining both the heater and
platinum resistance thermometer (PRT) together has certain operational advantages. Howev-
er, getting a standard PRT is a difficult task and one can define the platinum resistor along
with the heater and calibrate it to the desired temperature range is a better option to know the
exact temperature value.

Figure 10. Testing of platinum micro-heater (4 x 5-mm size) on 1-mm-thick alumina substrate up to red hot tempera-
ture ranges.

To verify the micro-heater performance, platinum metal was deposited on 1-mm-thick
polished alumina substrate and was defined by lift-off technique [8]. Each heater die was
measured as 4-mm x 5-mm, and the electrical contacts were made to the heater pads to check
the performance. DC current was applied, in steps, to know the heating of the alumina
substrate. For temperature measurement purpose, a thermocouple was placed on the back side
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of the alumina heater to measure the exact temperature directly. Heater current was increased
further till the red hot condition was observed on the alumina substrate. Figure 10 shows the
testing of this micro-heater up to red hot temperature ranges. Through this experiment, we
gained confidence to operate these heaters to a value not exceeding 500°C, the required
temperature for most of the metal oxide-based gas sensing devices.

Figure 11 shows the PRT resistance variation with the measured temperature using a ther-
mocouple attached to the backside of the alumina substrate. The alumina die size is same in
this case also. Both the heater and PRT are defined on the same side of the polished alumina
substrate, and the electrical contacts were made to them to measure the current rating.
Platinum thickness is arbitrarily selected for this study, and we avoided the theoretical
prediction of the PRT resistance values. Only DC current, through a constant current supply
source, is applied for the heater pads to raise the platform temperature. Variation of PRT
resistance and the temperature measured was recorded. The experiment was repeated at
different values of heater current (in mA). Both the values are recorded to study the behavior.
These experimental observations corroborate the functionality of both heater and defined PRT
on the alumina substrate.
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Figure 11. PRT resistance variation with measured temperature using thermocouple attached to the backside of alumi-
na substrate. Data are drawn together to the same experimental points. Measured temperature is recorded through the
thermocouple attachment and using standard calibrated system which converts the thermocouple emf values to equiv-
alent temperature. In this case, the alumina substrate is one-mm thick and the die size is 5 x 4-mm defined area. Heater
and PRT are defined on the same side of the substrate. Pt thickness is arbitrarily selected for this study, and DC current
is applied for the heater pads.
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Air-suspended structures suffer from thermal equilibrium issue even though they are defined
on the same side on alumina substrate. Heating in these structures draws more power because
of larger mass when compared with the thin MEMS platform structures. The thermal equili-
brium may take couple of minutes to reach the equilibrium stage. Hence, this thermal response
time issue will remain with these structures and that influences the sensor response and
recovery time values.

6. Fabrication of sensing element, PRT, and heater structures

The electrical conductivity is a critical issue for the sensing element and systematic measure-
ment of it is very important to the functionality of sensor. The resistance of thin film consists
of three parts: (i) bulk resistance, (ii) surface resistance, and (iii) contact resistance between
metal electrodes and the oxide-semiconducting films. However, for practical applications, all
these three values are considered as a single entity and the total resistance is directly accepted
as the sensing element resistance.
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Figure 12. Design for heater and PRT configuration to raise the sensing layer temperature [7]. Both heater and PRT are
defined by single photolithography step, and the total area is covered by the sensing film as shown above. Interdigitat-
ed structure measures the changes in electrical resistance of the sensing layer. Here, all the layers are electrically isolat-
ed with CVD oxides where applicable.

For air-suspended silicon micro-bridge structures, we have designed a structure such that both
the PRT and heater components are defined in a single photolithographic step. After the
definition of this PRT embedded heater, the total area is covered with a sensing layer to be
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used for gas sensing applications. This sensing layer will be directly interacting with the
atmosphere, where surface reactions take place. To measure the sensing layer conductivity
variations, an interdigitated structure is defined and placed directly on this layer. The ideal
metal is gold and is preferred because of its inertness in the atmosphere conditions. Electrical
isolation is done with low temperature-deposited CVD oxides to bury the heater and PRT
structures. Contact windows are opened on the pad areas for wire bonding. Figure 12 shows
the complete design, where PRT, heater, sensing element, and interdigitated structures are
designed. For clarity, the CVD isolation oxides are not shown in this figure.

For the deposition of platinum and also for the sensing layer, reactive RF sputtering method
isused. The depositions are carried out in an oil-free ultra-high vacuum chamber using suitable
target materials as per the thickness requirement. Sputtering is done in the argon plasma
environment, and the vacuum conditions are closely monitored. Depending on the require-
ment of film thickness, a predetermined time and RF power values are estimated and the
depositions are carried out accordingly. Sometimes film thickness monitors are used to
monitor the growing films. Figure 13 shows the RF sputtering process inside the high vacuum
chamber. Figure 14 shows the photograph of platinum thin film deposited on oxidized 3-inch-
silicon wafer using this technique.

Figure 13. Typical RF sputtering process inside the vacuum chamber, under ultra-high vacuum conditions, to deposit
platinum metal used for defining PRT and heater configurations.
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Figure 14. Photograph of platinum thin film deposited on oxidized three-inch-silicon wafer by RF sputtering techni-
que.

Figure 15 shows the photograph of PRT embedded micro-heater configuration defined on
silicon. This structure is realized using photolithography combined with lift-off technique [8].
The left side of the picture pads shows the PRT connection, whereas the right hand side is
meant for the heater configuration. Using this base structure, many sensors can be realized on
this. Because of line width difference, the resistance values of PRT and heater vary very widely.
Optimization is necessary for the thickness of the platinum film to get calibrated values. To
simplify the PRT, a new design was realized to reduce the resistance values very close to the
practical values. Figure 16 shows the simplified version of PRT embedded micro-heater, for a
purpose built structure of 5-mm x 4-mm, to create low to moderate temperatures on silicon
surfaces particularly suitable for metal oxide-based gas sensing materials [9]. Figure 17 shows
the fabricated devices at wafer level.

Figure 15. Photograph of PRT embedded micro-heater configuration on silicon. The structure is realized by photoli-
thography and lift-off technique.
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Figure 16. Simplified version of PRT embedded micro-heater, for a purpose built structure of 5 x 4-mm, to create low
to moderate temperatures on silicon surfaces suitable for metal oxide-based gas sensing materials [9].

Figure 17. Realization of PRT embedded micro-heater on a 3-inch oxidized silicon wafer [7, 9] using platinum RF sput-
tering and lift-off methods.

Subsequently, all the dies are separated by standard dicing method and wire bonding was
carried out on the defined pad areas. These bonded platforms are connected to a structure to
verify the temperature distribution of the micro-heater on these air-suspended micro-bridge
structures [9] as shown in Figure 18. In this structure, the air acts as a barrier and the heat
generated by the heating element initially distributes within the bulk of silicon by thermal
conduction process. The heat that escaped through the contact pads is much less when
compared to the air convection. This air convection has a greater role in the heat loss mecha-
nism. A closed package housing encloser with proper opening is a possible solution for these
proposed structures to avoid convection-related issues.
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Figure 18. Wire bonding to verify temperature distribution of the micro-heater on air-suspended silicon micro-bridge
structures [9].

Resistance calibration of the platinum PRT is necessary to operate the heater more accurately.
It is the PRT value that controls the heater current, and the true values are relevant here.
Figure 19 shows the calibration of PRT (top) and micro-heater (bottom) using standard
temperature bath up to 500°C to the structure as per the design shown in Figure 16. Here, both
the values are stable and are repeatable within the shown range. Figure also shows that the
heater will heat up the platform and automatically raises the PRT resistance value signifying
the temperature raise. This raises the sensing layer temperature to the required level for the
sensor operation.
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Figure 19. Resistance calibration of the platinum PRT (top) and micro-heater (bottom) using standard temperature
bath up to 500°C to the structure as per the design shown in Figure 16.

111



112

Progresses in Chemical Sensor

7. Reliability of bulk micro-bridge structures

In most of the cases, the heating element is made up using platinum but polysilicon and
nichrome heaters are also reported for this purpose. Not many encouraging publications are
found in case of the later materials. Some experiments were carried out with the structure as
shown in Figure 15 in an open environment with minimum air turbulence. Figure 20 shows
the PRT incremental resistance with 1 mA DC constant and continuous heater current with
the silicon substrates. Only at the initial stages, there is a rise but within 15 min, the complete
die reaches to thermal equilibrium. It is expected that in a closed environment, this time delay
may be brought down to couple of minutes. Heating element is placed on one side of the
substrate surface and generated heat is slowly distributed into the bulk silicon. This is a time-
consuming process.
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Figure 20. PRT incremental resistance with 1 mA DC constant and continuous heater current with silicon substrates to
the structure as shown in Figure 15 [7].

Thermal hysteresis has been found in these structures because of silicon wafer thickness.
Figure 21 shows the thermal hysteresis measurement of PRT and the heater on oxidized silicon
substrate to the design structure shown in Figure 15. The circles are during increasing DC
current steps, and square points are while decreasing cycle. Here, the current is passed through
the micro-heater pad connections. In these recordings, 5 min time gap (delay time) was
maintained between apply the heater current and measure the PRT resistance values [7]. The
delay is mainly aimed for temperature rise and better uniformity in the bulk of silicon
substrate. Despite the delay, a clear thermal hysteresis is seen at 1 mA current setting.

The stability of both PRT and heater was carried out over a period of time, and Figure 22 shows
the results for the structure shown in Figure 15. The bottom points correspond to the heater
and the top ones to the PRT. These air-suspended silicon micro-bridge structures were carried
outin the temperature range between room temperature and 500°C. The structureis very stable
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for long-time operations up to 400°C, but beyond this range, both PRT and heater values
become unstable as shown in the figure. The observed values scatter very randomly. Between
450 and 500°C, the structure becomes mechanically unstable, and ultimately, it fails to provide
reliable values. Hence, the entire system is safe to operate up to a value of 400°C. This
temperature is sufficient for many sensing materials and cover good number of sensing
materials.
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Figure 21. Thermal hysteresis measurement of PRT and heater on oxidized Si substrate to the structure shown in Fig-
ure 15. The circles are during increasing steps and square while decreasing the current passed through the micro-heat-
er. Here, 5 min time gap was maintained between apply the current and measure PRT resistance values [7]. The delay
is mainly aimed for temperature rise and better uniformity in the bulk of Si substrate.
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Figure 22. Response of air-suspended silicon micro-bridge structures in the temperature range between room tempera-
ture and 500°C. The structure is very stable for long time operations up to 400°C, but beyond this range, both PRT and
heater values become unstable as shown. Between 450 and 500°C, the structure becomes mechanically unstable and
ultimately it fails.

The structure of heater and PRT configurations can be simulated using ANSYS® software for
any specific configurations to achieve the required temperature distribution as per the
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requirement of sensing film and its physical shape. Necessary physical parameters are to be
provided for the realistic simulation. The final temperature distribution, for a specific config-
uration, as indicated in Figure 16 is shown in Figure 23. Here, the temperature distribution of
the micro-heater temperature, operated at 5 V DC applied voltage, is shown. From the results,
it is very clear that the center of the suspended platform will have the maximum temperature
value. In these locations, the sensing layer needs to be distributed accordingly to enable the
element experiences the required temperature for better performance. This way one can select
the required temperature and approach the desired properties by applying suitable voltages.
This is easy for most of the field applications and to achieve the desired temperature ranges
to use the metal oxide-based sensing layers for sensing applications. At this temperature, there
are a wide variety of material combinations [9] one can select to detect different gaseous and
VOC species. By simulation of temperature and its distribution, it is possible to realize the
devices based on air-suspended micro-structures for gas sensing applications.

Figure 23. Typical nodal temperature contour plot with 5 V DC input for the structure, as shown in Figure 16 using
battery-operated device. Image is generated by simulation using ANSYS® by providing realistic parameters values [9].

Placing the structures in a sealed environment with a metal mesh opening is a better option to
operate these devices. Standard microelectronic packaging is not useful at the heater temper-
atures. Useful device packages for these micro-bridge gas sensors are proposed in this study.
The package structure, as shown in Figure 24, which is a standard package used for Toshan
LPG gas detector sensor MQ6 [10], appears to be useful. Interaction of atmospheric gases takes
place through this metal mesh and the air suspension provides the required thermal isolation
from the heating element.
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Figure 24. Useful device package structures for the air-suspended micro-bridge gas sensors proposed in this study.
Shown here is a package used for Toshan LPG gas detector sensor MQ6 [10]. Courtesy: amazon.in. Source: internet.

8. Conclusions

In this chapter, we mainly focused for creating and maintaining specific temperature ranges
useful for most of the gas sensing materials, particularly for metal oxide-based thin film layers,
to operate them more efficiently to detect different gaseous species at different concentration
levels. For practical devices and also for field applications, battery-operated micro-gas-sensors
with air-suspended silicon bulk micro-bridge structures are discussed from the practical usage
point of view. This avoids both the bulk and surface micromachined MEMS configurations.
Power dissipation and the required temperature stability are discussed to operate the best
operating temperature zones for getting a stable and reliable signal. Air-suspended structures
are highlighted, and a comparison is drawn between simple and MEMS-based structures from
the fabrication point of view. Ease of fabrication and operation limitations are also explained
with structure reliability in usage.
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Abstract

Graphene is quite a robust material for sensing hydrogen and other gases at room
temperature as well as at elevated temperatures with high efficiency. This chapter deals
with different junction devices based on graphene for hydrogen sensing. Graphene has
excellent electronic attributes that make it suitable for gas sensor devices. However, till
date, the research on graphene-based junction devices is not many. In this chapter, we
present different types of graphene junction devices suitable for hydrogen sensing.
Hydrogen sensor response of these junctions is analyzed, and the sensing mechanism is
presented. The temperature- and atmosphere-dependent inversion of n-type to p-type
conductivity in graphene is highlighted for hydrogen sensing. Moreover, the two
dimensional nature of graphene makesitvery convenient for device miniaturization. This
chapter provides relevant information on the growth of graphene, the fabrication of
different graphene junction devices, and hydrogen sensor applications. Also, the sensor-
related concerns such as cross-sensitivity, signal drift, stability, and interference of
humidity during hydrogen sensing are thoroughly discussed in this chapter.

Keywords: Graphene, Junction devices, Hydrogen sensor, Wide temperature range,
Selectivity

1. Introduction

The importance of hydrogen sensor both domestically and industrially does not need a fresh
introduction. Hydrogen has the prime potential applications as fuel in domestic, nuclear
installations, and space vehicles. The huge calorific value and non-polluting by-products of
hydrogen combustion are two principal advantages of using hydrogen as a fuel. But thenegative
aspect is its extremely high inflammability at fairly low concentration (~4% and above) when
mixed with air leading to disastrous explosions. So, the use of hydrogen gas for combustion or
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for any other purpose invariably requires a monitoring and controlling device to detect the
hydrogen leakage and to alleviate the serious explosion danger. There are continuous R & D
effortstodevelophydrogensensorsindifferentdimensionsand foruseatdifferenttemperatures.

Of late, graphene has been shown to be the most suitable material for hydrogen sensor because
of its superior mechanical, electrical, and chemical properties. The two dimensional (2D)
structure of graphene is most desirable for the development of miniaturized and fast hydrogen
sensor devices. Graphene is a good device material owing to its intrinsic properties. The
favorable thermal conductivity (~5000 W/mK) and very high electrical mobility (~200,000 cm?/
Vs) are very special attributes for developing excellent electronic devices [1]. Because of very
large surface-to-volume ratio graphene is an interesting gas/vapor sensing material that can
allow fast and high gas adsorption. The high hydrogen intake ability of graphene and other
carbon nanostructures has been reported in the literature [2-4]. It is also reported with
experimental evidences that the high hydrogen intake ability of graphene is mainly due to the
intercalation phenomenon [5-7]. The basic concept of hydrogen intercalation in graphene is
the attachment of hydrogen with the graphene layer at the graphene—substrate interface. For
multilayer structures, the intercalation phenomenon also happens between the graphene
layers, and hence, large amount of hydrogen interaction is possible [8-10].

The intercalation occurs between graphene and atomic hydrogen. So, the important concern
for hydrogen sensor devices based on graphene is the generation of atomic hydrogen. This is
due to the important fact that the percolation of molecular hydrogen through graphene is
impossible because of the dimensions of hydrogen molecule and graphene network. The C-C
lattice parameter is 2.46 A, and the size (diameter) of hydrogen molecule is 2.89 A [7]. Hence,
hydrogen molecule cannot possibly percolate through the graphene layer. On the other hand,
the Bohr radius of hydrogen atom is only 0.5 A, which will easily allow the hydrogen atom to
pass through the graphene layer, and subsequently getting attached with the graphene layer
between the substrate and graphene. This attachment will temporarily isolate the graphene
layer from the substrate, resulting in the intercalation phenomenon. The attachment of
hydrogen atoms with the carbon atoms is via van der Waals forces, and hence, the hydrogen
atoms can easily desorb upon the reduction of hydrogen partial pressure at a particular
temperature during the recovery of the sensor signal. The generation of atomic hydrogen in
graphene-based sensor devices depends on the activity of the graphene surface. For instance,
the presence of functional groups can initiate reaction with hydrogen, or the presence of
catalytic metal can trap hydrogen and break the molecules into atomic hydrogen. Sometimes,
junctions with another semiconductor can also bring interesting sensing attributes.

In this chapter, we shall highlight the graphene-based devices that have potential for devel-
oping hydrogen sensors, with appreciably fast response and recovery characteristics at
different temperature regimes. Since graphene is a high-temperature material, it can be used
for sensing hydrogen and other gases at room temperature as well as at elevated temperature
with high efficiency. Again, graphene is a 2D material and so it is convenient to fabricate
miniaturized sensor devices for commercial applications. Another unique property of
graphene is the reversible inversion of electrical conductivity from p-type to n-type and vice
versa with temperature in both oxidizing and reducing atmospheres. The sensing nature can
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be inverted with equal efficiency with the variation of temperature and environment. This
versatile characteristic is rarely found in other sensing materials leading to the innovation of
the new kind of junction devices. Graphene can enable smaller and lighter sensors with endless
design possibilities. They are more sensitive, can detect smaller changes in matter, work faster,
and eventually less expensive than the traditional sensors. Some graphene-based sensor
designs contain a field effect transistor (FET) with a graphene channel. Upon detection of the
targeted analyte the current through the transistor changes and sends a signal that can be
analyzed to determine several variables.

The potential applications of different forms of graphene (including pristine, B- or N-doped
and defective graphene) as gas sensors to detect small gas molecules (CO, NO, NO, NH;, and
H,) have been investigated and confirmed theoretically by using density functional compu-
tations. The structural and electronic properties of the graphene-gas molecule adsorption
adducts principally depend on the structure of graphene and the molecular gas adsorption
configuration. The doped or defective graphene exhibits much stronger attraction than the
pristine graphene for the above five gas molecules. While the defective graphene shows the
highest adsorption energy for H,, CO, NO, and NO, molecules, the B-doped graphene shows
the tightest binding with NH,. Also, the strong interactions between the adsorbed gas
molecules and modified graphene can bring dramatic changes in the electronic properties of
graphene. Both theoretical and practical evidences support that the sensitivity of a gas sensor
using B-doped graphene is almost two orders of magnitude higher compared to pristine
graphene. So, the performance of the graphene-based chemical gas sensors can be largely
improved using the appropriately doped or defective graphene [11].

2. Graphene synthesis for device fabrication

Graphene can be synthesized by employing different methods. Exfoliation is an easy method,
in which graphene layer is isolated from highly ordered pyrolitic graphite (HOPG). The exfoliated
graphene layer can be transferred to a substrate for device fabrication. However, the size of
the exfoliated layer is not suitable enough to cover the whole substrate wafer for large-scale
device production [12].

Single-crystalline silicon carbide wafers can be heated at elevated temperatures to generate
the graphene layer [13]. In this case, the silicon atoms escape the wafer leaving the hexagonal
carbon network. But the transfer of thermally generated films is a major problem by this
method [14].

Chemical vapor deposition (CVD) is a convenient technique to grow graphene films for sensor
applications. For CVD growth, the substrates are coated with a metal (say copper), which acts
as the catalyticlayer [15]. Apart from copper, other metals such asnickel, silver, gold, platinum,
and cobalt can be used for graphene growth [16]. Due to the high solubility of carbon in copper,
it is often preferred for graphene growth by CVD.

For CVD growth of graphene films, normally thermally oxidized silicon substrate is the
obvious choice [17]. Plasma-Enhanced Chemical Vapor Deposition (PECVD) grown SiO,/Si
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substrates can also be used. However, the surface quality of thermally oxidized silicon
substrates is relatively better in comparison with PECVD substrates. A thin film of copper is
deposited on the substrate by e-beam or thermal evaporation technique. The copper layer
mainly acts as the catalytic layer which initiates the growth. The precursor is normally a
mixture of a carbon containing gas (like CH,), a reducing gas (like H,), and an inert/neutral
gas (like Ar/N,) [18]. The important parameters of growth are deposition time, flow ratio of
the gases, and the temperature of the substrate. All these parameters need to be optimized to
have good device quality graphene films. It is reported that the CH, molecules decompose on
the catalytic copper surface in the temperature range 900-1000°C [19]. This temperature range
can be modulated by suitable choice of the catalytic metal. The flow ratio is regulated very
precisely with the help of mass flow controllers, owing to the important fact that if too much
carbon containing gases are allowed to flow over the heated substrates, secondary nucleation
can initiate haphazard growth, leading to poor film quality, which is not desirable for good
device performance. Sometimes, oxygen groups need to be attached to the hexagonal carbon
network for some specific applications. In that case, very small amount of oxygen can be
incorporated into the flow stream during growth. The number of deposited graphene layers
depends on the time of deposition and the activity of the catalytic layer. The thickness of the
catalytic layer is another important parameter of growth. This is due to the fact that at elevated
temperatures during growth, the fresh copper atoms from underneath diffuses through the
bulk copper layer up to the surface for fresh reactions. Hence, optimization of the catalyst layer
thickness is also an important priority for graphene growth. Owing to the fact that pristine
graphene is insensitive to hydrogen and other gases functionalization of the grown graphene
layer is often necessary for sensor application. Hence, oxygen functionalized graphene, for
example, graphene oxide (GO) and reduced graphene oxide (rGO) are equally important for
developing sensor devices. Functionalization with other groups can impart special device
properties. Such functionalized layers are especially useful to develop resistive gas sensors.
Apart from oxygen and other organic groups, the catalytic metals (Pd, Pt, etc.) are also useful
for metal-decorated graphene gas sensors. The catalytic metal nanoparticles (NPs) can simply
be dispersed on graphene surface to improve its gas sensing property. By this process, the
response parameters such as sensitivity, selectivity, and time of response/recovery can be
modulated. Another technique to improve the gas sensing activity of graphene is to disperse
graphene layers (obtained by either exfoliation or CVD) in a polymer base [20, 21]. Such mixed
composition can give special material properties suitable for gas sensing and other applica-
tions.

3. Sensor device characteristics

The characteristics of the graphene-based sensor device depend on both electronic and catalytic
properties of the active layer (s). For instance, if the layer is electronically active but insensitive
to detecting gases (like pristine graphene), it is not suitable as sensor material. In that case, the
sensitivity is to be developed by functionalization or surface modification. Sometimes, both
electronic and sensing properties can be achieved by simple surface modification techniques.
In fact, the generated charge carriers during sensing need to flow through the device circuit
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in order to show appreciable sensor response. But just after generation, if the carriers are
annihilated or trapped by defects the response, even though happening, will not be observed.
Surface modification technique takes care of the defect treatment and restores good electronic
attributes, in many cases. Such surface modified layers can be used to develop good resistive
sensors, where the important factor is how effective is the surface in capturing the analyte gas
molecules, and how efficient the material is in transferring the generated charge to the
electrode. The time of response gets prolonged if the solid—gas interaction is slow. However,
the recovery of the sensor solely depends on how good is the material electronically. Whether
the charge carrier annihilation is minimum or negligible the recovery characteristics are likely
to be good.

Apart from the catalytic properties of the sensing material the I-V characteristics and junction
bias are important for the junction devices. Generally, the forward barrier is low compared to
the reverse one. However, for the defective active sensing layers, the reverse characteristic of
the junction is far from the nature of the ideal diode. Therefore, the sensor performance may
differ for the junction devices with forward and reverse biased cases, and hence needs
optimization. The junction ideality factor is also an important parameter for hydrogen sensor
applications, and it is necessary to improve the ideality factor to obtain the good device
characteristics and superior gas sensor characteristics, respectively.

The operational characteristic of a junction device with respect to the junction barrier needs a
close attention. The charge carriers generated due to solid-gas interaction reach the junction
interface and modulate the junction capacitance. The magnitude of this capacitance is affected
by the variation of the junction bias, which regulates the device barrier both in the forward
and in the reverse bias operations. Hence, both forward and reverse bias studies are necessary
for finding the optimum device characteristics.

Optical devices can operate at room temperature or below, which is good for hydrogen safety.
Reflectance, transmittance, absorption, refractive index, etc. are the parameters that can be
monitored in an optical sensor device. Palladium-based optical hydrogen sensors adsorb
hydrogen and forms non-stoichiometric PdH,, which changes the optical properties, men-
tioned above. Upon hydrogen desorption, the original properties of Pd are restored.

Surface acoustic wave (SAW) devices are also popular for gas sensors and are used for
hydrogen detection. A transformation of acoustic signal to electrical and vice versa is done in
SAW devices with the help of the piezoelectric materials. So, any change in the properties of
these piezoelectric materials will modulate the acoustic signal that travels from the input to
the output end. An important parameter that is considered for quantification is mass. So, if a
gas sensitive material is coated on a piezoelectric substrate, the mass of this material changes
upon gas adsorption and affects the traversing of the acoustic signal from the input to the
output end. Hence, the synchronous frequency of the signal, which is inserted at the input end,
is liable to change upon gas adsorption.

In all the above devices, the material platform is most important, and the device properties are
majorly determined by the properties of the sensing material. For sensor devices, the contam-
ination from moisture and other pollutants can alter the device characteristics with prolonged
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usage. Such deterioration can be prevented by proper device packaging and temperature
treatment of the sensing platform in a cyclic manner (low to high and vice versa) to eliminate
volatile contaminants.

4. Hydrogen response of different types of graphene-based sensor devices

The traditional semiconductor devices which are used to fabricate the electronic gadgets can
be effectively utilized to design and develop the graphene chemical sensors. Different physical
and chemical characteristics of the sensing materials and/or the junctions are modified in
presence of trace amounts of gases or chemicals. The sensor response is registered as the change
of electrical, optical, and chemical properties. The following graphene-based devices are
generally used for sensing hydrogen and other trace amount of chemicals, gases, and vapors.

4.1. Resistive devices

The surface sensitivity of materials is normally harnessed by fabricating a simple resistive-
type sensor with interdigitated electrodes or with two parallel electrodes (Figure 1). Interdi-
gitated electrodes are preferred when the material conductivity is not uniform throughout the
exposed surface.

Interdigitated electrodes Two electrodes

DMM DMM

Figure 1. Resistive devices with different electrode configurations.

In case of graphene, pure pristine graphene surface may notbe very lucrative to develop simple
resistive sensors. However, other forms such as reduced rGO, or surface functionalized
graphene, or catalytic NP dispersed on graphene, etc. are useful to develop resistive sensor
devices. Zhou et al. [22] reported room temperature operation of resistive sensor devices based
on rGO. The flow rates of the test gases influence the adsorption of gases on the active surface,
and hence the sensitivity of the resistive device. Also, the rGO thickness is an important
parameter for obtaining optimum response characteristics.

Pure platinum (Pt) and bimetallic platinum-iron (Pt;Fe) NP were used to decorate nitrogen-
doped graphene to develop resistive hydrogen sensors [23]. Polyol technique was used to
synthesize the NPs and subsequent decoration. The sensors were responsive to 4 vol%
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hydrogen and could be used for room temperature sensing. Pure Pt decoration yielded 47%
response, while bimetallic Pt;Fe yielded 35% response in 4% H, gas ambient. Pt NP decoration
on rGO was also done to develop hydrogen sensors by Ghosh et al. [24]. The response of the
devices in H,/air ambient varied from 19% (200 ppm) to 57% (5000 ppm), and the response
time of the devices in air was ~65 s [24]. Similar hydrogen sensor studies with bimetallic-
graphene composites are reported [25]. The electrical resistance was measured in 2% H,/Ar
ambient in the temperature range —100 to 100°C. The reported response at room temperature
is 4.3%. Optimum response was obtained at 40°C with the response time of 2 s.

Graphene flakes of nanoscale dimension- and spherical-shaped nanoporous palladium
particles were combined to make the sensitive platform to fabricate resistive sensors [26]. The
sensors were sensitive to hydrogen (10,000-1 ppm) at room temperature. The resistive devices
showed repeatable response, recovery and a very high hydrogen selectivity during operation
near room temperature. The appreciably good selective response to hydrogen is due to the
high affinity of palladium to hydrogen relative to other gases. Also, the relatively lower
activation energy for hydrogen adsorption is due to the porous nature of nanosize palladium.
As aresult, the resistive devices can operate even at room temperature.

Graphene nanoribbons (GNRs) have recently shown the novel physical, electronic, and spin
transport properties for the wide range of device applications. Graphene nanoribbon in
combination with Pd NPs can also be used for hydrogen sensing [27]. The graphene nanorib-
bon was fabricated by laser-assisted lithography. The nanoribbon of 200 nm width was
patterned at a separation of 1 um. In an atmosphere of 1000 ppm hydrogen in nitrogen, 90%
response was obtained with a response time of 60 s. Almost 80% recovery could be achieved
in a time span of 90 s. The devices were also sensitive to other gases. The incorporation of NPs
in GNR-based gas sensors can be a novel approach to develop the high-performance gas
Sensors.

An interesting work on Pd—graphene resistive hydrogen sensor operating with and without
bending strain was reported by Yi et al. [28]. A graphene mesh was developed by CVD
technique using flexible PET as the substrate. The variation of the resistance of the simple Pd—
graphene and the Pd—graphene mesh with bending/unbending cycle was investigated. It was
revealed that the simple Pd—graphene showed relatively higher resistance change during
bending in air compared to Pd—graphene mesh. The Pd—graphene mesh sensors are more
stable to stress for the real field installations with a curvature. At room temperature, the
hydrogen response of the Pd-graphene mesh sensor was 1.25 times higher than the simple
Pd—graphene in the concentration range 2-15 ppm. Probably, the edges of the graphene mesh
provided an additional surface for enhanced hydrogen adsorption and response for hydrogen.
The use of flexible substrates was also reported by Chung et al. [29].

4.2. Catalytic dot contact device

The important concern for sensor devices is to attain good response parameters. This can be
achieved by reducing the geometrical device area significantly. The geometrical contact area
of the catalytic dot contact devices can be made very small. Both planar and vertical configu-
rations (Figure 2) are used in this case. The vertical devices are sometimes advantageous

125



126  Progresses in Chemical Sensor

because the total vertical transport path of the generated charge carriers is short, which ensures
minimum carrier loss due to annihilation and trapping. For transferable graphene films (like
those obtained by exfoliation), both planar and vertical devices can be conveniently fabricated.
However, for graphene films obtained by CVD on SiO,/Si substrates (with undoped silicon),
the planar device fabrication is more suitable because the insulating SiO, is the hindrance for
vertical device fabrication. However, if the silicon wafer is highly doped and the barrier SiO,
layer is very thin, the vertical configurations can be possible to fabricate a catalytic dot contact
device for hydrogen sensing.

Planar Veftical

Figure 2. Planar and vertical device configurations.

The reduction in the geometrical area makes the sensor device saturate quickly during
response and recover fast due to less adsorption. Hence, the response parameters such as time
of response and time of recovery are faster, the essential criteria of an efficient gas sensor.
However, the magnitude of % response is relatively less but it is not a big issue in today’s
sensor research due to advanced electronic circuitry that can amplify signal electronically to
get higher electrical output. If the sensing platform is defective in nature, the number of active
sites for gas adsorption is higher compared to the defect free matrices. The graphene film
grown by CVD is usually defective but it is suitable for gas sensor applications [18, 19]. As
reported by Dutta et al. [19], multilayer graphene films on SiO,/Si substrates showed good
response characteristics for hydrogen, with fast response (~12 s). The defective nature of the
films was estimated from Raman studies. The nonuniformity of the films was corroborated by
Field Emission Scanning Electron Microscope (FESEM) and Atomic-Force Microscopy (AFM)
studies. So, considering the defective nature and the uneven surface topography of the CVD
grown films, it can be inferred that any catalytic contact on the surface of CVD grown graphene
should have large number of active sites for gas adsorption leading to high gas sensitivity.
Dutta et al. [19] fabricated Pd/graphene/Pd planar devices using the graphene samples, grown
by CVD for 15 min at 1000°C, and obtained good hydrogen sensitivity in the temperature range
110-150°C. The planar device was found to be insensitive to another reducing gas, methane,
possibly due to insufficient thermal activation energy to dissociate the large methane molecule.
The interesting observation reported by Dutta et al. [19] was the change in the surface
morphology after hydrogen exposure. The reorientation of the graphene surface after exposure
to hydrogen gas was probably due to the hydrogen passivation of the surface defects. In
another study by the same research group using planar Pd/graphene/Pd junctions with
graphene grown by CVD for 8 min at 1000°C, hydrogen was detected from room temperature
to 150°C [30]. The junctions showed a change in the conductivity from n- to p-type at around
100°C and above, eventually due to hydrogen intercalation that has already been discussed in
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the introduction part. If current increases upon exposure to hydrogen, it is referred to as n-
type sensitivity due to n-type conductivity of the device matrix. And it is p-type response if
the current decreases in the presence of hydrogen. At 150°C, the p-type response was reported
to be very fast (1-2 s) for the same junction devices, which were very stable in the temperature
range 25-150°C. The above discussion supports in favor of using defective graphene thin films
as the catalytic contact devices for efficient hydrogen sensing.

Reports are available on the vertical devices with Pt contacts on the surface of graphene grown
on SiC substrates [31]. Typical multilayer vertical device geometry is shown in Figure 3.
Normally, the bottom metal contacts ensure good ohmic metallization, while the top metallic
contact is catalytic in nature to accelerate the sensor performance. As reported by Shafiei et al.,
titanium and platinum multilayer bottom contacts, that is, metal-1 and metal-2 shown in
Figure 3 were used in this study. The graphene films of thickness ~10 nm or less were obtained
by the reduction of spray-coated graphitic oxide film. The catalytic metal (Pt) dot (metal-3 in
Figure 3) accelerated the dissociation of hydrogen molecules during sensing. The devices were
operated at 100°C, in an ambient of 1% hydrogen mixed with air. The response was recorded
in terms of voltage shift in the dynamic response patterns. At 100°C and in 1% H, in air, a 100
mV voltage shift was reported under a current bias of 1 mA.

o _
w--_i
Eeee——

—_— Metall e Metal-2 s Substrate SiC or Si

- — Graphene - Metal-3

Figure 3. A simple multilayer vertical geometry for graphene-based sensor.

An important condition for both planar and vertical dot contact devices is that the contacts
must be ohmic with low contact resistance. Different metal contacts to graphene layers have
been studied and reported [32]. The metals selected and reported in this study are Al, Ti, Ni,
Cu, Pt, and Pd. The bilayer of either of these metals (10 nm) and gold (50 nm) was deposited
on graphene, and the contact resistance was measured. The contact resistance was almost
similar in all the cases, and it was improved by different pretreatment. For instance, oxygen
plasma treatment of the graphene surface prior to metal deposition gave lower contact
resistance when compared with the untreated surfaces or post-processed contacts. The
masking is necessary to ensure selected area plasma treatment; otherwise, the graphene surface
properties are likely to change. However, Robinson et al. [32] did not report any surface
degradation. Post-plasma treatments like thermal annealing at the temperature >450°C,
showed a further decrease in contact resistance. A very low value of contact resistance (4.5 x
107® Q2 cm?) was obtained when annealed in the temperature range 450-475°C for 15 min. There
is a chance of reduction of the surface carrier concentration upon annealing; however, the
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carrier mobility is preserved or further improved. Due to removal of volatile impurities from
the graphene surface during annealing, the doping level is eventually decreased, thereby
reducing the surface concentrations and increasing the purity. So the mobility remains intact
or is improved to certain extent. Sometimes, ohmic contacts are used in the vertical devices for
hydrogen sensing by displaying the change in the contact resistance. Zhang et al. [33] reported
on the transfer of graphene nanoribbon (GNR) onto doped Si substrates with a native oxide
layer and decorated with Pd NPs for hydrogen sensor applications. Carbon nanotube (CNTs)
unzipped by a simple chemical reduction process was the source of graphene. Also, the
synthesis of metal NPs and their incorporation in the unzipped CNTs were done during the
chemical reduction. In the vertical structure, silver contact was made on top of the graphene
surface and indium at the bottom of silicon substrate. The device sensitivity for 100 ppm H,
in air was appreciably high to 94% at room temperature. In fact, this vertical structure showed
better hydrogen response than the bare and simple resistive Pd-graphene nanoribbon in the
identical condition.

A Flow chart for the vertical device fabrication is shown in Figure 4 below.

| Purified CNTS Graphene nanofibbon

P decorabior——
(In single step)

.

= [ Vertical Sensor Device ==

| Pdnanparicles |

Figure 4. A schematic process flow for the fabrication of Pd-decorated graphene hydrogen sensors.

The improvement in response can be attributed to the concept of enhanced junction sensitivity
relative to the simple devices. The vertical junction, (Pd-GNR)/(thin SiO, barrier)/(doped p-
Si), acts as a simple p—n junction device with the Pd-GNR acting as the n-layer. The junction
sensitivity in terms of barrier modulation has been discussed in Section 3 of this chapter. The
planar Pd-GNR acts as a simple resistive device, whose surface interactions are similar to the
vertical device, but the device speed is low and has relatively higher chances of carrier
annihilation due to the planar configuration (also discussed in the beginning of this section).
A similar vertical catalytic dot contact Schottky device with rGO (Pd-rGO-5i0,-Si) was
reported by Du et al. [34] with high sensitivity for hydrogen at room temperature.

4.3. Heterojunction device

Junction devices are fabricated with a goal to harness the high-charge carrier mobility of
graphene (first layer) in coordination with other attributes of the second layer (either conven-
tional semiconductor like silicon or oxides). Graphene-metal oxide heterostructures are
suitable for versatile applications [18, 35-37]. The main advantage of graphene-based hetero-
junction is the tunable interface barrier, which makes these devices suitable for different
applications including chemical sensing as the major area [38]. A basic schematic of a hetero-
junction device is shown in Figure 5a.

Sometimes, both the pristine graphene layer and the conventional semiconductor of the
heterojunction are insensitive to a test gas. In that case, the catalytic metals are to be used to
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initiate the gas sensor performance. Surface functionalization of the graphene layer can also
be an alternative step to improve the sensitivity of the graphene based heterojunction.
Normally, graphene-based heterojunction with other gas sensitive materials (like metal oxides,
etc.) is likely to show improved sensor performance due to good electronic transport properties
of graphene and excellent surface property of the oxide (in terms of gas adsorption/desorp-
tion), and scope of interface barrier modulation. The heterojunction can be fabricated by either
transferring the graphene layers onto an oxide substrate or CVD grown graphene can be used
as a substrate to deposit the oxide film.

A graphene/silicon heterojunction can be biased with pre-optimized bias voltage (either in
forward or in reverse bias mode) to perform the sensor studies in a desired gas ambient. Uddin
et al. [39] performed hydrogen sensor studies in reverse bias mode with palladium- and
platinum-functionalized graphene/silicon heterojunction. The sensitivity of the junction is
dependent on the junction bias, which ensures high band bending in the presence of test gas.
The graphene/Si heterojunction showed high sensitivity to sub-ppm hydrogen. Liu et al. [40]
used CVD grown graphene as substrates to grow ZnO nanowires in order to develop ZnO/
graphene nanojunction. These junctions showed hydrogen sensitivity at relatively lower
temperatures (<100°C).

A typical hydrogen response behavior of the p-TiO,/n-graphene heterojunction at different
hydrogen gas concentrations and temperatures has been reported by Dutta et al. [18]. The
hydrogen response of the p-TiO,/n-graphene heterojunction in the temperature range 75—
150°C, revealed efficient, selective, and stable performance at 100°C. The selective performance
was checked by using another reducing gas like methane. Also, an interesting study regarding
the device recovery was reported in this work. As shown in Figure 5b, the p-TiO,/n-graphene
heterojunction could easily recover back to its baseline value after cutting off H, in air and the
recovery was incomplete when H, was cut off in N, ambient. However, the response was
similar in both the cases. Hence, it is evident that oxygen plays an important role in the signal
recovery process by releasing hydrogen atoms via water formation as shown in Eq. (1) below
[18]:
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Figure 5. (a) Schematic of a heterojunction device. (b) Comparative sensor recovery in air and nitrogen ambient [18].
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Sometimes, the heterojunction configuration also helps in improving the recovery character-
istics. While pristine rGO (before and after annealing and with/without UV light exposure) as
reported by Kang et al. [41] showed relatively poor recovery characteristics to NO, the nano-
heterojunction sensor based on rGO and functionalized with tin dioxide nanocluster showed
good recovery upon annealing and exposure to UV light. In fact for an optimized tin dioxide
functionalization time of 55 min, the nano-heterojunction showed 100% recovery. The good
recovery could be attributed to the modulation of the heterobarrier at the nanocontacts
between tin dioxide and graphene under UV illumination, which enhanced the rate of surface
reactions.

Similar type of nanoscale composite junctions was fabricated with Pd-WO; nanostructures
and partially rGO by employing a hydrothermal process [42]. This composite material was
sensitive to a wide concentration range of hydrogen (20-10,000 ppm) in the temperature range
25-250°C. Simply adding GO to Pd-WO; nanostructure showed nearly half the response
shown by the nano-heterocomposite between Pd-WO, and partially rGO. This could be
attributed to the difference in surface area and unsaturated oxygen functional groups between
the two, which modulated the surface adsorption. Pd and Pt NPs are sometimes used to
decorate heterostructures. As reported by Esfandiar et al. [43], TiO,/rGO was decorated by Pd
and Pt NPs. The reported hydrogen sensitivity of such decorated heterostructures was 92% in
500 ppm hydrogen in air, and the device response time was <20 s at 180°C.

Another type of heterostructures is graphene/Si-nanowire (Si-NW) array for molecular
sensing. Such heterostructures are fabricated by using single-layer graphene vertically
contacted with high-density Si NWs. Silicon nanowires produced by metal-assisted chemical
etching of Si wafer are vertically aligned on CVD grown graphene. Si NWs stand on Si wafer
detached from each other under graphene. The uniform Schottky-type junction between Si
NWs and graphene thus produced act as the molecular sensors and respond very sensitively
to hydrogen gas molecules in air with 1280% resistance change with 0.15 s response/recovery
times, the highest performance so far reported. The surface-transfer doping mechanism was
suggested based on the results together with the sensor response in vacuum [44].

4.4. Optical device

The response of optical sensors is normally monitored in terms of the parameters such as
reflectance, absorbance, refractive index, and photoluminescence [45]. The configuration of a
typical optical sensor assembly is shown in Figure 6.
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Figure 6. Optical fiber sensor assembly.

The increasing concern of safety demands the room temperature operation of non-electrical
gas sensor devices. Hence, the use of optical gas sensors is important. Graphene can be used
to develop optical gas sensors for the detection of hydrogen and other gases such as CH,,
NH, [46, 47]. For the development of optical gas sensors, graphene has the preference. The
chemical stability, affinity to inorganic and organic molecules, scope of surface functionaliza-
tion and synthesis of composites with catalytic metals and/or other materials make graphene
a suitable choice in the field of optical gas sensors [48].

The important step for the development of optical sensors is the transfer of the films from
opaque substrates or from substrates with different optical properties. The exfoliated graphene
films can be transferred onto any substrate as per the requirement, but for the CVD grown
graphene films, the transfer process is complex. Moreover, the substrates must be able to
withstand high temperatures because CVD is generally a high-temperature deposition
process. Only low-temperature CVD (using good catalytic metals to initiate graphene depo-
sition) is preferred. Lee and coworkers [49] reported on the deposition of graphene films on
glass substrates at 450°C using nickel catalytic layer. Although Lee et al. used such low-
temperature grown CVD films for humidity sensing, it can also be suitable for hydrogen and
other gas sensing. The possibility of surface functionalization can improve the sensing
performance. Furthermore, CVD grown films adhere well to the substrates in addition to its
stable nature. Quartz substrates can be used instead of glass, if the optical transmission
properties of the substrates are to be modulated for gas sensing. So, graphene can also be an
appropriate material for the development of optical gas sensor devices.

4.5. Surface acoustic wave (SAW) device

The basic ideas regarding the operation of SAW devices have been discussed in the earlier
section of this chapter. SAW is a well-known sensor device, and many sensor studies have
been reported. The main concern here is the growth or transfer of graphene films on a
piezoelectric substrate. The rest of device fabrication steps, like patterning of electrodes, are
simple. SAW resonating platforms based on LiTaO; have been used for different gas sensing
purposes [50]. A typical SAW platform is shown in Figure 7 below:
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Figure 7. Surface acoustic wave (SAW) device.

The use of graphene-based LiTaO; SAW device has been reported for hydrogen sensing [51].
The graphene nanosheets were deposited on the LiTaO; substrate and exposed to hydrogen
(0.06-1.0%) in air at room temperature. A typical frequency vs time response pattern was
obtained upon hydrogen exposure, from which the response and recovery times were
calculated. While the response time decreased with increase in gas concentration, the recovery
time increased with increase in gas concentration. Probably, room temperature is not suffi-
ciently enough to ensure complete desorption from the high adsorbing graphene surfaces and
therefore, the recovery time is prolonged. Similar devices like graphene-based Rayleigh SAW
Resonators fabricated on quartz were used for sensing oxidizing gas like NO,. The response
was good, and the high sensitivity to NO, gas was attributed to the defects in the material
responsible for the increased gas adsorption [52]. There are also other reports on the use of
graphene-based SAW devices for sensing gases like dimethyl-methylphosphonate (DMMP)
and dipropylene glycol monomethyl ether (DPGME) are available [53].

4.6. Prospective graphene-based devices

Two grapheme-based prospective devices for hydrogen sensing.

4.6.1. Graphene p—n homojunction

Since 2D graphene can be doped n- or p-type like other semiconductors the graphene p/n
homojunction can in principle be designed and fabricated using the traditional semiconductor
processing technology. Although quite a few reports on the doping of graphene are available
in the literature [54, 55], reports on the use of graphene p/n homojunction as hydrogen sensor
is not yet available. The main technical problem during the formation of such junction is
eventually the extremely thin dimension of the graphene geometry. Therefore, the technology
must be very advanced and sophisticated to realize a successful and sustainable graphene p-
n junction. Once succeeded, the graphene p—n homojunction can develop the most efficient
hydrogen sensors with miniaturized dimension.

4.6.2. Metal-decorated 2D graphene/MoS, flexible wearable gas sensors

The investigation on the gas-sensing properties of a metal-decorated device comprising two-
dimensional (2D) flakes of molybdenum disulfide (MoS,) and graphene electrodes has been
reported. This hybrid structure was used to sense ~1 ppm NO, gas and ~10 ppm NH;. Such
metal-decorated sensors operate with the mechanism of chemical as well as electronic
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sensitization. The metal NPs could harness the electronic properties of the 2D graphene/
MoS, device and enhance the sensitivity for a specific gas molecule.

This work cited an example of NH; sensing by graphene/MoS, using palladium NPs via
accumulation of hole carriers and NO, detection using aluminum NPs through depletion of
hole carriers. The synergistic combination of metal NPs and the 2D hybrid layers of both
graphene and MoS, could be utilized for application of this sensor structure as a flexible gas
sensor. It was also demonstrated that this hybrid sensor structure did not show any sign of
degradation in sensing before/after 5000 times bending cycles. So, this highly sensitive and
endurable gas sensor could be used as the wearable electronic sensing device. It was also
demonstrated that the metal-decorated 2D graphene/MoS, hybrid structure could be effec-
tively used as a selective gas sensor. So, the hybridization of metal NPs and 2D materials could
develop a highly sensitive, selective, reliable, and flexible gas sensor by appropriate selection
of the metal NP for decoration [56]. The same device configuration could be strategically
employed to develop a selective hydrogen sensor.

5. Device concerns of graphene-based gas sensors

5.1. Signal drift and device calibration

An important issue with gas sensor devices is the signal drift with time, and it is a matter of
concern for the reliable operation of the sensors. The baseline parameter (either resistance or
current) can vary with time, and this is not good for device compatibility with the control
electronic circuit. There is also high chance of generating a false alarm. Such drifting can solely
be attributed to the material interaction with the atmosphere. Normally, sensing surfaces are
very active, and hence can have constant adsorptive/desorptive interaction with the operating
atmosphere, which is normally oxidative air ambient (with some humidity concentration).
And if the sensing material is defective, which is sometimes an added advantage for gas
sensors, such interactions are pronounced. This can lead to change in the baseline resistance
with time. Of course, a saturation of the drift is likely with time. However, the process is very
slow, and hence, the change is sometimes unpredictable. Moreover, the ambient temperature,
if it varies, can change the adsorption/desorption eventually. As a result, the device needs
proper calibration both to counter the drift and to have operation in the linear regime of the
device characteristics. The calibration is reported for hydrogen sensors [57]. In reality for any
device, the linear operational regime is found by plotting the measured parameter (either
resistance or current or voltage) with gas concentration. If the plot is throughout linear, the
device will have excellent operation at all gas concentrations. However, if the plot is nonlinear,
the device needs to be operated in the concentration range where it has linear characteristics.

5.2. Humidity

Humidity is animportant concern, and the interference of humidity during sensing other gases
is very crucial for all the chemical sensor devices including the graphene sensors. The inter-
ference of moisture in the operation of graphene-based sensor devices can be realized and
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explained in the following manner. The water molecules coming in contact with the graphene
surface can interact in two different ways at two different regions of the sensor surface. First,
the exposed pure graphene surface (devoid of any catalytic material) attracts polar water
molecules and makes hydrogen bonds (one or more hydrogen bonds). During sensing such
graphene-adsorbed water complexes transfer very little charge to the active region of the
surface, that is, the junction. As an example, the magnitude of charge transfer can be realized
from the reported data, that for single walled CNTs (with tube-water separation of 2.69 A), the
charge transfer is of the order of 0.035e, where “e” is the electronic charge [58]. So, the device
sensitivity might not be influenced much due to this interaction. However, if the charge
exchange is of higher magnitude, the device sensitivity may increase and this is possible if the
surface is modified with the functional groups. And for most of the resistive sensors, pristine
graphene needs to be modified in some way or other.

The second type of interaction with moisture can happen on the portion of the surface where
catalytic materials (like palladium, etc.) are present. On the catalytic surface, water can ionize
into H* and OH™ and H* is likely to be preferentially adsorbed due to the high affinity of
catalytic materials (like palladium) to hydrogen. Eventually, the adsorbed H' species can
increase the concentration of hydrogen at the interface. On the other hand, if the operating
temperature is not very high, the OH™ species can occupy/block some of the active sites of the
catalytic surface, and the device sensitivity is likely to be affected. Also the sites blocked by
OH- species can prevent further adsorption of the incoming H, molecules followed by its
dissociation and release of electrons. As a result, the device sensitivity can be affected. So, the
presence of moisture can initiate either or both of the above two mechanisms and influence
the response characteristics.

An important aspect is the operating temperature during sensor measurements. If the
temperature is high (=100°C), the moisture molecules will easily desorb, while at low temper-
atures, the interference is likely to be predominant. Therefore, considering all the factors
discussed above, the relevant studies are necessary by varying the relative humidity from low
(~30%) to high (~90%) to evaluate the moisture interference at the optimum temperature of
sensing, for developing a reliable sensor in the commercial scale.

5.3. Stability and selectivity

The reliability and the robustness of the graphene-based gas sensors can be established from
the stability studies. The devices are kept under a constant bias for a very long period either
in the ambient of a mixture of test gas in air or in simply aerial atmosphere, and the magnitude
of the signal (either resistance or current or voltage) is monitored with time. This study can be
made continuously for a number of days, and the cumulative data are analyzed. Normally,
the stable signal value recorded in the presence of the test gas for a period of one week or so
can ensure the stability criteria of an activated sensor. Of course, the background signal without
the test gas needs to be checked and calibrated from time to time. The stability study can also
be conducted in a discontinuous manner by switching off the sensor device after each day
operation and reactivating (by setting in the proper temperature and bias) the next day. Such
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studies are necessary for the commercial deployment of a reliable sensor device. Dutta and
coworkers [18, 19] have reported such studies for graphene-based hydrogen sensors (Figure 8).
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Figure 8. A typical stability study with graphene-based sensor [18].

The selectivity is a pertinent sensor parameter and a matter of concern for gas sensor devices.
Almost all the renowned laboratories of the world working on the gas sensor devices consider
the selectivity problem a major hurdle against the development of a complete gas sensor.
Various methodologies are tried to sort out the problem of cross-sensitivity. Like the well-
established oxide-based gas sensors graphene-based gas sensors also face cross-sensitivity
problem.

Normally, the problem of cross-sensitivity is tackled by the following sensor operation factors:
1. Operating temperature
2. Gas concentration

3. Material characteristics and catalytic activity.

The operating temperature is a convenient way to eliminate the cross-sensitivity of other gases.
For instance, in the case of sensing hydrogen in a mixture with another reducing gas like
methane, the lighter gas like hydrogen can be detected at relatively lower temperature
compared with methane, a heavier gas, because the heavier molecules require relatively higher
activation energy for dissociation and sensing. Hence, some devices can be selective to
hydrogen at relatively lower temperature. In the studies performed by Dutta et al. [18, 19, 30]
with Pd/graphene and graphene-based heterojunction (Figure 9) for hydrogen sensing, it was
shown that the devices were sensitive to H, but insensitive to CH, in the temperature range
75-150°C. This establishes the fact that hydrogen sensing operating temperature does not
provide the required activation energy to dissociate heavy molecules like CH,.
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Figure 9. The selective response of TiO,/graphene heterojunction sensor toward hydrogen gas [18].

The concentration of the sensing gas can determine the device selectivity. Basically, the
sensitivity (or % response) is proportional to the gas concentration or the partial pressure of
the test gas during sensing. If the partial pressure of the gas is high, the response magnitude
becomes high. In the presence of two or more gases, it is likely that the gas component with
higher concentration will have relatively higher response at the optimum temperature. In other
words, if the gas concentration of the interfering gas (es) is lowered the response magnitude
becomes negligible. Then, the device will have dominant sensitivity to the particular gas of
interest showing the maximum response. The third important factor is the nature of the sensor
surface and its catalytic potential. For example, pristine graphene surface may not be effective
for sensing all kinds of gases. So, the surface activity can be improved by functionalization
using the catalytic metals, such as palladium, platinum, or by physical/chemical treatment. For
instance, studies with pure graphene and Pd-graphene nanocomposite were carried out for
sensing hydrogen (1%), moisture, and NO, (38 ppm) in a mixture [59]. The response magnitude
to 38 ppm NO, was excellent with pure graphene but poor with Pd—graphene nanocomposite.
On the other hand, the response to 1% H, was excellent with Pd—graphene and poor with pure
graphene. Moreover, the response was relatively faster for Pd—graphene device due to the
catalytic influence of Pd. Furthermore, the presence of moisture influenced the response of
Pd-graphene more in comparison with pure graphene. The obvious conclusion from the above
study is that palladium-containing graphene sensors will be very good for hydrogen detection;
pristine graphene (or functionalized with oxygen species) will be very useful for detecting
oxidizing gases, like NO,. In case, other reducing gases are to be detected, suitable choice of
catalytic metal and operating temperature are necessary. The influence of moisture has to be
carefully estimated by separate studies in order to have more assuring results.
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6. Conclusions and future outlook

Graphene has very high potential for chemical gas sensor applications due to its excellent
transport properties, superior mechanical properties and immense scope for the modulation
of its surface property by functionalization [60]. Since the surface catalytic property influences
the solid—gas interaction, surface functionalization is a convenient technique to improve the
response characteristics of graphene-based sensors. The use of catalytic metals such as
palladium, platinum, nickel can emphasize the manifold response characteristics and the
selectivity. The graphene synthesis methods also play a vital role to increase the device
compatibility, and the growth of good quality graphene films requires careful studies with the
growth parameters in order to be useful for practical hydrogen and other gas sensors. The
various types of graphene-based sensor devices and their sensing mechanisms, particularly
for hydrogen sensing, have been discussed in this chapter. The discussions are directed toward
understanding the potentiality of the graphene-based devices and their huge promise as a gas
sensing platform. The gas detection limit of graphene hydrogen sensors may vary from low
to high, which is again a device-dependent characteristic. Normally, catalytic surfaces can
detect very low concentration of gases at relatively low temperatures. The importance of
defects is quite important for chemical gas sensing, and it is evident from the studies reported
so far that the defective surface has high capacity for adsorption, the first step of gas sensing.
However, recovery of the sensor signal can be perturbed to some extent due to the gas trapping
in the defective sites and it needs relatively higher temperature to remove the adsorbed gases.
The multilayer graphene (MLG) hydrogen sensors have normally high response and fast
response time at room temperature/moderately high temperature, but the recovery is delayed.
However, high-temperature sensing registers faster recovery.

Issues like drift, calibration, stability, selectivity, and the interference of humidity of the
graphene-based sensor devices have been thoroughly discussed. These concerns are elabo-
rately considered with special emphasis on the techniques to avert the problems with a simple
solution. Sometimes, very simple and judicious choice of some parameters (like temperature)
can solve complicated cases of device selectivity in mixed gas ambient. Till date, cross-
sensitivity has been an evergreen and challenging problem of the gas sensors in general and
the graphene-based devices for hydrogen sensors in particular.

Due to progress in graphene-based research, it is likely that new synthesis techniques may
allow the growth of complex device structures, suitable for developing ultra fast sensor devices
with selective response characteristics. The problems of suitable ohmic metallization can be
addressed if low-temperature CVD techniques are successfully devised. And this will simplify
the process steps to fabricate vertical and planar category devices. Also, the quality of the
graphene layer can be improved via innovative growth methodologies. These will eventually
solve recovery related issues of the graphene-based gas sensor devices. Moreover, it is of
utmost importance to understand the operational mechanism of the graphene device at the
basic level in order to improvise the ways to improve the performance of the graphene-based
sensor devices.
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Abstract

The role of porosity on impedancemetric NO, sensing is discussed for sensors com-
posed of a porous yttria-stabilized zirconia (YSZ) electrolyte and dense Au electrodes.
NO, sensors considered here were fabricated at firing temperatures of 950-1200°C, which
established a range of electrolyte microstructures where the porosity ranged from
approximately 50% to44%. Analysis of the electrical response of the NO, sensorsindicated
thatsensorsfired at1050°Cresultinginanelectrolyte porosity of 46% demonstrated higher
NO, sensitivity based on the operating conditions studied. The impedance of the sensors
demonstrated a strong dependence on the electrolyte porosity. The activation energy of
the sensors, whichranged from 109.2 to 81.1k]J/mol, decreased with decreasing electrolyte
porosity.Sensorswithanelectrolyte porosity>46%werelimited by dissociated adsorption,
whereas gas diffusion was rate limiting for sensors with an electrolyte porosity <46%. The
impedancemetric response of the porous sensors to NO concentrations <10 ppm was
distinguishableatoperatingfrequenciesashighas40Hz, thereby suggestingrapid sensing
capabilities. Overall, the microstructure of the sensors composed of a YSZ electrolyte with
46% porosity promoted a strong, rapid, and highly sensitive response to NO,.

Keywords: NO, sensors, porous zirconia, impedancemetric, impedance spectroscopy,
dense Au electrodes

1. Introduction

Automotive exhaust gas sensors play a critical role in monitoring emission components, such
asnitric oxides, carbon monoxide, and hydrocarbons. These sensors also communicate with the
vehicle on-board diagnostic system in order to regulate engine operation. Environmental
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regulations have largely been responsible for driving improvements in gasoline and diesel
engine operation and efficiency, as well as the use of cleaner fuels, which have translated into
lowerpollutantlevels[1-3]. Monitoringlower pollutantlevelsrequires theapplication of sensors
capable of detecting exhaust gas constituents with greater sensitivity, selectivity, and accuracy.

Nitric oxides (NO and NO,), referred to as NO,, are highly regulated exhaust gas species as
these emissions significantly contribute to environmental and respiratory health issues.
Vehicles with diesel engines tend to emit higher concentrations of NO, emissions, in compar-
ison to vehicles using gasoline engines. Thus, NO, sensors are a crucial component in diesel
exhaust aftertreatment systems. Ceramic oxide-based electrochemical sensors are widely used
as NO, sensors as they can rapidly respond to changes in the exhaust gas composition.
Traditionally, these sensors have utilized a dense zirconia-based electrolyte accompanied by
porous noble metal electrodes. The porous electrodes allow the exhaust gas to diffuse to
reaction sites along the electrolyte/electrode interface within the sensor. This interface is called
the triple-phase-boundary (TPB). As the exhaust gas diffuses, it is possible for heterogeneous
catalysis reactions involving NO, to occur within the electrodes, thereby, resulting in a lower
concentration of NO, at the TPB. This can be particularly problematic for accurately detecting
low concentrations of NO and NO, gases. Current NO, sensors can accurately detect NO,
concentrations down to approximately 10 parts per million (ppm). Martin et al and Ling et al
[4, 5] have found that greater sensitivity can be achieved by changing the microstructure of
sensor components, such that the electrolyte is porous and the electrodes are dense. Using this
sensor architecture, which is opposite to conventional NO, sensors, has enabled NO and
NO, to be detected at concentrations as low as 5 ppm. The dense electrodes seem to limit
heterogeneous catalysis reactions, while the porous electrolyte allows NO, gases to proceed
to the TPB where NO, sensing reactions occur. The degree of porosity within the electrolyte,
as well as the morphology, significantly influences the exhaust gas diffusion path, diffusion
rate, and concentration of reaction sites at the TPB. Thus, in order to gain greater understanding
of porous electrolyte properties that influence the electrochemical response of NO, sensors it
is necessary to understand the behavior of a broad range of electrolyte microstructures.

This chapter concentrates on the behavior of NO, sensors composed of a porous yttria-
stabilized zirconia (YSZ) electrolyte. YSZ is favored as the electrolyte in NO, sensors due to its
tolerance for both lean and rich exhaust gas conditions [6]. Under lean exhaust conditions, the
oxygen concentration in the exhaust is high, whereas rich conditions create an oxygen-
reducing environment. The yttria content contributes to the mechanical and ionic properties
of the material. Fully-stabilized zirconia (i.e., 8 mol% Y,0O;-stabilized ZrO,) has a reasonably
high ionic conductivity, which contributes to the magnitude of the NO, sensitivity response
[7]. The pores of the YSZ electrolyte provide pathways for gas diffusion, while the contiguous
network of YSZ particles provides pathways for ionic transport. These pathways are depend-
ent upon the electrolyte microstructure.

The various electrolyte microstructures presented in this chapter were studied using the
impedancemetric method for NO, sensor operation. Impedancemetric NO, sensing is a
relatively new approach that is favored for the potential to overcome performance limitations
associated with other methods; and, lower manufacturing costs are expected to be more readily
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achieved by using this approach [4]. The following discussion will address the role of the
NO, sensor electrolyte microstructure, in terms of porosity, particle size, particle-to-particle
contact, and TPB reactions, based on analysis of impedancemetric NO, sensing for various
operating conditions.

2. Impedance theory

Electrochemical impedance spectroscopy is a valuable and commonly used technique for
examining the dynamics of mobile and bound charges within the bulk or at the interface of
solid and liquid materials [8]. It is useful for investigating the electrochemical behavior of
NO; sensors, and can provide an understanding of the dependent relationship between NO,
reactions, and the composition, microstructure, and configuration of materials composing the
sensor. Analysis of impedance data can also indicate potential reaction steps, such as adsorp-
tion, dissociation, diffusion, charge transfer, and ionic transport that can promote or limit the
electrochemical behavior of the sensor. The impedance, Z, of a material is obtained by applying
a small alternating voltage or current to the material sample and measuring the electrical
response with respect to frequency, f. The impedance describes the opposition to current flow
not only due to resistance, but also from capacitance and inductance effects that vary with
frequency. The impedance is generally described in the complex plane by the real component,
Re(Z), and the imaginary component, [im(Z), according to the following equations:

Z(@)=Re(Z)+ jim(Z) 1)

where w =2ntf
Re(Z)=|Z|coso )
Im(Z)=|Z|sin6 ®)

The magnitude |Z1 is:

12| =\[Re(2)] +[1m(2)] 4)

and the phase angle, 6, is given by,
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Im(Z)
Re(Z) ©)

6 =tan™

|ZI| or 6 is commonly used to quantify the NO, sensing response by the impedancemetric
method. Some studies have found the 6 response yields more sensitive and stable data in
comparison to the |Z| response [4]. For both |Z| and 6, the sensing signal is frequency
dependent, such that it is necessary to determine an appropriate frequency that enables noise
factors to be minimized and the sampling rate to be maximized. Such conditions contribute to
sensor accuracy, as well as a rapid response.

3. Experimental

Standard ceramic processing methods were used to fabricate NO, sensors with a range of
porous electrolyte microstructures. Tape cast 8 mol% Y,O;-stabilized ZrO, (YSZ, Tosoh Corp.)
was used for the electrolyte along with gold (Au) wires that served as dense electrodes. The
tapes were made by mixing YSZ powder with ethanol, binder (B-98 Butvar), dispersant
(phosphate ester), and plasticizer (dipropylene glycol benzoate). The mixture was ball milled,
dried, tape cast, and subsequently cut into rectangular strips that were approximately 10 mm
x5 mm x 1.5 mm. Further details concerning the fabrication steps are described elsewhere [5].
A YSZ slurry was made by dissolving additional YSZ tape into ethanol. This slurry was used
to adhere layers of tape and coat the Au wire electrodes composing the NO, sensors. One of
the Au wire electrodes was wrapped outside of the assembly and the other Au wire was
embedded between the YSZ tape layers. Additional YSZ slurry was coated over the entire
sensor assembly. Illustrations of similar sensors were published by Cui and Murray [9]. The
sensors were fired in air at 950, 1000, 1050, 1100, 1150, and 1200°C for 1 hour. The different
firing temperatures resulted in different porous electrolyte microstructures and morphologies.
Scanning electron microscopy (SEM) combined with statistical calculations and Archimedes
method were used to analyze the porosity of the electrolytes. The statistical approach and
calculations are discussed in reference [5].

Impedancemetric operation of the NO, sensors was carried out using a Gamry Reference 600
that was set to apply a small alternating voltage of 50 mV across the sensor and record the
electrochemical response over frequencies ranging from 1 Hz to 1 MHz. Experiments took
place in a quartz tube within a furnace operated at temperatures of 600-700°C. A standard gas
handling system composed of mass flow controllers was used to manage the supply of exhaust
gas mixtures containing O,, N,, NO, and NO, for a total flow rate of 100 sccm. This flow rate
was chosen to allow sufficient time for the gases to adsorb and diffuse through the pores within
the electrolyte to the electrolyte/electrode interface. NO and NO, concentrations up to 100 ppm
were studied with particular focus at lower concentrations (i.e., <20 ppm). These measure-
ments were collected in the presence of 1% to 18% O, with N, as the balance gas. The phase
angle component of the impedance, 0, was used to determine the sensitivity to NO and NO,.
Equivalent circuit analysis was used to model the impedance data in order to interpret
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activation energies, oxygen dependence, and potential rate limiting mechanisms impacting
the NO, sensing response.

4. Electrolyte microstructure and morphology

Typical SEM images of the various porous YSZ electrolytes fired at temperatures ranging from
950°C to 1200°C are shown in Figure 1. These images show the surface of the NO, sensor
electrolyte. The cross-sectional images (not shown) were very similar to the corresponding
surface images. For sensors fired at lower temperatures, the YSZ particles were smaller in size
and there was less contact between particles, in comparison to the electrolyte for sensors fired
at higher temperatures. The SEM images showed YSZ particles of similar size, ranging from
approximately 60 to 80 nm, for firing temperatures up to 1050°C. At 1100°C, there was a
noticeable change in the microstructure as greater necking was observed between connected
particles. As the firing temperature increased, the porous pathways and network of electrolyte
particles became more distinct. Surface cracks were observed on electrolytes fired at 1150 and
1200°C. These defects were more substantial in electrolytes fired at 1200°C, which may indicate
that thermal stresses were the source.

Figure 1. SEM images of YSZ electrolytes fabricated at (a) 950°C, (b) 1000°C, (c) 1050°C, (d) 1100°C, (e) 1150°C, and (f)
1200°C.
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The porosity was calculated using a three-dimensional statistical method based on the
difference in contrast between the pores and particles shown in the SEM images of the YSZ
electrolytes. Table 1 shows the porosity values determined for each sensor. The porosity
decreased by about 6% for sensors fired between 950 and 1100°C. However, only a small
change in porosity was observed for sensors fired at 1100 and 1150°C; and, an unexpected
increase in electrolyte porosity was determined for sensors fired at 1200°C. It is likely that the
cracks observed in the sensors fired at 1150 and 1200°C were a source of error in this data.
Porosity measurements by Archimedes method, also shown in Table 1, were found to decrease
with increasing firing temperature, and were consistently about 6% higher than the porosity
calculations by the statistical method. Using Archimedes method, open pores composing the
entire YSZ electrolyte were accounted for in the measurement; whereas the statistical method
was based on a series of surface images of the electrolyte. Although Archimedes method is
more prone to human error, it is possible that more reliable data, particularly for the electro-
lytes with surface cracks, are depicted in the results from Archimedes method.

T, (°C) Mathematical method Archimedes method
Porosity (%) o (%) Porosity (%) a (%)

950 50.16 1.82 56.6 0.87
1000 48.54 221 55.5 0.85
1050 46.70 1.88 523 1.11
1100 44.10 0.87 51.1 1.15
1150 44.06 0.66 50.6 0.64
1200 45.80 0.78 439 0.62

Table 1. Porosity results from mathematical method and Archimedes method as a function of the YSZ electrolyte
fabrication temperature, T;.

5. Impedancemetric NO, response

The impedancemetric response of the various sensors to NO, indicated similar data for the
response to NO and NO,. This is a common observation that has been associated with
thermodynamic conversion of NO, to NO at elevated temperatures [5, 10]. Given this obser-
vation, representative data collected for NO are presented. Typical impedance data collected
for the sensors indicated a strong relationship between the sensor electrolyte fabrication
temperature and the magnitude of the impedance response. This can be seen in the impedance
data collected for sensors with electrolytes fired at 1000, 1100, and 1200°C that were operated
at 650°C in the presence of 10.5% O,, shown in Figure 2. The data were measured in triplicate
for each testing condition to insure that stable, reproducible data were collected. The sensor
impedance response depends upon material composition and microstructure, molecular and
electronic transport, as well as the following electrochemical reduction/oxidation reactions:
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%02 +2¢ 07 (6)

NO, +2¢” «<>NO+0~* )

The size of the electrolyte particles and degree of particle-to-particle connectivity influence the
microstructure of the porous electrolyte, which affects gas and ionic transport pathways within
the sensors. If gas transport through the porous microstructure or ionic transport through the
particles is restricted, then reactions 6 and 7 will be impeded or limited. As shown in Fig-
ure 1, the electrolyte particle size and particle-to-particle connectivity increased with firing
temperature, while the corresponding porosity decreased. Thus, it is necessary to establish a
proper balance between gas and ionic transport pathways in order to promote NO, sensitivity.
The impedance data in Figure 2 indicated a lower impedance resulted for sensors prepared at
1100°C, in comparison to the sensors prepared at 1000 and 1200°C. This result likely indicates
that the microstructure of the sensors prepared at 1000°C lacked sufficient particle-to-particle
connectivity, thereby limiting ionic transport and causing a larger impedance to be measured.
On the other hand, the sensors prepared at 1200°C had more substantial particle-to-particle
connectivity, but a lower porosity, which likely limited gas transport resulting in the higher
impedance measurement. These data demonstrate the importance of understanding the
behavior of gas and ionic transport pathways and their influence on optimizing sensor

performance.
20 -
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Figure 2. Nyquist plots of the sensors fired at 1000, 1100, and 1200°C while operating in 10.5% O, with N, as the bal-

ance.
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To further analyze the electrical response of the sensors, equivalent circuit modeling with the
Gamry EIS300 software was used to simulate the impedance measurements under various
operating conditions. Bulk electrolyte properties associated with the porous YSZ microstruc-
ture, such as oxygen ion conductivity are described by the high-frequency arc (HFA) response.
More importantly, the impedancemetric NO, sensor response is primarily described by
electrode reactions, which are presented by the low-frequency arc (LFA) response. The
equivalent circuit model that best fits the sensor impedance results was (R,CPE,)(R,CPE,), as
shown in Figure 3.

Figure 3. Equivalent circuit used to model the impedance data.

The resistor, R;, was associated with the HFA and interpreted as the ionic transport resistance
of the porous YSZ electrolyte. The HFA depends upon the porosity of the electrolyte as the
porous microstructure creates tortuous pathways that can impede the flow of oxygen ions.
The LFA resistance, R,, described the interfacial resistance associated with TPB reactions. Such
reactions include gas adsorption, dissociation, diffusion, and charge transfer. The equivalent
circuit model accounted for the slight suppression of the arcs with constant phase elements,
CPE, and CPE,, which described the nonideal capacitance behavior of the electrolyte and
electrodes, respectively. The CPE is defined by the following impedance equation:

Z(w)=m ®)

where the impedance, Z, depends on the angular frequency, w, and Y| is a constant. When n
=1, the Z(w) represents a capacitance with a value equivalent to Y. Surface defects, interfacial
reactions, as well as the morphology of the sensor components can cause the time constant for
various reactions to differ resulting in nonideal capacitance behavior [8]. Table 2 shows the
simulated data generated for the sensors. These data were used to calculate the capacitance,
C, associated with the high and low frequency sensor response according to the following
equation:
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The CPE represents an ideal capacitor when n=1. The nn values shown in Table 2 were relatively
high, which indicated that the deviation from ideal capacitance behavior was small. Thus, the
capacitance values determined from Eq (9) were reasonably accurate. The capacitance is
associated with oxygen coverage at the Au/YSZ interface [9, 10]. The data in Table 2 also show
that the capacitance tended to decrease when NO was added to the test gas for sensors
fabricated at temperatures up to 1100°C, which suggests that oxygen coverage diminished as
NO occupied more sites along the TPB. The slight increase in capacitance observed in sensors
prepared at 1150 and 1200°C may be related to the surface defects observed in these samples.
Further discussion of the influence of oxygen on sensor behavior will be addressed in the later
section of this chapter.

T (°O) High-frequency arc Low-frequency arc

10.5% O, 10.5% O, 10.5% O, + 100 ppm NO

Y1(F) 107 n, Y2(F) 10 n, Y2(F) 10 n,
950 0.638 0.89 0.427 0.77 0416 0.77
1000 0.133 1.00 0.829 0.68 0.638 0.73
1050 1.149 0.86 0.923 0.79  0.909 0.79
1100 2.727 0.82 2912 0.82 2.799 0.83
1150 2.550 0.83 1.867 092 1.871 0.92
1200 0.265 1.00 2.162 091 2.260 0.90

Table 2. Equivalent circuit fitting parameters are shown for sensor impedance data collected at 650°C.

NO, sensitivity based on the impedancemetric method can be assessed using various param-
eters, including the angular phase response, magnitude of the impedance, and capacitance
behavior. Here the angular phase response, 0, at specific frequencies, f, was used to measure
NO sensitivity for the sensor with various porous electrolytes. The angular phase response is
favored for yielding highly accurate data with limited noise contributions. An operating
frequency of 40 Hz was determined from the impedance data to be a suitable frequency for
monitoring the angular phase response of the sensors for various concentrations of NO, in
order to achieve a relatively high sampling rate and response time. Based on the angular phase
response, the sensitivity, A6/6, of the sensors to NO was determined using the following
equation: AB/O = [(0 o, — O no)/ O o]- The term O o, corresponds to the baseline phase angle
response when only O, was present, and 6  represents the phase angle response for a specific
NO concentration. Figure 4 shows the NO sensitivity gas experiments for the porous electro-
lyte sensors for operation at 650°C as the NO gas concentration was varied. The gas sensitivity
data indicate that sensors prepared at 1050°C with an electrolyte porosity of 46% demonstrated
greater NO sensitivity, particularly at lower concentrations of NO, in comparison to sensors
fabricated at different temperatures. This suggests that the microstructure achieved at 1050°C
promoted sufficient gas and ionic transport to enable reactions contributing to NO sensitivity
to proceed more readily. Itisimportant to note that although the gas experiments also indicated
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reasonably high NO sensitivity responses by sensors fabricated at 950 and 1000°C, the higher
firing temperature of 1050°C results in a stronger and more durable ceramic electrolyte. Thus,
the microstructural and mechanical properties of electrolytes prepared at 1050°C contributed
to greater gas sensitivity to NO along with greater sensor durability.

NO
concentration
0161 7=650 <C with 10.5% O, e
1F =40H B 10ppm
T Bl i i [ 25ppm
C50ppm
l I | [ 75ppm
0.12 - 1 CJ100ppm

AD/O

1050 1100 1150 1200
Firing Temperature (°C)

950 1000

Figure 4. The fractional phase angle response for sensors fired at 950-1200°C in the presence of NO at a frequency of 40
Hz.

Knowledge of the oxygen and temperature dependence of the sensors can greatly aid inter-
pretation of mechanisms and reaction kinetics governing NO sensing behavior. The oxygen
partial pressure dependence was determined from the low-frequency arc, (R,CPE;) impedance
data collected for each sensor. As shown in Figure 5, a power law dependence of R, oc(pO,)™,
where the slope m = —0.47 to —0.72 was observed for the various porous electrolyte sensors.
The slope values were found to become more negative as the microstructure of the electrolyte
became less porous. Studies concerning oxygen partial pressure dependence have reported
surface limiting reactions, such as dissociative adsorption or atomic oxygen as potential rate
limiting mechanisms when the slope, m = -0.5 [11, 12]. Limited gas diffusion is commonly
associated with slope values approaching —1. The observations of the data shown in Figure 5
support gas diffusion becoming a rate limiting mechanism as the electrolyte porosity decreased
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and the gas transport channels became more limited in the sensors prepared at higher firing
temperatures. The sensors fabricated at 950-1050°C appeared to be limited by surface limiting
processes. Since greater NO sensitivity was achieved for these sensors, it seems plausible that
surface limiting processes do not significantly limit NO sensing behavior under the operating
conditions tested.
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Figure 5. Oxygen partial pressure dependence of the various sensors at an operating temperature of 650°C under con-
ditions where the oxygen concentration was varied from 1% to 18%.

The temperature dependence of the sensors was determined by the Arrhenius plots of the data
that primarily described electronic/ionic transport behavior. From the slope of the plotted data,
the activation energy, Ea, was determined for each sensor. The data in Figure 6 indicated that
oxygen ions were able to travel more readily as the operating temperature increased; and, that
greater ionic transport was achieved as the porosity of the sensor electrolyte decreased. Sensors
with lower porosity had larger YSZ particles and greater particle-to-particle connectivity,
which supported greater ionic transport. The activation energy values presented here were
typical for porous YSZ electrolyte NO, sensors with Au electrodes. The activation energy data
in Figure 6, taken into consideration with the NO sensitivity data in Figure 4, suggest that
sufficiently high oxygen ion transport activity can limit NO sensitivity. Thus, a microstructure
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that creates a suitable balance between the gas and ionic transport pathways is necessary for
establishing optimal NO, sensing properties.
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Figure 6. The temperature dependence is described by the Arrhenius plot for the sensors fired at 950-1200°C along
with corresponding activation energies.

6. Conclusions

Porous electrolyte-based NO, exhaust gas sensors are a novel and promising concept for
expanding the capabilities of automotive gas sensing technology. The work presented here
using the impedancemetric method clearly demonstrated the influence of the porous electro-
lyte microstructure on NO, sensing behavior. Substantial differences in the impedance
response, sensitivity, rate limiting mechanisms, and activation energies were observed in the
data collected for NO, sensors with porous electrolytes ranging from 50% to 44%. The increase
in NO, sensitivity observed in the sensors fabricated at 1050°C with a corresponding electrolyte
porosity of 46% was promoted by establishing a microstructure that provided a proper balance
between the gas transport pathways created by the porous microstructure and the ionic
transport pathways formed by the YSZ particles. In addition, the resulting particle size and
particle-to-particle contact of sensors with an electrolyte fabricated at 1050°C formed an
electrolyte/electrode/gas interface (i.e., TPB) that enabled reactions favoring NO, to proceed
more readily. The phase angle measurements collected at 40 Hz indicated NO, sensitivity can
be achieved at significantly low concentrations (e.g., 5 ppm), which suggests that rapid sensing
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is feasible for such sensors. Within the range of porosities tested, surface limiting reactions
appeared to be a rate limiting mechanism based on the oxygen partial pressure dependence.
However, this limiting mechanism did not appear to significantly impede NO, sensing
capabilities for sensors prepared at 1050°C. A strong relationship was observed between the
sensor electrolyte porosity and the sensor activation energy. Lower activation energies
correlated with lower electrolyte porosity. As research continues, the outcomes are expected
to contribute to a more complete understanding of NO, sensor behavior and provide funda-
mental knowledge necessary for the advancement of NO, exhaust gas sensor technology.
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Abstract

Online real-time monitoring of gases requires a miniaturized, passive, and accurate gas
sensor. Surface acoustic wave (SAW) devices possess these properties which make them
suitable for gas-sensing applications. They have shown remarkable results in sensing of
different gases in terms of sensitivity, selectivity, response, and recovery times. One of
theimportant prerequisites a designer should know is tohave knowledge on the different
types of sensing material suitable for gas-sensing applications, prior to design and
fabrication of the sensor. Different sensing materials, including metal oxides, polymers,
carbon nanotubes, graphene, nanocomposites, etc. have been used for SAW gas sensors.
In this article, different sensing materials for SAW gas sensors will be discussed.

Keywords: surface acoustic wave, gas sensor, carbon-based material, polymer, reso-
nator

1. Introduction

Acoustic wave technology can offer the technology for gas detection and has been used for a
variety of wireless sensor applications for some decades. The Surface Acoustic wave (SAW)
technology has offered the development of small, lightweight, battery-free, maintenance-free,
and multiple-sensor wireless interrogation operations [1]. SAW components have been used as
filters or resonators in mobile phones in the telecommunication industry. They are also used as
sensors for pressure, torque, acceleration, humidity, temperature, chemical, and biological
applications.With the advent of modern technology, lots of efforts have been made by research-
ers to reduce air pollution by the development of highly responsive gas sensors. Different SAW
configurations which include delay lines and resonators have proved to be reliable and showed
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good sensitivity, selectivity, and response time. The advantage of their small size and having
tunable frequency has made them rather promising sensing devices.

In order to develop a highly sensitive sensor, knowledge for the selection of suitable sensing
materials becomes rather critical. In this article, an insight into different sensing materials for
SAW gas sensors is presented.

1.1. Sensing materials

As the gas sensor consists of a transducer and a sensing layer, the sensing layer therefore
constitutes an important part of the SAW sensor. The mechanism of sensing is such that any
changes in the conductivity, mass loading, viscoelastic effect, stress effect, as well as charge
carriers from gas adsorption of the sensing material cause a corresponding frequency shift.
This relationship had been represented by Sauerbrey [2]. It shows the relationship between
the mass that has been deposited on the SAW device and the resonance frequency. Based on
this equation, the density, shear modulus, loaded mass, and the type of piezoelectric substrate,
all contribute to the sensing effect. When a sensing material is deposited on a SAW, there is
viscoelastic effect on the SAW propagation, which leads to a shift in acoustic wave velocity
and also changes in acoustic wave attenuation. The shift in wave velocity is as a result of mass
loading, while the acoustic attenuation is led by the viscoelastic properties of the sensing
material. Moreover, dynamic behavior significantly influences the response of the device. In
case of polymers, there is an assumption that the device responds to the mass of the polymer
film. This assumption is valid only if the film is rigid and moves synchronously with the surface
of the resonator that is oscillating. As a result of the moving film, the kinetic energy produced
causes a decrease in the resonant frequency. However, if the moving film does not move
synchronously with the surface of the film, it causes a lag behind the resonator, and this creates
a viscoelastic response.

A

Y

absorber IDT1 sensing layer IDT2 absorber

piezoelectric substrate

Figure 1. Two-port SAW delay line gas sensor.
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The sensing layers are responsible for interacting with the different types of target gases.
Figure 1 depicts a SAW-based gas sensor which consists of the interdigital transducers (IDTs),
reflectors, and the sensing layer. One-port and two-port SAW delay lines show the interdigital
transducers (IDTs), reflectors, and the sensing layer. Surface acoustic waves are generated on
a piezoelectric substrate with two sets of IDT. The first transducer converts electrical signal
into acoustic wave, while the second converts this back to electrical signal. Rayleigh waves are
usually used for gas-sensing applications [3]. The mechanism of SAW-based sensor is that
when a thin sensing layer is applied on a piezoelectric substrate upon gas exposure, there is
an interaction between the gas molecules and the sensing layer. This interaction will cause
perturbations on the boundary conditions of the propagating SAW wave, which manifest as
a change of velocity and attenuation of the propagating wave.

In order to choose a suitable sensing layer, several factors need to be considered. These factors
include good selectivity toward the target gas, good response and recovery time, stability of
the material over time, affordable cost, and nontoxicity of the material.

The sensitivity of the sensor is measured based on the output measurand of the sensor which
could be voltage, current, resistance, or frequency. In the case of SAW sensor, the output is
based on frequency; therefore, it is defined as Af/Ac, where Ac is the change in analyte
concentration. S is expressed in terms of Hz/ppm or Hz/vol. %. Similarly, in the case of resistive
or conductometric sensor, the sensitivity is expressed as AR/R or AG/G.

Therefore, knowledge of the different types of sensing material is essential for careful selection,
so as to fulfill the above-mentioned characteristics.

There are different types of sensing materials used for gas-sensing applications. These include
metal oxides, polymers, nanocomposites, carbon nanostructures which include nanotubes,
nanofibers, graphene, and their composites, etc.

1.1.1. Metal oxides

The use of metal oxides as gas-sensing materials was first reported by Brattain and Berdeen
in 1953 [4]. Since then, a lot of researches have been done toward investigation of different
types of metal oxides for sensing applications. Metal oxides are materials which are widely
used in different types of gas sensors.

The specific characteristic that makes them universal to be used in gas sensors includes high
thermal stability which makes them suitable for applications in harsh environments. They also
have good adaptability to different reducing or oxidizing gases by changing their electrical
properties in the presence of gases. This conductivity change manifests as a change in reso-
nance frequency, which is translated as the sensor signal.

Different types of metal oxides have been employed in SAW gas sensing for the detection of
different gases. Metal oxides suitable for applications in SAW gas sensing include tin oxide
(5Sn0O,), Indium oxide (In,0;), tungsten trioxide (WO;), and zinc oxide (ZnO). These metal
oxides have been employed as SAW sensing materials for the detection of different gases,
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including hydrogen, ammonia, carbon monoxide, ethanol, etc. Table 1 summarizes the types
of metal oxides used for SAW gas sensing.

Author Type of metal oxide Gases detected Temperature
Wang et al. [6] In,O, Hydrogen Room
V.B Rajetal. [7] Zn0O, 5SnO,, TeO, Ammonia -
Duy Chan et al. [8] Pt/ZnO Hydrogen Room
A.Z Sadek et al. [9] ZnO Hydrogen 200-300°C
Tang et al. [10] C0,0,/510, Ammonia Room
Tang et al. [11] ZnO/SiO, Ammonia Room
ZnO 200°C-300°C

Table 1. Summary of some metal oxides for gas-sensing application.

1.1.1.1. SAW hydrogen metal-oxide based gas sensor

The first hydrogen SAW sensor was reported by D. Amico in 1982 [5], whereby palladium was
used for hydrogen sensing; however, for improved sensitivities, metal oxides used for
hydrogen sensing include indium oxide, zinc oxide, tungsten trioxide, etc. Indium oxide is
also one of the metal oxides that is used for sensing both reducing and oxidizing gases. It has
been widely used for the detection of different gases with improved sensitivities developed a
SAW hydrogen sensor based on indium oxide at room temperature [6]. The experimental
results showed a high sensitivity for hydrogen gas with a frequency shift of 11.83 kHz toward
400 ppm of hydrogen gas.

Zinc oxide was among the earliest metal oxides discovered and is widely used due to its good
thermal and chemical stability and high conductivity of mobile electrons. However, the
alignment of well-ordered nanostructure improves the performance of the sensor. Sadek [12]
developed a ZnO nanorod SAW gas sensor for hydrogen detection. Results obtained showed
good sensing performance when exposed to different hydrogen concentrations at operating
temperatures of 200-300°C. The highest frequency shift was obtained at an operating temper-
ature of 265°C.

In order to enhance the performance characteristics for hydrogen sensing at room temperature,
many noble metals including Pd, Pt, Au, Ti, and Ni are employed. Duy-ThachPhan et al. [8]
fabricated a SAW hydrogen gas sensor by using ZnO nanoparticles incorporated with a Pt
catalyst. The integration of Pt/ZnO formed a layered structure on the SAW device in order to
improve the sensitivity. Based on [13], Pt is the best catalyst to dissociate hydrogen atoms at
room temperature. Experimental results obtained showed good results with a frequency shift
of 55 kHz in 1% hydrogen concentration at room temperature.
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1.1.1.2. SAW ammonia-based metal oxide sensors

The first SAW ammonia gas sensor was reported in 1987 in which platinum film was employed
as a sensing layer for ammonia detection [14]. Since then, different types of materials are
explored for ammonia sensing. Metal oxides used for ammonia sensing include WO,, ZnQO,
Cobalt III oxide, etc.

WO, is one of the n-type semiconductor materials which have been employed for gas-sensing
applications. Their property of having large surface-volume ratio has made them suitable for
this purpose. Past researches have showed good sensitivity toward NO,, H,S, O;, and H, [15-
17]. It has been used as a sensing layer for the detection of concentrations of less than 1% of
hydrogen gas in air [18]. However, for improved sensitivity, the structure of the tungsten
trioxide was modified by sputtering platinum (Pt) and gold (Au) metals, and the sensing
behavior was investigated at various operating temperatures [19].

Recently, nanowires have also been used on WO; in order to enhance the sensitivity and
recovery times of hydrogen at room temperature [20]. In order to improve the sensitivity and
selectivity, oxides are mixed with CNT to form composite and used for ammonia sensing. A
highly sensitive ammonia gas sensor was fabricated using SnO,/MWCNTs composites at room
temperature [21].

In order to improve the sensitivity of SAW devices, layered SAW devices have been fabricated.
Results obtained have shown an improved sensitivity, when compared to nonlayered devices
[22]. The layered structure (Figure 2) shows a configuration with a ZnO intermediate layer
and also WO; sensing layer.

e e o i B . illie i b B .

WO, selective layer E Pt or Au activator
ZnO layer . Metallised electrodes
“_- LiTaO, substate

Figure 2. Layered SAW sensor [23].
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The function of the intermediate layer is to increase the sensitivity arising from conductivity
changes at the surface. It also traps the acoustic energy at the substrate. This configuration has
been used for the detection of hydrogen [23, 24], ethanol vapor, and humidity [25].

Cobalt III oxide has also been considered as a p-type semiconductor, and it possesses the
nonstoichiometric property. It has been used for sensing different gases, such as CO,
H, C,H;0OH, and NO, gases [4], but proved nonresponsive with ammonia gas. It also has the
limitation of high operating temperatures above 200°C. Recently, Yong-Liang et al. fabricated
a SAW-based ammonia gas sensor using hybrids of Co;0,/SiO,[10]. Results obtained showed
improved sensitivities when compared with pristine Co,0,and SiO,

Recently, different thin films of oxides were used in order to investigate the sensing behavior
toward SAW-based ammonia gas sensor. Thin films of ZnO, SnO,, TeO,, and TiO, were
deposited in the SAW sensor with the same thickness. Results obtained showed that the ZnO-
coated SAW was found to be more sensitive toward liquor ammonia, compared to the other
oxides [7].

1.1.2. Polymers as SAW sensing materials

Conductive polymers are another class of promising materials that are suitable for applications
in gas sensing. The advantage of polymers over metal oxides is that they can work efficiently
even at room temperature. Another advantage of conducting polymers is the ease of integra-
tion to the transducers of SAW device.

They comprise of carbon and hydrogen as the major constituents, while nitrogen, oxygen,
sulfur, phosphorus, and halogens as minor constituents. The polymers that are promising for
different sensing applications include polyacetylene, polythiophene, polypyrrole, polyaniline,
etc. Polyaniline (Pani) and polypyrrole (PPy) are p-type semiconductors that are very unstable
in the undoped state. These polymers have conjugated m-electronic system that changes
electronically upon gas interaction.

When polymers are deposited to the SAW device and deployed for gas-sensing applications,
the changes in the frequency are not due to the adsorption of gas/analyte, but as a result of the
change in the modulus of the polymer [2] . The layers have an influence on the wave propa-
gation velocity, which is dependent upon the viscoelastic effect of the polymers.

The viscoelastic responses of SAW could be in two forms. In the first mechanism, the response
of the SAW is tracked by the velocity (v) changes related with the changes in storage modulus
(G'), and the viscoelastic responses and attenuation () changes are related with the change in
loss modulus (G”). Similarly, the second mechanism showed that in a thickness shear mode
resonator, the movement of polymer films is not always synchronous with that of the surface
of the device [26]. Rigid films with large value of G and phase lag move synchronously with
the surface of the oscillating resonator, whereas compliant films with lower G and high tend
to lag behind the resonator. Therefore, the phase shift is also one of the factors that leads to
changes in the film dynamics and viscoelastic response. A model has been developed by Grate
et al., in which the frequency shift was described as a resultant effect of vapor mass adsorption
and the swelling of the polymer layer.
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To improve the sensitivity, the surface of the SAW sensor can be modified using surface
treatments so as to obtain selected chemical properties as reported by [27]. Polyisobutylene
was employed as a sensing layer in a SAW sensor for the detection of perchloroethylene (PCE).

Ricco et al. [28] reported lead phthalocyanine (PbPc) conducting thin films employed as SAW
sensing material for NO,detection. Results obtained showed increase in sensitivity in the
magnitude of 1000 times as compared with pure mass response of SAW devices. However,
due to continuous exposure to gas, the sensor became oxidized, which leads to a drift in sensor
signal. Humidity interference is one of the limitations of conducting polymers.

Polypyrrole nanofibers were used as a sensitive layer for hydrogen detection. They were
synthesized using a template-free chemical process and deposited in the SAW sensor.
Responses showed frequency shift of 20 kHz toward 1% of hydrogen gas and 4.5 kHz for 2.1
ppm of NO,[29]. However, for improved sensitivities, bilayer structures of metal-free phtha-
locyanine (H,Pc) with palladium (Pd) have been employed for hydrogen gas sensing at a very
low temperature. To reduce the effect of humidity on gas sensing, a layer of polyethylene
membrane was placed on the bilayer structure. Frequency shifts were observed for hydrogen
concentrations between 0.5 and 4% [30].

Polythiophene nanofibers have also been used for hydrogen detection. They have also been
synthesized using the template-free method and deposited on a layered SAW surface.
Frequency shift was observed to be 17 kHz toward 1% of hydrogen concentration [31].

Similarly, polyaniline nanofibers were employed as a sensing layer for the detection of
hydrogen gas. A cross section of the SAW sensor is shown in Figure 3. The nanofibers have
been synthesized using electropolymerization process and then subsequently deposited on
the SAW substrate. The thickness of the dedoped polyaniline was varied, and the response
behavior to hydrogen gas was investigated. Frequency shifts were observed for all thicknesses,
with the smallest thickness having frequency shift of 12.1 Hz for 0.06% of hydrogen, while the
largest thickness SAW sensor gave a frequency shift of 9.2 kHz [32].

Sensing layer DT
wlvaniline nanofiber
(poly ) electrodes

R N

Piezoelectric substrate (LiTaOs)

Figure 3. SAW gas sensor based on dedoped polyaniline nanofiber [32].
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The integration of metal oxides with polymers has a great potential for increased sensitivity
and selectivity at room temperature. As reported by [33], nanostructured polyaniline has the
ability of high diffusion as a result of high surface-to-volume ratios and increased penetration
depth for the gas molecules. Similarly, metal oxide nanoparticles are expected to improve
sensor performance due to the grain size and high surface-to-volume ratios. Therefore, with
the hybridization of polyaniline/SnO,, hydrogen response is greatly enhanced with 30 s
response time and 120 s recovery time to 1% hydrogen gas concentration at room temperature.
The same authors [34] also reported the use of polyaniline/WO, sensing layer on a two-port
SAW resonator for hydrogen detection at room temperature. Sensor performance was greatly
improved with 40 s response time and 100 s recovery time to 1% hydrogen gas at room
temperature.

Atashbar et al. developed a SAW-based sensor with camphorsulfonic acid (CSA) polyaniline
nanofibers as a sensing layer for the detection of hydrogen at room temperature.

1.1.3. Carbon-based materials for gas-sensing applications

The advent of nanotechnology has attracted much interest into the use of carbon-based
materials for gas-sensing applications. They possess inherent properties that make them
attractive, which include high thermal and mechanical stabilities, high surface area, and good
metallic and semiconducting behaviors. Carbon-based materials include carbon nanotubes
(CNTs), nanofibers, nanobelts, nanorods, graphene, etc. The employment of CNTs for different
gas-sensing applications is more common among researchers.

CNTs are of two types: single-walled carbon nanotubes (SWCNTs) and multi-walled carbon
nanotubes (MWCNTs). A SWCNT is formed from a roll of graphene formed into a cylinder
with diameters ranging from 0.4 to 2 nm, while MWCTs are formed from several layers of
graphene rolled into nested rings of cylinder. They can be synthesized using three methods:
laser ablation, arc-discharge, and chemical vapor deposition. Pristine CNTs possess very
strong sp? carbon—carbon bonds, which gives them a very good stability. Their small diameter
and hollow structure make them suitable for gas adsorption and detection. The small diameter
allows electrical signals flowing along the tube to interact with any slightest defects within or
outside the tubes. Both MWCNTs and SWCNTs are suitable for gas detection due to their
semiconducting and metallic behaviors.

1.1.3.1. Gas sensors based on MWCNTs

MWCNTs have been used successfully for the detection of different gases, CO, NO,, H,NH,,
and N,[35]. Their drawbacks arelong recovery time as shown by and that sensing is required
at high temperature [36-38]. Jayatissa [39] investigated the detection of hydrogen gas using
MWCNT films synthesized by CCVD. Sensing of hydrogen gas was observed only at temper-
atures between 150 and 300°C, but there was no sensing at higher temperature (400°C) or low
temperature (25°C). Similarly, MWCNT-based sensor was also employed for the detection of
NO; to increase the sensitivity, an electric field was introduced between the two copper plates,
with one of them containing the MWCNT silicon wafer. It was observed that the stronger the
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electric field applied, the better the sensitivity would be [40]. Sayago [37] fabricated an NO,gas
sensor using double-walled and MWCNT, respectively. Sensing was observed at 25-250°C
toward NO,, but not Hyor NH;. Good sensing response was only observed at temperatures
higher than 100°C.

Similarly, Penza et al. [41] fabricated a SAW gas sensor based on SWCNT and MWCNT for
the detection of volatile organic compounds. The CNTs were deposited on the SAW transducer
using the spray painting technique, as shown in Figure 4. Results obtained showed high
sensitivity toward ethanol, ethyl acetate, and toluene at room temperature. The authors
observed and reported that the SWNT showed a higher sensitivity than the MWCNT solvent
for the dispersion of the CNT, and also affects the sensing behavior. The sensing ability of
SWNT is better than the MWCNT, because the SWNT could be either metallic or semicon-
ducting. The higher response of SWNT sensor could be attributed to high number of semi-
conducting tubes, as shown by [42].

CARBOMN NANOTUBES
(SWONTs or MWONTS)

T

I
100nm > 5i0,
I].Smmi STX-Quartz
Metal .-\musticl l IN and OUT l
Reflectors Interdigital Transducers

Figure 4. SAW gas sensor based on carbon nanotubes [43].

The response of the sensor was monitored as a change in resonant frequency of the SAW
resonator. It was observed that there is a downshift in frequency for SAW sensors coated with
MWCNT/SWCNT dispersed in toluene toward ethanol, while an upshift in frequency was
recorded for SAW sensors coated with MWCNT/SWCNT dispersed in ethanol toward ethyl
acetate. This increase/decrease in resonant frequency is as a result of the mass loading effect
due to the molecules adsorbed on the surface of the nanotubes. This effect is manifested as
perturbations in the velocity of propagation. The change in resonant frequency is directly
proportional to the mass of gas that has been adsorbed.

Similarly, Cava et al. [44] employed the use of MWCNT film prepared by self-assembly
technique as a sensing layer for oxygen sensor. Oxygen sensitivity was observed when the
sensors were exposed to 10% oxygen in nitrogen at a temperature of 160°C. It was observed
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that sensors prepared by the drop-casting method were less sensitive compared with those
prepared by self-assembly method. This is because the self-assembly method provides a much
better distribution of the carbon nanotubes, which gives it the ability for improved gas
adsorption property.

However, the limitations of using pristine CNT as a sensing material are long recovery time,
low sensitivity, and sensing achieved usually at high temperature. As reported by [45], it was
established that CNT-based sensors do not give response to CO and H gases at room temper-
ature. Therefore, surface functionalization of the CNT using noble metals such as palladium
or platinum is required for sensing of CO and hydrogen at room temperature [46]. Function-
alization using noble metals enhances the conductivity of the CNT and thus increases sensi-
tivity. It allows for free movement and charge transfer between the ions and the gas molecules.

Carbon nanotubes are materials which have inherent electrical and mechanical properties, and
they have a hollow structure. These properties make them suitable candidates for gas sensing.
Their main limitation when employed as gas-sensing materials for SAW resonators in their
pristine form is that they cause short circuit of the IDTs. Therefore, to deposit the sensing layer
successfully and to overcome the problem of short circuit, an insulating/guiding layer needs
to be created between the IDTs and the sensing layer to form a layered structure as shown in
Figure 4.

It has dual advantages: it serves as a guiding layer by protecting the IDTs, and it also increases
the conductivity. Silicon oxide is also another type of insulating layer and has been employed
for gas-sensing applications. As reported by Penza et al. [41], a two-port SAW resonator was
developed for volatile organic compounds (VOCs) sensing, to deposit the sensing layer which
is composed of single-walled and multi-walled carbon nanotubes; an SiO, insulating layer was
sputtered so as to function as a guiding layer for SAW and protection of the metallic coating.
Carbon nanotubes were then sprayed with an airbrush. Response of carbon nanotubes toward
VOCs was then observed.

Similarly, the same authors [43] developed a SAW two-port resonator for the detection of VOCs
using similar structure, with SiO, as an insulating layer of thickness 100 nm. Some researches
employ the use of layered structure for sensing layer. The layered structure has dual function:
to serve as a guiding layer and to increase the sensitivity. This could be seen in [47] was
fabricated using ZnO/LiTaO; substrate and the ZnO serves as the guiding layer for the
electrodes and also to enhance the sensitivity. Single-walled carbon nanotubes were then
deposited using the Langmuir-Blodgett technique, and then tested toward hydrogen,
ammonia, and nitrogen oxide gases, respectively.

A double surface acoustic wave resonator system was proposed by [48], as shown in Fig-
ure 5. In this system, the sensing layer will be fabricated and integrated separately from the
SAW resonators. This will eliminate the use of guiding layer and the short circuiting of the
IDTs as a result of deposition of CNT. The system was successfully used for the detection of
hydrogen from 1 to 2% with functionalized CNT/Pani sensing layer.
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Figure 5. DSAWR system for gas-sensing applications [48].

Recently, Arab et al. [49] developed a SAW resonator gas sensor for acetone detection using
MWCNT/cerium oxide nanocomposites. Preliminary results using pristine MWCNT caused
short circuit to the IDTs, which is due to their high metallic behavior, and such MWCNTs were
mixed with cerium oxide so as to reduce this metallic behavior and prevent the IDTs from
short circuit. This gave good response to acetone vapor and ethanol at room temperature.

1.1.3.2. Gas sensors based on CNTs/nanocomposites and polymers

Conducting polymers are among the organic polymers that are suitable and promising
materials for gas-sensing applications as could be recalled from Section 1. To enhance their
sensitivity, conducting polymers are combined with CNTs because of their instability when
used as gas-sensing material alone. However, due to the inability of sensing CO gas at room
temperature using SWNT but only at elevated temperatures [50]. However, Choi et al.
investigated the electrical properties of PANI/SWNT as a composite sensing material for the
detection of CO and ammonia. Results obtained showed that the composite material was more
responsive toward ammonia than CO gas with increased conductance for CO but decreased
conductance toward ammonia [38] .

Similar to polymers, nanocomposites are also another group of promising materials that could
be used to enhance gas-sensing performance. This is due to their high surface area, chemical,
and mechanical properties. Nanocomposites could be integrated with metal oxides, polymers,
and carbon nanotubes for improved performance. The response of polymers and CNT
composites has also shown improved performance. It was established that the CNTs—polymer
composites could be used to improve the mechanical properties and stabilization [45]. This is
because when the CNT is integrated inside the polymer matrix, more mechanical support is
provided in the arrangement of the polymer chain structure.

Sayago et al. [51] investigated the sensing behavior of hybrid polymers when used as a sensing
material. A SAW gas sensor was fabricated using polyepichlorohydrin (PECH) and polyether
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urethane (PEUT) with different ratios of MWCNTs. Solutions of the nanocomposites were
prepared with different weights of the MWCNTs and polymers, and ultrasonicated. The
solutions were deposited using airbrush spraying with a metallic mask on the sensitive layer
only. The sensor was tested toward volatile organic compounds, such as octane and toluene,
and also toward different gases including hydrogen, ammonia, nitrogen dioxide, and carbon
monoxide. Results obtained showed good response toward octane and toluene, but there were
no responses to any of the gases. This means that the composite materials do not have good
selectivity toward the gases but rather toward volatile organic compounds only.

Similarly, nanocomposites based on CNT and metal oxides can also be promising sensing
materials. David et al. [49] employed the use of MWCNT/Ceria nanocomposites as sensitive
layers for SAW gas sensor. The sensor was tested toward acetone and ethanol vapors.
Frequency shifts obtained showed higher response toward acetone vapor with a frequency
shift of 200 kHz at room temperature.. Similarly, nonconducting polymers could also be
another class of polymers that could be used as nanocomposite materials for gas sensing. Chee
Song et al. [50] fabricated a SAW gas sensor polyvinylpyrrolidone (PVP)/MWCNT nanofiber
composites for hydrogen detection. The nanofibers were synthesized by electrospinning the
composite solution deposited directly on the active layer of the SAW. Frequency shifts were
observed with 530 Hz for 1% hydrogen concentration and 11.322 kHz of 0.25% hydrogen
concentration for PVP concentrations of 1.525 and 1.025 g, respectively. This shows that the
sensor with a low PVP concentration gave a higher frequency shift.

Recently, it was established that carbon nanotubes with metal nanoparticles could also be used
as promising sensing materials. Mohsen Asad et al. [51] fabricated a SAW gas sensor based on
thin film of single-walled carbon nanotubes decorated with copper nanoparticles as a sensing
layer, which was deposited using drop-casting method. The sensor was tested toward different
gases, and the effect of temperature on the sensor response was investigated. The SAW sensor
was tested toward hydrogen, acetone, ethanol, and hydrogen sulfide, so as to investigate its
selectivity. The highest selectivity was observed toward hydrogen sulfide gas.

1.1.3.3. Gas sensors based on graphene

Graphene is a two-dimensional form of carbon that possesses unique properties. Due to its
low resistance and large surface area to volume ratio, it has shown to be a promising sensing
material. In recent years, graphene and its derivatives such as pristine graphene, graphene
oxide, and reduced graphene oxide (RGO) have been reported for different gas-sensing
applications in the detection of different gases, including H,0, NO,, CO, and NH;. The sensor
response is measured as a change in the resistance of the graphene film. However, graphene
has not been popularly employed in SAW gas sensors.

Guo [53] developed a SAW humidity gas sensor that is based on graphene. It was reported
that for low relative humidity of less than 50%, a downshift of 1.38 kHz was observed, which
was as a result of mass loading effect due to water adsorption by the graphene surface. Mass
loading effect was observed to be less effective at high temperatures.
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Thomas et al. [54] also developed a low-cost Rayleigh SAW resonator coated with a layer of
graphene. Exfoliated reduced graphene oxide (RGO) dots were deposited in the sensing
region, as shown in Figure 6. The sensor was deployed for the detection of different concen-
trations of NO, in air, and it exhibited good sensitivity of 25 Hz/ppm at low power and cost.

Graphene coating

1 ||
Wave generator ~ Wave read-out

Figure 6. SAW resonator coated with graphene for NO, detection [54].

Similarly, Arsat et al. [55] reported SAW gas sensor based on graphene-like nanosheets
deposited on LiTaO;. Graphene was synthesized by reduction of graphite oxide and deployed
for detection of H, and CO at room temperature and 40°C. A frequency downshift was
observed with CO and an upshift with H,. This was speculated to be as a result of incomplete
reduction of GO with hydrazine.

1.2. Conclusion and Outlook for Researchers

SAW-based gas sensors have proved to be reliable and promising in terms in sensitivity,
selectivity, high response, and recovery times. Increased sensitivity and selectivity are among
the key parameters a designer requires during the development of the sensor. As the sensing
layer is an integral part of the sensor, therefore knowledge of an appropriate sensing material
is vital for researchers. Different sensing materials which include metal oxides, polymers,
carbon nanostructures (carbon nanotubes and graphene), with their composites, have been
reviewed in this article. One of the limitations of polymers when employed as gas-sensing
materials is that after repeated measurements, there tends to be humidity interference.
Therefore, researchers should devise a way of regeneration of the polymer, so as to maintain
reproducibility during measurement. Similarly, pristine carbon nanotubes, due to their
metallic nature, have limitations when employed as sensing material, because they cause short
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circuit of the IDTs. For sensing applications that require CNTs, a guiding layer needs to be
fabricated which makes the design more costly.

Due to the interesting features of graphene, which include low cost, high surface area to volume
ratio, and ease of processing, it has been shown to be a promising sensing material. However,
not much literature has been reported for graphene in SAW-based gas sensors. Therefore,
researchers could explore more applications of graphene as sensing material for SAW gas
sensors. Graphene and its oxides are promising sensing materials due to production of less
expensive and highly sensitive gas sensors. Therefore, future works should focus on employ-
ing hybrids of graphene, including graphene oxides such as ZnO, WO,, 5SnO, CO,0,, etc., as
gas-sensing materials. Similarly, single-layer graphene and few-layer graphene have good
mechanical strength and high temperature tolerance, which makes them good candidates for
sensing materials, based on literature that they have not been exclusively used for SAW gas
sensors. It is therefore recommended that future works should incorporate them.

Different methods have been used for synthesis of graphene, including epitaxial growth,
unzipping of CNT, mechanical exfoliation, and chemical vapor deposition, among others.
Graphene produced from each technique tend to have different properties. It was shown by
Saleh-Khojin et al. [56] that sensors made of CVD-grown graphene nanoribbon exhibit much
higher sensitivity to gases than defect-free graphene that is produced by Scotch tape method,
which is due to adsorption of gas molecules at the edges of the graphene surface. GNRs have
been synthesized using CVD by [57]; therefore, work is ongoing on the application of these
GNRs in gas sensing.
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sample component to total composition analysis, into an analytically electrical signal.
This book is an attempt to highlight recent progresses in the chemical sensors. It is
composed of seven chapters and divided into four sections categorized by the working
principle of the chemical sensor. This collection of up-to-date information and the
latest research progress on chemical sensor will provide valuable references and
learning materials for all those working in the field of chemical sensors.
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