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Abstract

As a consequence of rapid development and related industrial growth tons of hazardous
and eco-antagonist gases are being constantly released in the atmosphere. Safeguard of
environment and living creatures is thus a serious problem of this century. In order to
control this problem, it is essential to monitor these harmful gases. Recently, sensing of
toxic gases has received tremendous attention due to excessive production and increase of
exposure levels to these gases. Semiconducting oxide gas sensors based on surface
reactions between analyte molecules and adsorbed oxygen species lead to the change in
concentration of charge carrier of oxide. The field of gas sensors is still plagued with
issues such as low sensitivity, poor selectivity, large response and recovery time, high
operating temperature etc. One way to improve the gas sensor properties is to explore

doped systems, composites, or hybrid systems of nanomaterials.
A brief explanation of the methodologies used is given below in each chapter.

The first chapter introduces working principles of gas and humidity sensor. Factor
affecting sensing properties such as particle size, morphology, catalyst, effect of doping,
heterojunction, ternary systems etc. are reviewed in context of gas response, selectivity

and other important related parameters.

The second chapter deals with synthesis and characterization techniques involved in gas
sensing study. The synthesis techniques namely spray pyrolysis, hydrothermal,
successive ionic layer adsorption and reaction (SILAR) method used for obtaining
desired nanostructures are briefly discussed. The gas sensor set-up and measurement

techniques namely static and dynamic are discussed.

The presentation of the thesis is divided in two sections I and II. In section I the results on
the gas sensing properties of the functional binary oxide ZnO are reported. Two cases are
discussed, namely a) the effects of dopants, and b) the effect of forming a hetero-interface
with a suitable partner material (in this case CdS). In section II detailed results on the gas
and humidity sensing properties of three interesting ternary oxide systems which are

important and interesting in their own right are presented, analyzed and discussed.



Section I: Tailoring the properties of the binary oxide ZnO for gas sensing

The third chapter deals with effect of doping on gas sensing properties of ZnO thin films.
This chapter comprises two sections namely indium and aluminium doping effect on gas
sensing properties of ZnO. In first section high quality indium-doped ZnO (IZO) thin
films (~100 nm) have been deposited onto the glass substrates by using a conventional
spray pyrolysis technique. Their response towards various gases was measured at
different operating temperatures and different levels of In-dopants. The 3 at.% In-doped
ZnO showed response as high as ~13,000 for 1000 ppm H,S at 250°C. It exhibited fast
response (~2 s) and recovery time (~4 min). Second section also deals with a facile spray
pyrolysis route to deposit aluminium doped ZnO (AZO) thin films on to the glass
substrates. It is observed that on aluminium doping the particle size of ZnO reduces
significantly; moreover, uniformity of particle also gets enhanced. The gas response
studies of ~800 nm thick Al-doped ZnO films at different operating temperatures show
that 5 at.% Al-doped ZnO thin film exhibits highest response towards H,S gas at 200°C.

In fourth chapter, we report visible light assisted room temperature NO, and H,S gas
sensing of ZnO nanorods (NRs)/CdS heterojunction. ZnO NR/CdS heterojunction shows
improved optical absorption in the visible region. The visible light assisted gas sensing
performance of ZnO NRs and ZnO NR/CdS were carried out. In presence of light
ZnONR/CdS heterojunction showed enhanced NO, response compared to ZnO. Further,
ZnO/CdS heterojunction exhibits light assisted H,S response.

Section II: Ternary oxides for gas and humidity sensing

The fifth chapter deals with facile synthesis of vertically aligned nanosheets of FeV;Og
on the fluorine doped tin oxide (FTO) by simple hydrothermal technique. The schematic
gas sensing study of FeV3;0Og nanosheets were performed for NHs, CO, H,S and NO, for
different operating temperature between 50°C and 350°C. The FeV3;0g nanosheets exhibit

good response and selectivity towards H,S at low operating temperature of 150°C.

In the sixth chapter, we report facile synthesis of NiCo,O4 nanograss using simple
hydrothermal method. Interestingly, nano-blades of each NiCo0,04 nanograss is

constituted of ~10-15 nm sized nanoparticles with throughout mesopores along the



nanoblades. Gas sensing study of NiCo,0, nanograss exhibits large surface area, porous
nature, and high catalytic activity. NiCo,0O4 nanograss exhibits good response to NH3 and

CO.

In the seventh chapter, we report hydrothermal synthesis of single phase zinc stannate.
Zn,Sn04 (ZTO) film of ~10 um thick films showed ~4 order changes in its response
towards humidity. The complex ac impedance of ZTO films are taken between 11% and
92% relative humidity(RH) at 1V with 50 mV amplitude of ac signal between 107 and
10° Hz. AC impedance analysis shows when sensor is operated at 0.1 Hz with 50 mV at

1V gives better response over entire range of humidity (11% RH to 92% RH).

Chapter 8 presents conclusions of the thesis and future scope for research in gas sensor

field.



Ph.D. Thesis | AcSIR 2015| Chapter 1
Chapter 1

Introduction

The present thesis is based on engineered nanostructures of metal oxides for
gas and humidity sensing applications. This chapter initially presents the
overview of sensor and types of chemical sensor. The main focus of this
chapter is based chemiresistive gas sensor based on semiconductor oxides.
This chapter briefly discusses working principle, factor affecting gas sensing
performance, performance parameters sensors, different engineered metal
oxides like binary, ternary, doped, hetero-junction of semiconductor metal

oxides. Lastly, working principle and literature survey of humidity sensors is

presented. The outline of the chapters to follow is provided at the end of the

chapters.
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1. Introduction

Sensors are used in almost every sector of our life and their uses have now become
almost inevitable. Recent years have seen tremendous improvements in sensor
technology. The advancements in sensor manufacturing technologies are driven by
the developments in miniaturization technologies, lowering of costs, enhancements of
speed, lowering of power for supporting microelectronic circuits, and advances in
signal conditioning processes. It is a continuous quest to develop efficient, reliable
and good quality sensors for commercial competitiveness. In order to improve sensor
output data, simulation technologies and design aides are now playing crucial roles in
saving time and improving product quality. In this chapter, we briefly introduce
sensor basics, their classification, and finally focus on various aspects and parameters

involved in metal oxides based gas and humidity sensors.
1.1 Sensor: Basic introduction

Sensor is a transducer which senses/detects characteristic properties of its surrounding
environment. It recognizes change in a measurable quantity and converts it into
corresponding output signal processable by a data acquisition system. Nowadays
sensors are used in most of the everyday operations such as touch sensitive elevators
buttons and dimming/brightening lamps by touching their base. There is ample
number of sensor applications that most of people are unaware of even though they
are in frequent use. The uses of sensors have been expanded with recent advances in
micro-machining and microcontroller platforms. Sensors have very diverse
applications base which includes various industrial manufacturing processes,
machineries, cars, airplanes, aerospace, robotics, mobiles, and the huge medical
sector. Sensors are always a key integral part of a larger system which may include
detector, signal conditioners and processors, data recorders, memory devices,
actuators etc. The term ‘sensor’ started earning respectability and wide spread use
during the 1970s[1]. The uprising in the field of sensors was caused by the then
technological revolution and the pace of the corresponding developments continues
till date. The unprecedented development in microelectronics during the past few
decades has resulted in an evolving technical intelligence which has led to the
production of more intelligent autonomous machines involving multiple sensing

features.
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The world is moving fast and sensors have increasingly crucial roles to play in every
aspect of life. Most sensors are either in contact of the inspected object or exchange
signals with the same, the corresponding nonelectrical information is then to be
transformed into electrical signals at a rapid pace (fast response), they must operate
incessantly in repeated cycles, and should be small in size to be effectively integrated
into the operational systems architecture. These are some broadly approved attributes
of any sensor system [1]. The most desirable characteristics of a sensor are high
sensitivity, high stability, and nearly perfect repeatability. The utility of sensors is
defined and limited by these three characteristics which can be specified over a
certain range of measured values and operation times. In many cases highly sensitive
devices are not useful as their output signal drifts during the time of operation and the
data obtained is not reliable. The other important features like selectivity, linearity can

be compensated for by signal conditioning circuits or using other independent sensors.

The classification of sensors needs to take into account various possible simple to
complex phenomena that enable sensor functionality. The classification of sensors can
be done based on stimulus, physical phenomenon employed, mechanism of signal
accumulation and conversion, choice of specific material system(s), and applications.
Sensors classified based on applied stimulus are thermal, acoustic, electric, optical,

magnetic etc.

1.2 Chemical Sensors

A chemical sensor recognizes and is sensitive to the chemical composition of its
surrounding environment. It is self-efficient analytical device which gives information
about a solid, liquid or gas phase in its vicinity. The sensors signal is directly related
to the type and analyte concentration i.e. the chemical element to be detected. They
are also named as artificial noses or artificial tongues depending on what is being
sensed or detected, and these aptly resemble the biological systems. The similarity
between a biological system and technological systems in use is illustrated in Fig. 1.1.
In a biological system, receptor organs recognize and transmit signals to the brain
through sensory neurons. Similarly, in technological systems sensing element acts as
a receptor that responds to its environment by changing its inherent property. A
transducer converts this primary information into electrical signal which is then

supplied to data acquisition system i.e. a computer which functions similar to the
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central nervous system of the brain. Recently, amplifiers are being increasingly used
to amplify the signals of devices. Hence, for the effective functioning of sensors two
key steps are involved namely recognition and transduction. In chemical sensors, the
recognition step deals with selective interaction of analyte molecules with receptor
sites or molecules of sensing elements. Subsequent changes in characteristic physical
parameters are converted by means of integrated transducers which generate the

useful analytical signal.

Computer Information
processing

Amplification;

Sensory nerve Analogue circuit preprocessing
Transducer Signal
Sensory conversion
receptor Sensing element
(receptor)
A 4 & A 4 &
Environment

Figure 1.1: Signal processing in biological and technical systems [Printed with

permission[1].

In 1991, the International Union of Pure and Applied Chemistry (IUPAC)[2] defined
chemical sensor as “A chemical sensor is a device that transforms chemical
information, ranging from concentration of a specific sample component to total
composition analysis, into an analytically useful signal”. The chemical information,
referred in the definition, may emanate from a chemical interaction of analyte
molecules or a physical property of the system studied. Some authors have proposed
different definitions of a chemical sensor. Wolfbeis [3] defined chemical sensors as
small-sized devices having a recognition element and a signal processor competent of
continuously and reversibly reporting a chemical concentration. Here, reversibility
implies that the sensor should provide dynamic response with change in concentration

and not ‘freeze’ during measurements. According to Gopel and Schierbaum [4]
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chemical sensors are devices that convert a chemical state into an electric signal.
Chemical sensors are thus a measuring chain link between the chemical world and the
world of electronics. Stetter and Penrose have stated some typical features of
chemical sensors [5] and these are as follow: A sensitive layer in chemical contact
with analyte/test molecules, reaction of the analyte with the sensitive layer leading to
alteration in the chemistry of the layer, transduction of the corresponding change to an
electrical signal, physically small, performing in real time, inexpensive and suitable

for the same chemical measurements over another equivalent instrument.

An analyzer is an essential component of a chemical sensor. It is an automated part of
a system containing devices which function for operations such as sampling, sample
transport, signal processing, data processing. As discussed earlier, the receptor part of
the sensor interacts with analyte molecules generating physical/ chemical properties
variation. The transducer measures the energy formed due to chemical interaction
carrying useful chemical information into usable analytical signal. This transducer

part has nothing to do with selectivity.
Receptor part of chemical sensor can be based on the following principles:

» Physical (no chemical reaction) e.g. temperature, conductivity, refractive
index, absorbance, or mass change.

» Chemical (Reaction with analyte produces the analytical signal).

» Biochemical (a biochemical process generates the analytical signal) e.g.
Microbial potentiometric or immuno sensors. They are also known as

biosensors.
1.2.1 Classification of chemical sensors

The classification of chemical sensor can be carried out in a number of ways. The
classification based on transducer’s operating principle, as given by IUPAC[2], is
shown in Table 1.1. Chemical sensors can also be classified based on applications
(e.g. pH sensor, metal ions sensors, O, or other gaseous sensors), modes of
applications (e.g. specific process monitoring, in vivo use etc.), Different
classifications methods can be employed based on logical and clearly defined

principles.
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MICAL SENSOR:
Electro- Magnetic Optical Calorimetric Mass-
Chemical sensitive
Solid-state
: (electronic) _ 5 =
Amperometric Fiber-optic Catalytic Surface
(Pellistors) acoustic wave
1 Conductometric —
Potentiometric Chem|- | I
1 luminescence Pyroelectric Quartz crystal
| FET T microbalance
Conductometric I Spectro- I T
hotometric
| Schottky o cozzet:::‘iili Cantilever
Culonometric diodes . ty
Fluorescence I
T 1 .
Work Thermo-
CHEMFET S SUrface poplests
1 Plasmon
lon-selective I_ I
electrodes Capacitance Photo-
acoustic

Table 1.1: Classification of chemical sensors based on operating principles of

transducers [Reprinted with permission[6].
1.3 Gas Sensors

The main goal and responsibility of the present generation is to monitor air quality
and address the related health problems. In the last few decades, the living standards
of human beings have been improving at great pace owing to continued industrial
revolution. Such unprecedented technological developments have however created
severe environmental safety issues for human and living animals. Air pollution has
been constantly increasing as a result of growing industrialization; vehicular exhaust
being one of the leading contributors. Hence, Industrialization requires detection and
monitoring of toxic pollutants and gases emanating from refining, explosives, and
processing establishments for environmental protection and safety monitoring. The
detection, measurement and possible elimination of a specific hazardous gas in the
ambient is the key part in product development, process control, and environmental
monitoring and control. Therefore, it is essential to develop sensors which detect toxic

and inflammable gases operating under the ambient conditions.

Gas sensor is a subclass of chemical sensors. It has numerous applications in

industrial process control, and environmental monitoring. For many gases, sensitive
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sensor systems have been developed significantly in the recent years. Toxic/ stringent
smelling gases like H,S, NH3 and other hazardous gases used in industrial processes
have been continuously targeted by researchers. In food industries, detection of smell
generated from food and food products, and different volatile gases is necessary to
determine and monitor the quality of products. These gases are present in very minute
levels and are generally mixed with other interfering gases. It is necessary to develop
sensors for toxic gases such as SOy, COy, NOy, etc. which cause air pollution and can

be applied to control combustion exhausts from stationary automobiles facilities.

Gas concentration / ppm

0.001 0.01 0.1 1 10 100 1000 10000 100000

i 1 ] 3 i ¥ 4 I i
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Figure 1.2: Concentration levels of typical gas components concerned. * indicate the
standards of the gases legislated in Japan by (1) Environmental Standard, (2)
Ordinance on Health Standards in the Office, (3) Offensive Odor Control Law, (4)
Working Environment Measurement Law, and (5) Ordinance by Ministry of Health,

Labour and Welfare[Reprinted with permission[7].

There is always a need to develop novel gas selective sensors for various gases. It is

requisite in some cases to develop different sensors for the same analyte which
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depend on sensor operation conditions. In order to monitor air pollution, gas sensors
need to measure pollution level in the atmosphere, so that appropriate action can be
followed. The flammable gas sensors are also essential to avoid unwanted
fire/explosion. Explosive gases (like Hj) are not toxic at ppm level but above a
threshold value they form an explosive mixture. Therefore, flammable/hazardous gas
sensors have tremendous demand for their usefulness towards safety purposes. It is
necessary that gas sensors are developed which detect the toxic gases in parts per
million in the atmosphere. Figure 1.2 reveals the respective limits for typical toxic and

or flammable gases present in the atmosphere[7].

It is necessary to have the concept of gas sensor design to develop various gas sensors
to fulfil the demands from gas sensors. As discussed earlier, a gas sensor should have
two basic functions, namely the receptor function (recognition of analyte molecules)
and the transducer function (translate recognition into a sensor signal). The
recognition of gas molecules occurs as a result of adsorption or chemical reactions of
analyte molecules with sensing materials. Transduction function mainly depends on
materials being used for analyte recognition. In the case of semiconducting materials,
sensor signal is transduced into an electrical resistance alteration. In many cases
capacitance, resonant frequency, electromotive force, optical absorption and emission

can also be used as sensing signal for different sensing elements.
1.4 Different technologies used for gas sensors

The gas sensors are commonly divided into three groups based on the technology

employed.

» Optical
» Spectroscopic

> Solid State

In an optical sensor, the target gas molecules are stimulated by light and measured via
the corresponding specific absorption spectra. Optical sensor technology needs
complex measurement system, in many cases a monochromatic source for excitation,
and optical sensor to analyze the absorption spectra. Analysis of gas can also be done
by techniques such as infrared spectroscopy, chromatography, ultraviolet fluorescence

etc. These techniques are very accurate and sophisticated, but require
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skilled/experienced technician to operate them to obtain good results. The optical and
spectroscopic systems are very expensive for common domestic purpose, also due to
their large size they cannot be used or implemented in car engines. Therefore, solid
state gas sensors are very useful due to the possibility of making them in miniaturized
size, feasibility of implementing them for online work, and non-requirement of a

skilled operator. Hence, solid state gas sensors have attracted tremendous attention.

1.5 Solid State gas sensors

Solid state sensors have many advantages such as fast response, ease of operation,
small size, portability, low-power and most importantly their low cost[8,9]. In
addition, these sensors can work online without the requirement of trained operators.
Solid state gas sensors are good candidates for commercial use for a broad range of
applications[10-12]. Solid state gas sensors have continuously attracted scientific and
industrial world due to their various advantages such as small sizes, high sensitivities
(ppm or even ppb level detection) towards various gases, compatibility for on-line
operation, possibility of batch production, and low cost. Conventional analytical
method such as nuclear magnetic resonance (NMR), chromatography, mass
spectrometer on the other hand are complex, large in size and expensive. Real-time
analysis is difficult with many of these techniques as sample preparation is necessary
for the analysis. Solid state gas sensors however have several problems such as
accuracy, stability etc. Advances in nanotechnology have overcome these issues in
many ways through manipulation of novel nanostructured systems, fabrication of
novel nanomaterials with better gas sensing properties etc.

Solid state gas sensors are based on reversible chemical reactions of analyte
molecules with sensor. The reaction of analyte gas with the surface of sensing
elements leads to change in conductivity, capacitance, mass, work function, energy
released due to reaction, optical property variation etc. Thus, sensing performance of

sensing elements can be determined by measuring any of the above mentioned
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properties. Solid state gas sensing materials have been used as pellets, thin or thick
films. For the design of solid state gas sensors, theoretically there are no restrictions
for use of any materials based on their chemical, physical, electrical or structural
properties. Different materials such covalent semiconductors, solid electrolytes,
semiconductor metal oxides, polymers, organic semiconductors, ionic membranes
have been used in gas sensors prototypes[13-24]. There are numerous reports on gas
sensing characteristics and performance based on these materials. However, all the
gas sensors are not equally effective; hence the key problem is the selection of
optimal gas sensor material with required operating parameters for the design and

manufacture of a good and effective gas sensor[25-30].

In the market, three main types of gas sensors are produced in large scale [11]. These
are based on solid state electrolyte, catalytic combustion, and modulations of
resistance sensors. These are termed as electrochemical, pellistor, and conductometric
or chemiresistance sensors, respectively. The present thesis is based on third type gas
sensor i.e. conductometric gas sensor. Table 1.2 presents a comparison between

semiconductor gas sensors with other types of solid state gas sensors. [31].

Table 1.2: Comparison of various types of gas sensors [Adopted from [31]]

Parameter Type of gas sensors
Semi- Catalytic Electro- Thermal Infrared

conductor | combustion | chemical | conductive | absorption
Sensitivity e g g b e
Accuracy g g g g e
Selectivity p b g b e
Response time e g p g p
Stability g g b g g
Durability g g p g e
Maintenance e e g g p
Cost e e g g p
Suitability to e g p g b
portable
instruments
e: excellent, g:good, p: poor, b:bad

Semiconductor gas sensors based on chemiresistive (or conductometic) properties
have been extensively used to detect harmful and combustible gases due to their ease

of operation and low cost. The chemiresistive gas sensor is based on the interaction
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between an analyte gas molecule and a semiconductor which leads to a change in the
electrical resistance of sensor[25]. Such sensors exhibit high sensitivity, rapid
response time, compatibility for design of portable instruments, and low cost. These
qualities compensate over their drawbacks and open opportunities to their use in

alarm systems, and some portable gas sensing instruments.
1.6 Semiconductor Metal Oxides Gas Sensors:

In 1953, Bardeen and Brattain for the first time reported a gas sensor based on the
formation of space charge layer on the surface of germanium[32]. Subsequently, in
1962, Seiyama et al. reported gas detection based on the same principle using a new
semiconductor oxide ZnO[33]. In the same year, Taguchi first patented SnO, resistive
gas sensor based on the same principle and commercially implemented this idea to
develop semiconductor oxide based gas sensors[34]. Figaro Engineering Inc. is the
leading company in gas sensor market with their popular product Taguchi gas sensor
(TGS). Since then there has been a continuous quest to develop gas sensing materials
and gas sensor technology to fulfil various performance parameters required for
different applications. Improving the performance parameters of the available gas
sensors is one of the focussed areas of investigation. Apart from this, there is an
unending research quest devoted to investigations of novel gas sensing materials and
mechanisms for understanding and applying the basic science behind the processes.
Therefore not only further improvements in the gas sensing performance of gas
sensors are possible but new science and mechanisms are also likely to appear on the
sensors scene. There are many literature reports which give brief overview of and

insights into further expected developments in this field of research.

The performance parameters of a gas sensor can be optimized by controlling the
crystallite phase, grain size, morphology, and employing a multi-component system
such as doping (by noble metal, transition elements, inert impurity etc) or composites,
heterojunction etc. Such choices along with preferred microstructures affect the
physico-chemical properties such as stabilization of a preferred oxidation state,
improvement in the catalytic activity, chemical and thermal stability, increase in the
density of free charge carriers and their rate of exchange, and the control of surface
potential and inter-grain surface barriers. In chemiresistive gas sensors, the influence

on the physical properties of typical metal oxides when an analyte gas molecule gets
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adsorbed on the grain-boundary of the corresponding polycrystalline material is

illustrated in Fig. 1.3[31].

Change of the thickness of Change of surface stoichiometry;
unstoichiometric surface layer; change of surface potential;
change of bulk conductivity; change of surface conductivity;
change of the thickness of change of surface reactivity
space-charge region

Grains Reduction/Reoxidation
Bulk oxygen
diffusion
Surface
unstoichiometric
Bulk region layer
Interface region I Adsorption/Desorption
Catalysis
Intergrain (surface) diffusion
Change of metal oxide Change of surface charge;
stoichiometry change of surface potential;
at the intergrain interface; change of the concentration of
change of the hight of intergrain chemisorbed oxygen participated
potential barier; in “redox” and diffusion
change of intergrain resistance

Figure 3.3: shows a diagram illustrating the different processes occurring in metal
oxides during gas detection and their consequences for polycrystalline metal oxides

properties [Reprinted with permission[31]].

As stated above, the semiconductor metal oxide based gas sensors are chemiresistive
type of gas sensors. The construction of solid state gas sensor is simple; first a
semiconducting material is deposited/constructed on an insulating substrate and then
metal wire contacts are used as electrodes. The sensor signal is generated due to
change in the resistance of semiconductor metal oxide upon analyte adsorption.
Semiconductors metal oxide gas sensors have a tremendous market value due to their
capability to detect wide range of toxic and combustible gases. These gas sensors
suffer from lack of selectivity till date. Yet other sensor performance criteria such as

low cost, reliability make them faster growing gas sensor devices in the market.
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1.6.1 Working Principle of Semiconductor Metal Oxide gas sensor

The working principle of a metal oxide based gas sensor is described using surface
reactions taking place on grains and corresponding variations in energy band is shown
in Figure 1.4[35]. In the presence of air, oxygen molecules are chemisorbed on the
surfaces of grains by extracting electrons and forming depletion layer around the
grains. The depletion layer is also known as Debye layer or space charge layer. At the
grain boundaries, back to back space charge layer is formed which forms potential
barrier for the electron across the grains. This increases resistance of n-type metal
oxides. The temperature dependent oxygen reaction with metal oxide is shown in
following equation[36].
Oxygen reactions

MO + 0O +e——MO - O~ (between 150°C and 300°C) (1.1)

MO + 20 + e-——MO - O~ (between 30°C and 150°C) (1.2)
The above reactions lead to extraction of electrons and as a result the resistance of

sensor element increases.

(A)PHYSIGAL MODEL

depleticn (of
ctlecirona) regicn

band

! \ conduction
alactronic . / elaclr{lns
_{_ vurmenl /'F\
IQ I" /

'
donors—"

(b) BAND MODEL

Figure 1.4: shows that ionosorbed oxygen affects inter-granular electron transport as
depicted by the physical and band models. The height of the energy barrier is gVs
[Reprinted with permission [35]].
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In presence of a reducing gas, oxygen molecules are removed from surface and
electrons are released back to the grains. This reduces the depletion layer, thereby
decreasing the resistance of the sensor element.
Reducing gas reaction

R + MO - O——MO + RO + e— (1.3)
However, in the presence of oxidizing gas, electrons are extracted from the metal
oxide which further increases depletion layer and thus increases resistance of metal

oxides.

\
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Figure 1.5: presents a pictorial representation of gas sensing mechanism and
corresponding equivalent circuits involved of (a) n-type and (b) p-type semiconductor

metal [Reprinted with permission [37]].
Oxidizing gas reaction

This reaction is represented by,

MO -0-+0+e-—MO -0, (1.4)
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For both n- and p-types of semiconducting metal oxides, similar adsorption of oxygen
onto the surface of a metal oxide is observed[37]. However, the conductivity
mechanism is totally different. In n-type metal oxides, ionosorbed oxygen depletes the
surface of carriers by extracting electron i.e. the surface region is more resistive (Fig.
1.5 a). However, in the p-type semiconducting metal oxide, the ionosorbed oxygen
forms an accumulation layer (holes) and thus the surface becomes more conductive
(Fig. 1.5 b). Thus, in n- and p-type metal oxides opposite behaviour of conductivity is

observed for the same test gas [Figure 1.6].

Adsorbed te%get gas Adsorbed tegget gas
oxygenion oxygenion
Wi ' yYa
Conductionband (' & ( e
A| (1 )
Valence band h O h ®
Gasin Oxygen
g ¢ |ambient
5 g
5 ' k
ez | Oxygen v ‘
ambient / Gasin

n-type MOS sensor p-type MOS sensor

Figure 1.6: shows a schematic representing the effect of reducing gas on the

resistance of n-type and p-type metal oxides [Reprinted with permission[38]].

The gas sensing mechanism of metal oxides discussed above briefly does not tell the
whole story. In reality, modulation depletion layer not only affects the number of
charge carriers but also their mobility[39-40]. There is still an ongoing debate whether

sensing is due to oxygen ionosorption or oxygen vacancies[41-42].
1.6.2 Fundamental aspects of gas sensors

The main challenge of gas sensors is to detect toxic and inflammable gases at low
concentrations and that too selectively. Therefore, currently there is a growing need

for gas sensors with advantageous properties such as high sensitivity, selectivity,
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stability, robustness etc. Hence to improve gas sensor performance, the fundamentals

aspects of the working principles of gas sensors should be understood.

There are many factors affecting the gas sensing properties such as kinetics of
reactions, diffusivity of analyte on the surface of the sensor element, the
microstructure of sensor etc. Figure 1.7 represents the basic functioning of a gas
sensor. The entire gas sensing process is classified into three parts namely receptor
function, transducer function, and utility. Therefore, the properties of gas sensors can

be altered or modified by tuning each of these aspects separately or concurrently.

a) Surface b) Microstructure ¢) Element

(Receptor) (Transducer function) (Output resistance change)

Figure 1.7: Schematic diagram of receptor and transducer functions of the
semiconducting gas sensor. Where, D: particle size, X: neck size, L: thickness of

space charge layer[Reprinted with permission [43]].
1.6.2.1 The Receptor Function

The interaction between gas molecules with the sensor surface is known to define the
receptor function. The receptor function converts chemical information into a certain
kind of energy which can be measured by transducers[2]. The chemical interaction
between the surface of a sensor and the analyte molecules can be adsorption,
exchange of ions, and electrochemical reactions. In the presence of air, oxygen
adsorbs on the surface of sensor and forms negatively charged oxygen species. This
forms a surface depletion layer around the surface of grains resulting in a band
bending (increase in the work function) of the sensor[44]. The reducing gas reacts
with charged oxygen species resulting in decrease in the thickness of the surface

depletion layer and band bending by injecting electrons into the conduction band,
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thereby decreasing the work function of the grain. In the case of oxidizing gas (NO,),
the thickness of depletion layer and band bending further increases due to extraction
of electrons by the oxidizing gas from the conduction band of the sensor material. The
change in the potential barrier height in the presence of gas is supposed to be the
source of conductance response of sensor[45]. In case of metal oxides, the
corresponding receptor function is highly influenced by the intrinsic electronic
properties and deviation from chemical stoichiometry. Oxygen vacancy is an inherent
defect in metal oxides. It leads to formation of space charge layer by forming
ionosorbed oxygen on the surface of metal oxide. The mobility of main charge carrier
is very important as it determines proportionality constant of change in the electrical
conductivity when analyte molecules interact with sensor[46]. Stoichiometric metal
oxides have lower conductivity. The conductivity of metal oxides can be enhanced by
doping or forming defects. Therefore, the receptor function can be modified by
doping or inclusion of additives with foreign receptor. For example, PAO on SnO,
brings more change in the work function as PdO is a strong receptor. This results in

enhanced sensitivity of PAO doped SnO,; as compared to pristine SnO,.

1.6.2.2 Transducer Function

The transduction function basically deals with effective conversion of molecular
information into an accessible signal i.e. electrical resistance. It deals with the ability
to transport electrons through grain boundaries. The change in the electrical resistance
as a result of the change in the work function is addressed by the transducer function.
For developing an understanding on this, the change in resistance of single crystal of
SnO; (a typical sensing material) and concept of receptor function is needed to be
considered in more detail. Oxygen molecules adsorbed on the crystal surface form
negatively charged oxygen species by extraction of electrons from the crystal and
result in breaking of periodicity of SnO,. The new energy levels arise due to dangling
bonds or unsaturated sites. The formation of negatively charged oxygen species is

represented by the following equation,
éOz(g) + ae” © 059(s) (1.5)

Where a is 1 or 2 depending on oxidation state of oxygen, =1 for single atom/ions

or 2 for molecules. S is site on the SnO; surface. The formation of electron depletion
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layer on the surface due to adsorbed charged oxygen species results in the formation
of an electric field at the surface. The energy band bends upward (for negative ion
upward bending occurs). In other words the process of trapping of electrons caused by
formation of depletion regions results in an increase in the resistance of sensor. When
such a depleted surface is exposed to reducing gases (like CO) it results in oxidation

of the gas, as given by the following reaction,

ﬂCO(g) + O‘Ea il IBCOZ(Q) + ae” (16)

The above reaction releases trapped electrons into coduction band of the sensor
resulting in decrease in the resistance of the sensor. This is how a variation in
chemical information is transformed into an electrical signal. Here, we discussed gas
sensing behaviour of single crystal SnO, however, in reality, gas sensor materials are

mostly polycrystalline and hence many factors affect the sensor output signal.

1.6.3. Factors affecting gas sensor performance of metal oxides

In a gas sensor, adsorbed oxygen reacts with analyte molecules and is removed from
the surface of sensor. The surface is further replenished from the atmosphere and gets
ready for the second event detection. Thus the reaction rate and equilibrium state
depend on the rates of the actions of removal and re-adsorption of oxygen. The
different sensitivity towards various gas concentrations and analytes is dependent on
the partial pressure of reducing gas as the surface replenishment depends on it. These
reactions depend on diffusion which in turn depend on the temperature of the sensor.
The microstructure of metal oxide also plays a crucial role in improving different gas
sensing performance features such as sensitivity, selectivity, stability etc. The various
microstructural aspects of metal oxides which affect gas sensing performance are

discussed in the following section.
1.6.3.1 Effect of grain size

In sintered or polycrystalline semiconductor metal oxides, grain size plays a crucial
role in determining the sensitivity of sensor. The formation of Schottky barrier
between the grain boundaries affects the transport properties of electrons and the
variation in barrier height results in the change electrical resistance of the sensor. The

thickness of the depletion layer is given by the following equation:
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evZ

Ly = Lp <= (1.7)

Where, Lp is the Debye length, Vi is the Schottky potential, k is the Boltzmann

constant, T is the temperature. The Debye length (Lp) and the Schottky barrier
potential (V) is given by

_ 2mq®NZ

Lp = N, (1.8)
ekT
Vs = 2me2Ny (1.9)

Where, ¢ is the dielectric constant, Ng is the concentration of the donor impurity, N;is
the concentration of surface charge states, q is surface state charge. The dependence
of the depletion layer thickness Ls on crystallite size (D) has been empirically
observed[47]. The values of Lgare typically in range of 0-100 nm. The dependence of

sensitivity on crystallite size is shown by using sintered SnO, with different crystallite

sizes[Fig. 1.8].
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Figure 1.8: Effect of grain size on sensitivity to 800 ppm H, and CO of pristine SnO,
annealed at 400°C [adopted from 42].

The Sensitivity hardly changes when crystallite size >20 nm. The sensitivity gradually

increases with decrease in grain size <20 nm. When grain size is <10 nm, the change
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in sensitivity is very large. Some literature suggests that in the case of SnO,, 6 nm is a
critical crystallite size (D.) and the corresponding thickness of space charge layer (L)

is twice this value [48-49].
Case I: For D>>2L:

In this case, electrical conductivity of the sensor depends on the grain boundary (GB)
barriers which affect intergrain charge transport. In the case of larger grains, the
electrical resistance of the sensor depends on Schottky barriers and rapidly changes
with them (Fig. 1.9a). Here, the surface reaction with analyte utilizes a very small

portion of the grains i.e. very little volume of the grains is utilized.
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Figure 1.9: Schematic diagram of porous sensing layers of different grain sizes (a-
larger grain and b-smaller grain) with energy bands. (Ap is the Debye length, and X,

is the grain size)[Reprinted with permission[36]].
Case II: For D>2L

Here, the grain size is somewhat larger or comparable with the width of the surface
depletion layer and the core region being unaffected becomes smaller. The neck-like
conduction channel is formed between the grains [Fig. 1.10a]. The conductivity of a

sensor is controlled by both the grain boundary barrier and the cross sectional area of
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the channels formed between the grains. In this case, these two factors lead to increase

in sensitivity with decrease in grain size.
Case III: For D<2L

In this case, the grains are completely depleted of the charge carriers and the
conductivity of the sensor abruptly decreases. The conduction channels between
grains disappear (Fig. 1.10 b). The energy band in this case is almost flat and grain
boundary barrier is very negligible. Hence the inter-grain charge transfer is not
affected by the grain boundary. In this range, gas sensing mechanism of the grains is

not yet clear.

a)
current flow
/ conduction channel
=
z, neck diameter
2, depletion layer
b)

Figure 1.10: Schematic diagrams of a porous sensing layer with geometry and band
energy of the neck between grains: a) partially depleted necks, b) completely depleted
neck contact. (Z, is the diameter of the neck; Z, is the depletion layer thickness)

[Reprinted with permission [36]].

1.6.3.2. Effect of geometry

The analyte molecule reaction with the surface of sensor involves many factors. For

illustration, consider a sensor with some thickness reacting with analyte molecules.
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The entire sensing material does not participate in the reaction; however reactions
occur upto certain depth from the surface of sensor. The kinetics of reactions is not
same throughout the depth from surface of the sensor. This is observed due to
competition between the reaction and diffusion processes. If reactions occurring at
outer sites are faster as compared to diffusion of analyte molecules to inner sites then
most of the inner surface remains unused. Thus it is necessary to consider the

geometry of the crystallite and the distance between the outer sites and the inner sites.

G. Sakai et al. have used Knudsen diffusion approach to investigate how analyte

molecules travel inside the film [50].

0Cq

- —kC, (1.10)

Where, Dy is Knudsen diffusion coefficient, t is time, C4 is target gas concentration, x
is (depth) distance from surface of sensing layer and k is the rate constant. The steady
state concentrations (0Ca/0t=0), boundary conditions at the surface (Co=Cj4, at X=0),
and 0C/0t=0 bottom (X=L) are applied to equation 1.10. The following equation is

obtained.

Cosh (L—x) k/Dk
Cy = Cys (1.11)
Cosh (L k/Dk)

By using this equation, the concentration of analyte Ca against depth x for different
values of /k/ Dkis plotted (Fig. 1.11) at a fixed temperature for a film thickness
(L)=300 nm, Ca, being the normalized concentration at surface. For, high value

of ’k / D, the concentration of analyte drops very quickly and only shallow region
gets occupied. As the value of /k/ Dkincreases to 107 further concentration drops

below 0.2 at the bottom. When value of /k/ D, is low ~107, very little drop in the

concentration is observed and practically it is not considered to be a variation.
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Figure 1.11: Simulated plot of gas concentration inside film of thickness 300 nm for

different values of /k / D, at fixed temperature [Reprinted with permission[50]].

Porous film of SnO; could be used to confirm the theoretical study of Sakai et al. [50],
although thin films of SnO, fabricated by using so-gel technique followed by
hydrothermal treatment have exhibited significant behaviour and can also be useful to
explain the behaviour in case of thick films. Gas sensor consists of small particles and
larger pores so that analyte molecules can easily diffuse through and each particle

should experience the same condition.
1.6.3.3. Crystallographic plane effects

The effect of crystallography on gas sensing properties is complicated and needs to
consider size, microstructure and crystal shape. The external shape of crystallite and
size is consistent with the growth of grains. The sensing properties are dependent on
external planes of the nanocrystals. Crystallographic planes of each crystal determine
its surface states density, adsorption and desorption energy etc. The size and shape of
the crystals affect adsorption and adsorption process during gas/surface interaction.
The effects of crystallographic planes on gas sensing properties are predominantly
observed when the crystallite size is D>> 2L. The external crystallographic planes
depend on the size of grain. The spray pyrolysed SnO, films on Si substrates have
different crystallographic planes depending on the direction of growth. Four different

crystallographic planes of SnO, are shown in Figure 1.12. According to PBS theory,
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the reactivity of K faces (111 plane) is more as compared to the F-faces (110, 101
planes). This is due to the fact that the 110 and 101 planes have strong bonds.
Different crystallographic planes have different distances of ‘Sn’ atoms and the order
is as follows: d(110)<d(100)<d(101)<d(001). [51] Hence energy is required for
chemisorption of oxygen and dissociation rate is different for different planes. This
signifies that the gas sensing properties can be enhanced by controlling

crystallographic planes.
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Figure 1.12: Structures obtained as result of simulation of thin films of SnO, of
thickness a) d~40-80 nm, and (b) d~300 nm, deposited by spray pyrolysis at different
temperatures between 400°C and 500°C [Reprinted with permission[52].

1.6.3. 4. Effect of dopants

The effect of noble metals like Pt, Pd and Ag on gas sensing properties of
semiconductor gas sensors have been initially explored by Shaver and Loh[53]. This
work suggested that doping addition of noble metals can be used to overcome certain
limitations of the pristine sensor materials. Doping adds catalytically active sites to

the surface of the sensor materials. Doping enhances performance of the sensor by
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favouring selective interaction of target gas molecule with the sensor element, thereby
increasing the sensitivity, response and recovery time. In addition, surface doping
may improve thermal stability of the nanostructure and durability of the sensor. Two
different mechanisms namely the electronic and chemical sensitization are usually
applied to describe the effect of surface additives[35, 54-55]. The main objective of
the use of dopant is to promote catalytic surface reaction of target molecules. The
target molecules are preferentially adsorbed on to the surface of noble metals and
forms activated fragments which spill over the surface of semiconductor. These
fragments further react with the negatively charged oxygen and the coverage of
ionosorbed oxygen is reduced, which results in a decrease in the resistance of the
sensor. However noble metal cluster remains unaffected[56].

The catalytic properties of dopants do not necessarily coincide with the gas sensing
performance. [28] The dopants should present an optimum environment between the
surface of the cluster and the semiconductor oxide base for electrons and ions
exchange. This suggests that high catalytic activity of dopant is important but not an

adequate requisite to achieve high performance[57-59].

Pure SnO,

Pd-Sn0O,

In air In sample gases (H,, CO)

Figure 1.13: Gas sensing response of SnO, particles in pristine or in Pd or PdO-

loaded SnO; element [Adopted from[60]].
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The dopants in oxidized state extract electrons of the host semiconductor and act as
electron acceptors. This leads to the formation of electron depletion layer near the
surrounding of the interface. In the presence of reducing gas, additives react with the
reducing gas and release back accepted electron to the host semiconductor. The
significance of electronic sensitization can never be too strong in semiconductor metal
oxides[60]. Figure [1.13] shows interaction of SnO, particles with test gas molecules.
In the case of pristine SnO,, oxygen get adsorbed on the surface and an electrons-
deficient space charge layer is formed. In the presence of a test gas, relaxation of
space charge layer occurs when oxygen molecules are consumed with the test gas. In
the case of additives like Pd/Pt, a space charge layer is formed due to the interaction
of Pd with SnO; in the presence of air due to the fact that depletion of electrons is
stronger as compared to only adsorbed oxygen. When a reducing gas converts PdO to
Pd, the space charge layer disappears. Hence, gas sensitivity of PdO-SnO; is superior

to pristine SnOs.

Concentration
of free charge
carriers

Type of grain
network &
porosity

Elemental
composition

stoichiometry

Effects of base metal
oxide doping

Surface
architecture

Formation &
stabilization
of active

catalyst

Catalytic
activity of the
base material

Grain size and
habits

Figure 1.14: The parameters of metal oxides can be changed by doping metal oxide

[adopted from[28].

In addition to nobel metals, many different metal/metal oxides are commonly used as
additives/dopants in order to improve sensitivity and selectivity. For example, In the

CuO-SnO; system, in the presence of H,S, CuO converts into CuS, thereby changing
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the chemical potential of the system that affects the charge state at interface of
semiconductor/dopant and thus exhibits high sensitivity for H,S [61-62].

It is necessary to anneal the sample at a desired temperature 300°-600°C in order to
form metallic clusters, leading to enhancement of homogeneity in distribution which
stabilizes gas sensing performance of the sensor [28, 63]. In reality, the effect on gas
sensing performance due to doping is very complex as it affects properties of the host
material. There are many parameters which are affected by doping foreign element

into the host semiconductor oxide is shown in Fig. 1.14.

1.6.3.5 Effect of film architecture

The interaction of analyte with the surface of semiconductor metal oxides can be
understood by ionosorption or oxygen vacancy theory. The interaction of analyte with
film morphology plays an important role[36]. The gas sensing film can be subdivided
into dense (compact) and porous films. In dense films, interaction of analyte
molecules occurs only at the geometric surface and cannot penetrate into gas sensing
film [Fig. 1.15]. However, in the case of porous films, gas molecules can penetrate
deep and react with grain, sintered neck, and the interface between the electrode and
the substrate[36]. There are several synthetic methods such as spray pyrolysis which
can be used to produce porous nanocrystalline films with grains and their crystal
properties are not uniform throughout the film[28].

product desorption
gas product gas

adsorption

compact layer

o product
A
S
porous layer: h

a.) grain boundary mode! [ L)

b.) open neck model ‘
c.) closed neck model

£ !

[
/
I
/ sensitive layer
”l \ \ electrodes

‘ substrate

Figure 1.15: Schematic representation of compact and porous layered films and accessible

surface for analyte molecules [Reprinted with permission[36]].
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Film thickness: The gas sensing response decreases with increase in the film
thickness as the fraction of the sensing element involved in sensing decreases.
However, the effect of film thickness on gas sensing response is insignificant as
increase in the reactive sites does not necessarily give a linear increase in the response
as the gas concentration in the film changes with porosity of the film, catalytic

activity, composition of analyte, temperature[64].

1.7 Gas Sensing performance characteristics

The gas sensor performance is judged by several parameters such as sensitivity,
selectivity, response time, energy consumption, reversibility, adsorption capacity,

fabrication cost etc.
1.7.1 Sensitivity

It is the ability to detect minimum concentration or volume of an analyte gas. When
chemiresistive sensor is exposed to analyte gas, the resistance of the sensor
experiences change. The interaction of analyte gas with the sensor surface leads to
change in the electronic state of sensor which is explained earlier in the receptor and
transducer section. There are two types of semiconductor metal oxides, namely the n-
type and p-type semiconductor oxides. In the n-type semiconductor oxide, electrons
are the main charge carriers. In the presence of air, oxygen molecules adsorb on the
surface of sensor by extracting electrons and forming the depletion layer, thus the
concentration of electron charge carriers is reduced. When n-type sensor is exposed to
a test gas (reducing gas like CO), it removes adsorbed oxygen and forms CO,,
releasing electron back to the sensor. Hence concentration of electrons in the sensor
increases and the resistance of the sensor decreases. In p-type semiconductor oxides,
holes are the majority charge carriers. In this case, adsorption of oxygen leads to
removal of electrons, leaving behind holes which are main charge carriers. This leads
to a decrease in the resistance of the sensor. When oxygen is removed in the presence
of a reducing analyte, electrons are released back resulting in a decrease in the density
of holes concentration in the sensor. This leads in increase in the resistance of sensor.
In the presence of an oxidizing gas, opposite reactions take place and thus an opposite

trend in resistance is observed [Table 1.3].
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Table 1.3: Chemiresistive behaviour of semiconductors oxide based gas sensors in

reducing and an oxidizing atmosphere.

n-type p-type

Reducing Gas | Resistance decreases | Resistance Increases

Oxidizing gas | Resistance Increases | Resistance decreases

The gas sensor response is defined as ratio of resistance in air to the resistance in the

presence of an analyte gas. The gas response “S” is expressed as

S = :“—" for n-type semiconductor (1.12)
gas
S = % for p-type semiconductor (1.13)

In some literature it may also be defined as

S — Rair=Rgas (1.14)

Rair

The sensitivity is defined as a ratio of gas response (S) to the concentration of analyte

gas and is expressed as follow:

Gasresponse (S)

Sensitivity = (1.15)

Concentrationofanalyte
1.7.2. Selectivity

The semiconductor gas sensor shows maximum sensitivity for a particular analyte
gas. It should preferably exhibit selectively high sensitivity for one analyte in the

presence of other interfering gases at a given operating condition.

Selectivity is expressed as,

Sensitivityofsensorforinterferringgas

Selectivity = (1.16)

Sensitivityofsensorfordesiredanalytegas

Selectivity in semiconductor oxides can be tuned or optimized by different methods.

These are classified into four groups as stated below. [60]
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1. Use of chromatographic column/filters to differentiate gases based on
molecular size/other physical properties.

2. Use of promoters, catalyst or specific surface additives

3. The fabrication of sensor

4. Analysis of sensor parameters such as transient response with change in the

analyte concentration and the operating temperature of the sensor.

Mizsei noted that the physical and chemical properties of semiconductors depend
significantly on temperature and thus affect gas sensing response of the sensor[65].
The factors such as rate of adsorption-desorption, decomposition of analyte, the
Debye length, and concentration of charge carriers depend on temperature of the
semiconductor. This suggests that the relationship between the change in resistance of
sensor in the presence of analyte gas and the temperature of sensor is really very
complex. In addition to this, exothermic chemical reaction of analyte with sensor
contributes to uncontrolled rise in temperature of sensor[66]. Figaro gas sensor
manufacturer specifies that sensor properties can be influenced by use of flow system
for gas detection that causes decrease in temperature of the sensor. Apart from this the
temperature modulation of sensor has certain advantages such as: a) cyclic
temperature variation can offer a specific response for each gas, b) surface of the
sensor can be cleaned up by periodically shifting the sensor to higher temperature, and
c¢) the thermal cycling can improve selectivity for each gas due to changes in grain
and grain boundary properties, thereby during cycling at certain temperature a specific
gas exhibits a maximum response[67]. The main problem is the nonlinear gas
response of the sensor which is needed to be overcome. However, to address this
problem use of neural networks and soft-modelling techniques is made to recognize

the gas sensing pattern[54].

As stated earlier, gas filter on the surface of a sensor can be used to improve the
selectivity of the sensor. The sensitivity and selectivity towards hydrogen is enhanced
by coating SnO; film using CVD of silicones on the surface of gas sensor[68-70].
Dutta et al. have enhanced the selectivity of TiO; for hydrocarbon over CO by using a

filter of Pt in microporus zeolite[71].

The acid-base properties of metal oxide can be optimized or tuned by using

dopants/additives. Hence, acid-base properties of sensor can be tuned depending on
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acidic or basic properties of analyte to be detected. For example, ethanol sensing
enhances in basic oxides while in acidic oxide it reduces. The catalytic oxidation of

ethanol takes place via different routes by acidic or basic oxides[60].
1.7.3. Response and recovery time

It is the time taken by sensor to reach 90% of its final saturated value when sensor is
exposed to an analyte gas. Recovery time is the time required for sensor to reach 10%
of its original value when sensor was exposed to air atmosphere. Ideally, sensor

should exhibit rapid response and recovery time.
1.7.4. Stability

The gas sensor should give stable and reproducible result over the period of time
which fulfils the required guidelines setup by the gas sensing market. The gas sensor
should not show any drift with time. There are certain factors which affect gas sensor
stability. Design error, structural changes, phase shifts, poisoning due to chemical
reactions, and variation of the surrounding environment. The following precaution
should be taken to solve the above problems, namely, the use of elements with
chemical and thermal stability, optimization of particle size and composition, surface

pre-treatment using specialized technique(s).
1.8 Literature review of semiconductor metal oxides gas sensors

The gas sensing properties of solid state gas sensors can be optimized by structural
engineering of metal oxides. It has been observed that many sensing properties such
as sensitivity, selectivity, stability can be improved by optimization of bulk as well as
surface structure of metal oxides. The technological potential of structural engineering
for optimization of sensing performance has not been sufficiently studied. The
structural engineering not only includes size but also crystallite shape,
crystallographic orientation of crystallite planes, microscopic structure of gas sensing

materials etc[52, 72-76].
1.8.1 Binary, ternary, doped metal oxides systems

Numerous metal oxides have been used as conductometric gas sensor elements for the

detection of different reducing and oxidizing gases. The metal oxides such as NiO,
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CuO, Cr;03, C0304, Ce0,, GeO,, M003, Mn,03, TiO,, WO3, ZnO, SnO,, Fe,0s,
In,O3, V,03, Nd,O3, La,03, SrO, Nb,Os, Ta,Os[27] etc. have been investigated for
change in conductivity in the presence of an analyte. However, for gas sensing
application, the selection of specific metal oxides is critical as these oxides provide a
wide range of electro-physical properties. The electronic properties of metal oxides
vary between metals to semiconductors (wide and small band gap) to insulators.

Electronic structures are divided into two categories[31]:

1. Transition-metal oxides (TMOs, e.g. NiO, Fe;03, Cr,03)
2. Non-transition metal oxides: These can be subdivided into a) pre-transitions-

metal oxides (e.g. Al,O3), b) post-transitions-oxides (e.g. SnO,, ZnO etc.).

Pre-transition metal oxides cannot be easily oxidized or reduced as they exhibit a
large band gap. It is impossible to optimize their properties by creating defects or
using dopants or additives. Post-transition metal oxides provide stable oxidation states
with s and p valance orbital symmetry. They exhibit optimum band gap which can be
optimized by doping and/or creating defects etc. Transition-metal oxides exhibit
different and complex bonding properties due to ‘d’ orbitals with variable oxidation
states because of the small difference in energy between d" configurations. Hence
they are more sensitive towards ambient atmosphere. Certain transition-metal oxides
provide preferred stable oxidation state which is useful for gas sensor design. It is
easier to create defects in TMOs as compared to non-transition metal oxides.
Therefore, non-optimality and structural instability parameters determine suitability of
some oxides over the others. Binary transition-metal oxides with d® configurations
(TiO,, WOs3, V;,0s, etc.) and post-transition metal oxides (like ZnO, SnO,) with a"

electronic configuration have been extensively explored for gas sensing application.

Literature survey shows that simple metal oxides do not fulfil all gas sensing
performance parameters to fabricate a perfect gas sensor. It is impossible to realize all
gas sensor features in a single material. Therefore, it is necessary to modify the binary
metal oxides by doping, using multi-element systems like ternary metal oxides,
hetero-junctions etc.[77-79]. The gas sensing properties of binary metal oxides such
as TiO,, SnO,, ZnO, WOs3, Fe;O3 can be improved by doping foreign elements or
making their hetero-junctions. These approaches provide different physic-chemical

properties to sensing elements which affect gas sensing properties. Gleiter reported
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for the first time that incorporation of additional phase in nanocrystalline metal oxides
leads to advancement in materials for sensor applications[80-81]. The catalytically
active elements (like noble metals and transition metals) or inert impurities may be
used for these purposes. An additive can significantly alter catalytic properties of the
host oxide, forms active phases, stabilizes certain valance state, and increases the
electron exchange rate properties. The parameters of host elements altered by
additives are concentration of charge carriers, phase composition, sizes of crystallites,
inter-crystallite barriers, surface potential, electronic and physic-chemical properties
(surface state energetics, adsorption and desorption energy, sticking coefficients) and
so on (see Fig. 1.10)[35, 52, 54, 57, 82-84]. It is known that even small amount of
additives can change growth pattern of the host oxide. The crystallite size of SnO,
decreased from 220 nm to 30 nm by 0.1% of Nb for the same reaction condition[81].
Similarly, crystallite size reductions were also observed for Ce, Y, and La doped
Sn0,[85]. In chromium doped SnO,, Cr’* accelerates the [111] growth of SnO; and
suppresses that along the [110] direction[86]. It is difficult discuss role of dopant in
every systems however we have enlisted few cases of interest in the following table
1.4.

Table 1.4: Gas sensors investigated using various binary, ternary and
doped metal oxides

Binary Metal Oxides
Metal Oxide | Morphology | Analyte gas Ref.
Cdo nanowires NO, [87]
Cos0, nanorods acetone [88]
Cu,0,Cu0 nanospheres | Ethanol, gas oil, H,S [89]
Fe,0; nanotubes Ethanol, H, [90]
Ga203 nanowires Ozone [91]
In203 hollow Ethanol, Formaldehyde [92]
microsphere
MoO; nanoparticles | H,S [93]
Nb,Os nanoporous H, [94]
film
NiO microspheres | Butanol [95]
SnO, nanowires NO, [96]
TiO, nanotubes 0, [97]
WO, hollow acetone, CS,, H,S, alcohol [98]
sphere
V,05 nanobelts ethanol [99]
Zn0O nanopillars H,, ethanol [100]
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Ternary Metal oxides
Metal Oxide | Morphology | Analyte gas Ref.
SrTiO; nanoparticles | O, [101]
ZnSn0; nanocages H,S [102]
LaFeO; honeycomb ethanol [103]
NiMn,0, nanoparticles | Humidity [104]
BiFeO; nanoparticles | ethanol, acetone [105]
ZnFe,0, - ethanol [106]
NiFe,0,4 nanoparticles | LPG [107]
ZnTiO; nanoparticles | LPG [108]
CoTiO; nanoparticles | ethanol [109]
Addition of dopant in metal oxides

Base oxide Dopant Analyte gas Ref.
SnoO, Ag propane [110]
SnO, Fe CO, ethanol [111]
SnO, In CO, H,, methanol [112]
Sn0, CuO H,S [62]
Zn0O Sn NO, [113]
ZnO Ru NH; [114]
ZnO Cu co [115]
WO, Pt, Au H,S [116]
WO, Ni NO, [117]
Fe,0; Pt, Ag H,S [118]

Ag H,S [119]
Fe,0; Cd LPG [120]
NiO Li H, [121]
NiO Fe ethanol [122]
NiO Cr xylene, toluene [123]
ZnFe204 Cdo Ethanol [124]

1.8.2 Hetero-junction metal oxides

Literatures show that many gas sensing properties of metal oxides can be optimized
by forming composites or hetero-interfaces (hetero-junction). This presents an
opportunity to access and explore interface behaviour of various oxides in different
ambient. The physical interface of two different elements is known as a
heterojunction and material is referred as a hetero-structure [125]. When intimate
heterojunction is formed between two components, charge transfer take place at
heterojunction and fermi levels try to equilibrate to same energy as result charge
depletion layer is formed. This is an unique feature of hetero-junction which forms the
basis for improved gas sensing performance. Hetero-structure can also carry
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synergistic reactions. It means first gas molecules react with one component and

byproduct of this reaction react with second component.

Many factors attributed for enhanced response of composites are band bending [126-
127], manipulation of depletion layer[128-130], separation of charge carriers[131],
interfacial potential barrier[132], reduction in activation energy [133], catalytic
activity[ 134], synergistic reaction[135], grain size refinement[136], enhanced surface
area[136], gas accessibility[137]. Therefore, it is essential to understand gas sensing

mechanism of hetero-structure for further development of sensor.

1.8.2.1Gas sensing mechanism of hetero-junction

There are different kind of hetero-junction can be formed such as p-n, n-n, and p-p

junction.

Interface Role: The interface plays an important role in gas sensing of hetero-
structure of semiconductor metal oxides composite. p-n junction is very commonly
used for gas sensing investigation. When two electronically favourable materials
brought together; electron from higher energy level transfer across the interface to low
unoccupied energy level till Fermi levels matched/equilibrated with each other. This
process is similar to electron-hole transfer in p-n junction. This process is known as
Fermi level-mediated electron transfer. Figure 1.16a shows schematic p-n junction.
This creates depletion regions at the interface. The electron transfer for levelling
Fermi energy leads to band bending and forms potential barrier at the interface.
Therefore electrons need to have sufficient energy equal to potential barrier to cross

the interface.

1.8.2.2 Gas sensor based on p—n nanojunctions

Consider p-n heterojunction of ZnO nanowires (n-type) decorated with Coz0O4 nano-
islands (p-type)[138]. In the case of pristine ZnO nanowires, the resistance is higher
due to the formation of the depletion region by oxygen adsorption. This is due to the
fact that the depletion region is extended in the conduction channel of ZnO nanowire.
Apart from the depletion region, heterojunction further increases the resistance caused
by charge transfer across the p-n junction which further reduces conduction surface

area by extending into ZnO nanowires. In the presence of a reducing gas, decrease in
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resistance value is high as compared to the initial value. This is possible only if Co304
is more sensitive than ZnO nanowires itself towards the test gas[139]. In the presence
of oxidizing NO; gas the response is low as base resistance of the hetero-structure is
itself high which limits further increase in its resistance value. Thus, in this hetero-
junction system selectively a high response towards ethanol is observed as compared

to the interfering NO, gas[138].
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p-n
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Figure 1.16: Schematics diagram of band bending at heterojunction interfaces with
no adsorbed surface species. (a) energy alignment before contact between p-type
Co304 and n-type ZnO. (b) Depletion layer formed at p-n junction due to
recombination. (c) energy alignment before contact between n-type SnO, and n-
typeTiO,. (d) Loss of electrons creates depletion layer at n-TiO, surface and gain of
electrons forms accumulation layer at SnO, surface, thus, enhances oxygen
adsorption. A potential barrier was also formed at the interface. Ecp: conduction band
edge energy, Evg: valence band edge energy, E,,,: band gap energy, EF: Fermi energy

((c and d) [Reprinted with permission[125]].

1.8.2.3 Gas sensors based on n-n and p—p nanojunctions

Fermi level equilibration also leads to band bending in n-n and p-p hetero-junctions

[140-141]. Zeng et al. reported enhanced adsorption of oxygen at SnO; sites due to
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Table 1.5: Gas sensing performance of heterostructures of ZnO-based nanomaterials
[Reprinted with permission [125].

Analyte | Composition Meas. Respon | Concen- tres trec Ref

gas temp. se tration

Ethanol | ZnO@ZnS 210°C | 23° 1000 ppm | 15s 15s [10]

Ethanol | ZnO@ZnS@Grap | 210°C | 38° 1000 ppm | 15s 15s [10]
hene

Ethanol | 2:1 mol 300°C | 18° 100 ppm 5s 6s [74]
Zn0:Sn0O,

Acetone | ZnO@TiO, 400-C 22! 100 ppm 1 min | 1 min [31]

CO,
H, TiO,/NiO 200-C | 70° 10,000 NA NA [51]
ppm

H, ZnO@Sn0O, 400°C | 70® 500 ppm NA NA [95]

H,S Zn0 @3 wt% 100-C | 39, 100 ppm 120s | >150s | [12]
CuO

NO, 5% Eu,05-Zn0O 300C | 16° 3 ppm 3 min | 3 min [43]

NH; 2 mol% -Fe,05- RT 10,000" | 0.4 ppm 20s 20 s [96]
ZnO

NH; ZnO@Cr,05 RT 13.7 300 ppm 25s 75 s [97]

LPG Zn0@0.47 wt% 350:C | 46 100 ppm 18s 42's [7]
Cr203

H, 20 wt% SnO,— 400-C | 9.9%* 20 ppm 12— 4.5-5 [30]
TiO, 14 s min

Ethanol | 20 wt% SnO,— 553°K | 51%* 200 ppm 10- 14-20s | [98]
TiO, 155

0, 90% CeO,-TiO, 420-C | 9.5° 103 ppm 50s 80s [36]

Ethanol | In,0;@ZnO 350-C 265i 400 ppm NA NA [99]

(OR (y-Fe,O3— 135-C 8670" 100 ppb NA NA [100]
IH203(9:1))/ IH203

Ethanol | y-Fe,03/In,04 300-C 68-* 100 ppm 50— 50-60s | [49]

60 s

Ethanol | a-Fe,O;@Sn0O, 350-C 4.6 10 ppm NA NA [82]

Ethanol | Fe,0;@Zn0O 220-C 22.1% 500 ppm, 20's 20's [88]

Ethanol | a-00;@Sn0O, 300 -C | 67.76% 500 ppm <1 <30 s* [56]

min*

Ethanol | 1.4 wt% TiO,- 400-C | 250' 100 ppm NA NA [44]
MOO3

(60) 20 wt% WO;- 200-C | 390 15 ppm 2 min | 2 min [44]
MOO3

(O} MoO;-TiO, 300-C 1.7 100 ppb 20s 2 min [39]

Ethanol | ZnO-Co50, 170-C | 46° 100 ppm NA NA [13]

Ethanol | CeO,—~CdO-Al,05; | 190-C 890° 1000 ppm | 32's 297 s [101]

Ethanol | CdO-Al,O4 250-C | 6.4* 1000 ppm | NA NA [101]

Note: *S = Ra/Rg; S = Rg/Ra; °S = AR/Rg; S = AR/Ra; °S = (AR/Rg)x100; 'S =
(AR/Ra)x100; &S = (AI/Ia)x100; "S = Vg/Va; 'S = Gg/Ga; 'S = G/Ga; kS = AG/Gg; 'S=
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Ig/Ta. *Denotes a value not explicitly stated in the study, but approximated from a
graphical plot.

increased electron density at the SnO; site by transfer of electron from TiO; in TiO,-
SnO; n-n hetero-junction[fig.1.16 (c,d)]. In p-n junction the interface has less number
electrons as a result recombination of electron-hole. However in the case of n-n
heterojunction, accumulation layer is formed at the interface due to transfer of
electrons into the SnO, conduction band. This accumulation layer is further depleted
by the adsorption of oxygen on the surface of SnO, which increases the potential
barrier at the heterojunction that improves gas sensing performance. Hence, this study
suggests that modulation of the potential barrier height at the interface of n-n
heterojunction by oxygen adsorption plays important role in enhancing the gas

sensing performance.

At present, it is impossible to address all hetero-junctions properties by a single theory
considering structural diversity and availability of different materials systems.
However, one must take into account fundamental properties such as the band
structure, surface chemistry, catalytic behaviour, gas reactions under study, and the
microstructure, in order to design the best possible combination of system properties
for improving the gas sensing performance. Table 1.5 enlists briefly the results of gas

sensing studies on some hetero-structures [Reprinted with permission[125].

1.9 Semiconductor metal oxides for Humidity Sensor

Humidity sensors are extremely necessary in various industrial processing,
automobile industry, medical field, agricultural sector, domestic applications and
environmental control. In industrial sector, humidity sensors are used to monitor
humidity in chemical reactions, gas purification, ovens, desiccation of films, textile
and paper manufacture and food processing. In medical sector, humidity sensors are
necessary in incubators, sterilizers, respiratory equipments, pharmaceutical and
biological products. In agricultural field, humidity sensors are useful in monitoring
soil moisture, air- condition of green-houses, protection of plantation from dew,
storage etc. In domestic applications such as intelligent control of microwave
cooking, laundry control, air conditioning of living environment etc need humidity

Sensors.
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Numerous humidity sensors based on polymers, inorganic and organic materials have
been investigated. However, here we limit our discussion to metal oxide based
humidity sensors. There are many binary and ternary metal oxides and their

composites have been used for humidity sensing applications.

1.9.1 Humidity Sensing Mechanism

Metal oxides are also very useful for humidity sensing. The humidity sensing
mechanism discussed here was reported ~200 years ago[142]. This mechanism of
protonic conductivity was discovered during study of TiO, and Fe,Os[143-144],
which is based on the conduction of proton inside layer of water adsorbed on sensing
material[Fig. 1.17]. In the first step, a water molecule is chemisorbed on an active site
and forms an adsorption complex as shown in Figs. 1.18 (a,b). It is then transferred to
surface hydroxyl groups [fig. 1.18 c]. Incoming water molecule is adsorbed on
neighbouring two hydroxyl groups through hydrogen bonding [Fig. 1.18 d]. This top
water molecule cannot move freely on the surface due to restriction of hydrogen
bonding formed. In this layer, no hydrogen bond is formed between the water
molecules and this layer is known as the first physically adsorbed water layer. This

layer is immobile and proton conduction does not occur at this stage.

H H
b L]
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” | |
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Figure 1.17: Brief illustration of Grotthuss mechanism of proton
conductivity in water[142].

Further increase in water molecules leads to the formation of another layer on the
physically-adsorbed water layer [Fig. 1.19]. This second physically-adsorbed layer is
less organized as compared to the first physically adsorbed layer. This may be due
formation of single hydrogen bond locally. If few more water layers are

formed/condensed, protons move freely within the condensed water by Grotthuss
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mechanism[142] and ordering of initial the surface gradually disappears. In other
words, water molecules freely move like bulk liquid water from second physically-
adsorbed water layer onwards. At this stage, Grotthus mechanism is dominant and
sensing occurs purely via water-phase protonic conduction. This mechanism suggests
that sensors based on protonic conduction happen to be less sensitive to low humidity

condition as continuous water layer cannot be formed on the surface of sensor.
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Figure 1.19: Multi-layer structure of condensed water[144].

The chemisorbed and the physically-adsorbed water layers are immobile and cannot
contribute to the protonic conductivity. However, these layers can contribute to
electron tunnelling among the donor water sites[145-146] and electrons transport is
facilitated by tunnelling effect as well as surface ions energy which help in electron
hopping along the surface. At low humidity, this mechanism is useful as the protonic

conductivity is not effective.
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Table 1.6: (a) Humidity sensors based on various materials synthesized by different

synthesis procedures and b) operating principle involved[ Adopted from[150]].

Humidity sensor based on method & miniaturization |

3
Synthesis method Miniaturization ‘
|_Sol —gel (e.g., Li-doped mesoporoussilica SBA-15)
l—Screen printing (e.g., KCl-doped Sn0, nanofiber) — Capacitive
—Metal-organic decomposition (e.g., Biys(NagssKs 15)osTios72r00:03(BNKTZ) ) 1. Gold—polyvinyl alcohol core—shell
—Hydrothermal (e.g., NaTaO; nanocrystalline) nanocomposites
—One-pot method (e.g., Zn0-Si0, composite) 2. Zn0 nanorods humidity sensor
—Vapor decomposition e.g., Zn,Si0,/Si nanoporous pillar array (Si-NPA)) 3. Zn0O/Si nanoporous pillar array (Si-NPA)

—Nano-casting route (e.g., Mesoporous LaFeO,)

—Radical copolymerization (e.g., silicone-containing polyelectrolyte (Si-PE)) [ Resistive

|—In situ photo-polymerization (e.g., TiO, nanoparticles/polypyrrole) 1. CA-NH,BF,-PEG600 based sensor
L Dip-coating (e.g., TiO,and polystyrene sulfonic sodium (NaPSS)) 2. MU'fina” Cﬁfbon nanotube/
L—Thermal dispersion (e.g., K,CO5-SBA-15 composites) polyimide films

-— Wire electrical explosion (WEE) (e.g., KCl-doped Cu-Zn/Cu0-Zn0 nanoparticles) | Gravimstric

—Liquid-phase method (LPD) (e.g., Li-doped iron oxide thin films) 1. Polyvinyl-difluorene (PVDF)

l—Thermal decomposition (e.g., TiO, Nanofibers)

— Chemical polymerization (e.g., polypyrrole composite film quaternized with
1,4 bromobutane)

lL— Hygrometric
1. Silicon/polysilicon and polymide

— Liquid-state doping (e.g., LiZnVO,-doped Sn0O,) |— Optical

t— Chemical solution (e.g., Biy ;Ko . TiO,(BKT)) 1. poroussilica xerogel film

+— Electro-spinning and calcination (e.g., KCl-doped ZnO nanofibers) 2. Polyvinyl alcohol coated photonic
l— Doctor Blade (e.g., Bi,MO,(M=W, Mo) oxide) crystal optical fiber

— Energy activation (e.g., Nanocrystalline WO,/TiO,-based powder) 3. Mercaptopropionicacid capped CdTe
L Polymeric precursor (e.g., WO;/TiO, nanopowder) nanocrystals on poroussilicon

L —Radio-frequency sputtering (e.g., ZnO and In,0; thin films on Si0,/Si substrates) (a)
L— Co-precipitation approach (e.g., Porous ZnAl,O, spinel nanorods )

Humidity sensor based on materials & principles |
3
1 ! 1
_ Materials Principles |

=+ Resistance variation with temperature/frequency
|- Carbon (e.g., Amorphous carbon film/n-Si) (e.g., K,CO; doped LaCo, sFe, ;05 )

= Resistance variation with Relative humidity
(e.g., Li*/K*/Mg**-doped iron oxide )

|- Iron (e.g., Li doped y-Fe,0;) b+ Capacitance variation with frequency/

temperature (e.g., BaTiO;nanofiber)

|- Vanadium (e.g., NH,VO, + oxalicacid)

|- Silicon {e.g, LI/Fe/K'-doped mesoporous = Evanescent wave monitoring (e.g., CoCl,doped

silica SBA-15) Polyvinyl alcohol (PVA) filM)
ption measur ts (e.g., Polyvinyl alcohol
(PVA)/SiO,/CoCl,)
b=+ Interferometric approach (e.g., SiO,~[PDDA + /poly
silicon(PS)-119]-air cavity)
— Titanium (e.g., KCl-doped TiO, nano fibers) = Intensity variation with refractive index
| Zinc (e.g, LiCl-doped Zn0 ) (e.g., Polyvinyl alcohol (PVA) film)

— Sodium (e.g., NaTaO, nanocrystalline) "

Ab

|- Polymer (e.g., Silicone + polyelectrolyte
(Si-PE))
—Tin (e.g., KCl-doped SnO,nanofibers)

[~ Strain induced Bragg g
(e.g., Polyimide(Pl) based)

=+ LPG (Long Period Gratings) r ce band length (b)

shift measurement (e.g., SiO,nano-sphere film)

ement

—Zirconia (e.g., Y** -doped and Mg **-doped
zirconia)

1.9. 2 Literature survey of humidity sensor of metal oxides

Metal oxides based humidity sensors exhibit superior advantages over polymers
sensors such mechanical strength, resistance to chemical attack, physical and thermal
stability[147]. Semiconductor oxides based humidity sensors have been widely used

in industries and research laboratories. The unique microstructures and morphologies
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such as grains, grain boundaries, porosities, high surface areas etc. enhance their
applicability for humidity sensor[148-149]. There are many parameters such as
sensitivity, rapid response and recovery, hysteresis, and stability which need to be
optimized. Therefore, researchers have chosen to optimize the humidity sensing
properties of materials by various methods such as doping, using composites,
optimizing microstructure, miniaturization techniques for deposition, and sensing as

well as the operating principle involved[147, 149-150].

1.10 Outline of the thesis
The organization of the thesis is as follows:

In second chapter, the synthesis and experimental techniques used in this study are
briefly presented and discussed.

The third chapter comprises of two sections, namely a) the case of In-doped ZnO and
b) the case of Al-doped ZnO films. The structural, morphological and gas sensing
properties of these films are studied.

In the fourth chapter, light assisted gas sensing properties of ZnO/CdS heterojunction
are explored.

The fifth chapter presents our work on the synthesis and gas sensing study of ternary
FeV3;0g nanosheets.

In the sixth chapter, gas sensing properties of NiCo,04 nanograss are analysed and
discussed.

The seventh chapter presents a detailed humidity sensing study of Zn,SnOy
nanoparticles.

Finally, in the eighth chapter the summary of the thesis and scope for future work are

discussed.
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Chapter 2

Experimental Methods and Characterization Techniques

This chapter briefly discusses different synthesis method used for

synthesis of different metal oxides. The different techniques employed for

characterization of metal oxides are discussed. Finally gas sensing set-up

and measurement methods are also discussed.
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In the last few decades, researchers have invented various synthesis and
characterization techniques for materials with at least one dimension in the nanoscale
such as nanoparticles, nanotubes, nanolayers, and nanocomposites[1]. However, it’s
an ongoing quest and challenge to design and synthesize/or fabricate nanomaterials
with optimized properties for the desired application. This chapter gives a brief

discussion of synthesis and characterization techniques used for my research.
2I: Experimental Methods

2.1. Spray pyrolysis technique

Coating technologies have many advantages such as processing flexibility, cost
effectiveness and speed, and hence have received tremendous attention in the last few
decades[2]. Both physical and chemical methods can be employed for film deposition.
Chemical deposition is divided into gas or liquid phase deposition. Gas phase
deposition comprises methods such as chemical vapour deposition, pulsed laser
deposition, atomic layer epitaxy (ALE) etc. Liquid phase deposition can be done by
sol-gel, dip coating, spin coating, evaporation, anodic oxidation and spray pyrolysis.
The basic principle of spray pyrolysis technique is deposition of desired compound by
pyrolytic decomposition of precursor solution. As droplet reached hot substrate, it
decomposes pyrolytically forming single crystallite or cluster of crystallite. Such
crystallites subsequently combine together to form coherent film. However, volatile
solvents and by-product go off as thermal decomposition energy supplied by the
substrate. In 1966, Chamberlin and Skarman[3] introduced spray pyrolysis technique
for deposition of thin films of CdS for solar cell application. Ever since then
numerous materials such SnO,, In,03, ZnO, PbO, ZrO, etc have been deposited using
spray pyrolysis method[4-8]. The important features of spray pyrolysis comparable to
other methods are cost effective, easy to perform, easy to coat complex geometric
substrates, operation at moderate temperature (100-500°C), high reproducibility and
potential for mass production. Spray pyrolysis is less expensive which generates great
industrial interest for commercial applications. Commercially spray pyrolysis is
employed for fabrication of transparent layer on the glass substrate[9], SnO, for gas
sensor[4],YSZ layer for solar cell[10], anodes for Li-ion batteries[11], devices for

optoelectronic applications[12] etc. In spray pyrolysis following steps are involved,
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atomization of the precursor solution, aerosol transport of the droplet, and evaporation
of droplet, spreading on the substrate, drying and precursor salt decomposition to
initiate film growth. There are many factors which affect quality of film deposited by
spray pyrolysis such as the rate of deposition, aerosol droplet size, substrate
temperature, distance between atomizer and substrate, the concentration of precursor

solution, time of deposition, time lapse between each spray etc[13].

Atomizer
Atomizer
control

_Droplet transport |mechanism

Spray nozzle—

‘Spray solution

Substrate

Temperature
controller

Figure 2.1: Schematic of spray pyrolysis technique[Reprinted with permission[13]].

It is also easy to form layered film or compositional gradient films only by changing/
varying the spraying solution. Spray pyrolysis provides an easy method for doping
any element by simply adding the dopant into the spraying solution. The porosity,
thickness and particle size can be optimized by using surfactants, monitoring

precursor concentration, dopants etc.

In the present thesis work, spray pyrolysis technique has been used for deposition of
good quality ZnO, indium-doped ZnO and aluminium-doped ZnO films. All the
parameters such as the concentration of precursor, the rate of deposition, substrate
temperature, distance between the atomizer and substrate are kept constant and only

the dopant concentration is varied in the spraying solution.
2.2. Hydrothermal Synthesis

Hydrothermal synthesis is a common, invaluable technique for fabrication and
processing of advanced materials. It can be defined as “any heterogeneous reaction

under high pressure and temperature dissolves and recrystallize materials in aqueous
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solvent or mineralizes which are insoluble at normal conditions”. Karl Emilvon
Schathautl in 1845, first grew quartz crystal in pressure cooker using hydrothermal
techniques[14]. Its unique operational principle allows greater processing control
therefore it has been used to synthesize advanced nanomaterials for many applications
such as ceramics, catalysis, optoelectronics, electronics, biophotonics, biomedical,
etc. It is very useful in the synthesis of mono-dispersed and uniform nanoparticles as
well as the synthesis of complex materials such as nano-hybrid materials and
nanocomposites. Hydrothermal embodies various processes such as hydrothermal
synthesis, decomposition, transformation, treatment, extraction, sintering, structural
stabilization, fabrication, recycling, microwave supported reactions, electrochemical
reactions, dehydration, sonochemical, mechanochemical, phase equilibria,
hydrothermal electrochemical processes, hot pressing, leaching, metal reduction,
corrosion, crystal growth for synthesis of fine to ultra fine crystals, bulk single

crystals and so on.
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Figure 2.2 Pressure temperature map of materials processing techniques[14].

Hydrothermal processing has certain advantages and provides homogeneity, high
quality, crystal symmetry, unique metastable compounds, low sintering temperature,

single step reactions, fast reactions, lowest residence time, crystal growth with
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polymorphic modification, low to ultra-low crystals solubility, various chemical
compositions, sub-micro-to nanoparticles with narrow distribution of particle size etc.
Figure 2.2 illustrates the pressure-temperature plot of different materials processing
methods[15-16]. This process provides an atmosphere for controlled diffusion of
nutrients in a solvent in the closed condition and can be used to tune physicochemical
properties of nanomaterials depending on their applicability. It also offers certain
advantages like recycling, disintegration, transformation of various toxic and organic
wastes, improved nucleation control, shape control, use of larger reactors for reaction,
better dispersion, higher reaction rates, lower operating temperature, energy efficient,
environmental friendly etc.

Hydrothermal synthesis is typically performed in stainless steel pressure vessels
known ‘autoclaves’ or ‘bombs’ with or without teflon liners. The reaction is carried
out in aqueous solution under controlled temperature and/or pressure (Fig. 2.3). The
temperature is generally kept above boiling point of water to reach the vapour
saturation pressure. The internal pressure of the autoclave is determined by
temperature and quantity of solution used. In the present thesis, hydrothermal process
is used for synthesis of FeV3;0g, NiC0,04, and Zn,SnO4. The detailed procedure is

mentioned in the respective chapter.

Stainless steel lid

Teflon lining

Stainless steel shell

Reaction solution

Figure 2.3: A schematic of a teflon-lined, stainless steel autoclave[17]. The inset:
picture of stainless steel autoclave and teflon pot normally used for hydrothermal

synthesis in the laboratory.
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2.3. Successive Ionic Layer Adsorption and Reaction (SILAR) method
Though Ristov et. al.[18] first introduced the SILAR technique the actual term SILAR
was coined by Nicolau et. al. in 1985[19]. SILAR technique is simple, easy and
inexpensive. The raw materials used in coatings are cheap. The coating on different
substrates having various dimensions can be deposited. The SILAR can be performed
manually or by using specialized computer controlled machines. This technique is
commonly used for deposition of thin films especially metal chalcogenides such ZnS,
CdS, CdSe, CulnS; etc. Unlike pulsed laser deposition (PLD) and chemical vapor
deposition (CVD), the most advantageous feature of SILAR is that it doesn’t need
specialized targets, substrates or high vacuum assembly. Doping can be easily done
using this method. The SILAR can be done at room temperature however if required,
temperature of reaction bath can be increased.
There are four steps involved in SILAR method is shown Fig. 2.4 and 2.5.
1) Initially, substrate is dipped for specific duration in cationic bath where
cations are adsorbed on the substrate from precursor solution.
2) In a second step, substrate is rinsed in a solvent bath to remove
unwanted/unadhered precursor.
3) In third step, substrate is dipped for desired time in anionic bath where anions
react with cations to form compound.
4) In the last step, substrate is again dipped in solvent to remove unreacted
species. One SILAR cycle is completed with this final step. Depending upon

requirement multi cycles of SILAR can be performed.

© l Adsorption Rinsing Reaction Rinsing

One Cycle
Successive Ionic Layer Adsorpti(m Reaction

Figure 2.4: Schematic diagram illustrating steps involved in SILAR[20].
In the initial step, nucleation process begins and the concept of solubility product

comes into play. Ions in the solution or on the substrate join to form nuclei when ionic
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products exceeds solubility product. These nuclei are attached onto the surface of the
substrate by means of weak vander Waal’s forces, chemical forces and other
unbalanced residual charges. This adsorption process is accompanied by sequential
reactions to form the final product. Oriented nanostructures could be formed as a
result of sequential growth of nuclei. Chalcogenides obtained by SILAR technique are
amorphous in nature and need inert atmosphere post-heating to obtain crystallinity. In

the thesis work SILAR method is used to form a few nanometer layer of CdS on ZnO

nanorods
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Figure 2.5: Schematic illustration of SILAR process with CdS as an example [21] (a)
cationic adsorption, (c) CdS formation, (b, d) washing with solvent, and (e, f) 10

cycles and 30-cycles of SILAR, respectively.

2I1: Characterization techniques

2.4 X-ray Diffraction (XRD)

The X-ray diffraction technique is a very powerful analytical tool commonly used for
phase identification of crystalline compounds. The XRD technique was invented by
English physicist William Lawrence Bragg and his son William Henry Bragg in

1913[22-23]. This is fast and non-destructive technique useful in phase identification,
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crystallite size, strain and anisotropic growth of nanomaterials. Powder and film
samples can be used for analysis. Basically, a monochromatic beam of X-rays of
wavelength comparable to atomic spacings, falls on the sample and is diffracted in a
specular fashion to undergo constructive interference. X-rays are diffracted at a
specific angle (6) by lattice planes and give constructive interference for a set of hkl
planes whose path difference is an integral multiple of the incident light wavelength.
The condition necessary for constructive interference is mathematically expressed by

Bragg’s law
2dsinf = nl (2.1)

Where, d is interplanar distance, 0 is the angle of scattering, n is order of diffraction

and A is the wavelength of incident angle.

Incident
beam

Refl ected

dsinf

Figure 2.6: Schematic diagram of X-ray diffraction set up[Adopted from [24]].
(http://www.chemistryviews.org/details/ezine/2064331/100th_Anniversary_of_the_Di

scovery_of_X-ray_Diffraction.html)

In case of nanomaterials, as the size of the nanoparticles decreases the broadening in
XRD peak increases. This may be due to stress induced in the sample. Generally,

crystallite size (D) is calculated by the Scherrer formula which is expressed as:

D= 091
~ BcosH

(2.2)

Where, B is Full width half maxima (FWHM) of XRD peak at angel 6. A is the

incident wavelength X-ray beam.
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2.5 Scanning Electron Microscopy (SEM):

An electron beam generated by electron gun at the top of the microscope is directed
through different lenses towards the sample in presence of an electromagnetic field.
The schematic diagram of scanning electron microscope is shown in Fig 2.7. In order
to efficiently pass electron beam towards the sample, top columnar part is kept under
high vacuum as a result of which the mean free path of electrons increases. A
thermionic or field emitter electronic gun is usually used to generate electron beam.
For soft specimens like biological and polymer based samples, a thermionic gun is
normally preferred. However, field emission gun is quite reliable in the context of

brightness of electrons and spot size.
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Figure 2.7: Schematic diagram of Scanning Electron Microscopy[Adopted from [25]]

(Source: https://www.purdue.edu/ehps/rem/rs/sem.htm)

Thermionic tungsten filaments are widely used in SEM, whereas lanthanum

hexaboride (LaB6) field emitter filaments are used in FESEM. In SEM, 3 KV
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potential is applied to accelerate electrons however FESEM requires an applied
potential of 30 KV. When the electron beam falls on the sample, it interacts with the
sample surface and produces elastic and inelastic events. In inelastic scattering, the
electrons that interact with the nucleus of an atom and deflect back are known as back
scattered electrons (BSE). Electrons interact with atoms of the sample and transfer
their energy in an inelastic event. This gives rise to auger electrons and secondary
electrons (SE) and generate characteristic X-rays. Backscattered electron and
secondary electron signals are processed to produce topographical images of a
sample. These secondary and backscattered electrons play an important role for
acquiring topographical images of the sample. The elemental identification is done by
analyzing the characteristic X-rays produced. The X-rays are generated when high
energy orbital electrons transfer to low energy orbitals after the electrons in the lower
orbitals are removed by an incident beam of electrons. X-rays are then detected and

provide characteristic information of elements present in the sample.

2.6 Transmission Electron Microscopy (TEM):

The schematic diagram of a transmission electron microscope is shown in Fig. 2.8.

Cathode —— | ! Eleciron gun
L 3mm

—

Copper grid

Congdenser lems - Pep b b ;
wiith 3 seclions

Elecing ool ——

] T T R —
lens

Spoecimen
haldear
Intermediate —_

l=ns | —— Cidiamn

Projector bens —_ \‘\5__,_,-:—" GShass window

Fluorescant—__ |
SCreen

Phatographba —]
fiem

DO carmerm —

Figure 2.8: Schematic diagram of Transmission Electron Microscopy [Adopted from

[26]] Source: http://www.ufrgs.br/imunovet/molecular_immunology/microscopy.html
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The components of SEM and TEM are almost similar however difference is in
applied accelerating voltage and working principle. The accelerating voltage of ~300
kV is used in TEM. In TEM, LaBg is used as field emitter. The atomic resolution is
possible in TEM as high voltage (hundreds of kV) reduces de Broglies wavelength of
an electron to a fraction of nanometer. TEM is an extremely powerful technique as it
gives insight into many properties of sample like size, shape, crystal structure, lattice
planes, localized defect, elemental analysis, and selected area electron diffraction
(SAED). The transmitted electrons from the gun are focused through different lenses
such as objective, intermediate and projector lens onto fluorescent screen [see Fig.
2.8] and thus image is produced. The projector lens decides whether it is low
resolution TEM or high resolution TEM. Projector lens acquires only centrally
transmitted beam of electrons in low resolution TEM however in HRTEM all
transmitted beam are acquired. Therefore, HRTEM give high quality images.

Elemental analysis of a sample can also be performed by EDAX.
2.7 Atomic force microscopy (AFM)

In 1986, Binnig and Quate invented atomic force microscope[27]. AFM gives atomic
resolution of sample by analyzing the contour of a sample. Typical AFM schematic

diagram is shown in Fig. 2.9.

Working principle: When a sharp tip (generally ~100-200 nm and 20-40 nm in radius
of curvature) brought close to the sample then the force acting between sample
surface and tip causes deflection in the spring. This deflection is then monitored
optically. The image is obtained by quantifying forces between sample surface and
cantilever tip (probe) [28]. Generally, AFM is used analyze the surface structure of
thin films. AFM can be applied to almost all surface and measurements can be
performed by sensing electrostatic, van der Waals, capillary, magnetic, and salvation
forces. AFM is used to obtain particle size of nanoparticles, surface topography and
3D surface imaging of the thin films. AFM tapping mode gives information like grain

size and its distribution and surface roughness etc.
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Figure 2.9: Schematic diagram of atomic force microscope[ Adopted from [29]]

(http://www circuitstoday.com/nanotechnology-tools-and-instruments)

2.8 Ultraviolet - Visible Spectroscopy:

UV spectroscopy is a very important non-destructive characterization technique used
to study optical properties of semiconductors. The optical properties of samples can
be studied by measuring transmittance/ reflectance/ absorption in UV visible region.
The molecular interaction with electromagnetic radiation in this region deals with the

electronic transition in the molecules which in turn relates to color of the sample.
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Figure 2.10: Schematic diagram of UV-Vis Spectrometer [Adopted from[30]]
(https://en.wikipedia.org/wiki/Ultraviolet%E2%80%93visible_spectroscopy)
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An absorption spectrum of semiconductor nanomaterial is obtained when wavelength
of incident light is greater than its band gap. UV visible spectrophotometer (Fig. 2.10)
is used to acquire UV spectrum samples.

Instrumentation: For UV visible measurement dual light source is used namely
halogen or tungsten lamp (visible source) and Deuterium lamp (UV source) (see Fig.
2.10). These sources provide light of wavelength between (200 nm and 900 nm). The
light of specific wavelength from monochromator is splitted into two by a beam
splitter then one beam is directed through sample and other is through reference.
Signals obtained from the sample and reference with respective detectors are further
analyzed and processed and finally output signal is displayed on the monitor.
Principle and Application: As discussed earlier, UV-VIS spectrometer can be
operated in three different modes such as absorbance, reflectance and transmittance.
The samples dispersed/dissolved in solvent or liquid samples can be measured in the
absorbance mode. According to Lambert Beer’s Law, absorbance is governed by the

following expression:
Iy — _ I/ — 10-ecl
/Io = exp(—kcl) or /Io = 107%¢ (2.3)

Where, k = constant (particular spectroscopic transition under consideration). &€ =
molar absorption coefficient, T = transmittance = I / Iy ratio of intensity of incident
radiation (Ip) to transmitted radiation (I). By inverting above equation and then taking

logarithms, we get

log (10/1) =ecl=A (2.4)

Where A = absorbance / optical density. Hence, absorbance of the sample is directly
proportional its concentration. For powder samples or films, diffused reflectance
mode of a spectrometer is used to analyze optical properties of samples. Band gap of a
semiconductor can be calculated by using Tauc’s plot. Tauc’s plot is obtained from

DRS spectrum by using the following expression:

[F(R)hv]*/n o hv — E,) 2.5)

(1-R)?

Where, F(R) = ”

, n= Y2 for direct band gap semiconductor and n=2 for indirect
semiconductors. The band gap by extrapolating straight line to the tangent to plot

obtained by plotting [E(R )hv]"" vs hv[31].
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2.9 Raman Spectroscopy:

Raman spectroscopy is a unique and non-destructive method of identification of
samples. Raman spectroscopy deals with molecular rotation, vibration and other low
frequency modes present. Like IR spectroscopy, Raman spectroscopic analysis also
provides a molecular finger print hence very essential for identification of the
molecule. It provides information of symmetry of molecule and vibrational frequency
of chemical bond. It is also useful in material science for analysis of nanomaterials.
Raman analysis of samples generates information like symmetry, orientation of
crystallite, defects, stress induced in the system. The main advantage of this technique
is that no sample preparation is required and very less amount of sample is needed

because of the small dimension (1-100 um dia.) of laser focus spot.

Principle and instrumentation: In this technique, monochromatic light from a laser in
the UV-VIS-IR range is focused on the sample which undergoes elastic (Rayleigh) or
inelastic (Raman) scattering. Lasers such as Ar (632 nm), HeNe (514 nm), and diode
(445-465 nm) are used in this technique. The laser beam is focused through a
microscope on to the sample to a tiny spot. The electron cloud of a molecule is
perturbed due to interaction with the electric component of the beam and excites it
into a low or high rovibronic state which is also known as virtual state. There is an
exchange of energy between a molecule and photon in inelastic scattering and

scattered beam has either low or high value than the initial state.
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Figure 2.11: Energy level diagram for raman scattering[ Adopted from[32]].

(https://en.wikipedia.org/wiki/Raman_spectroscopy)

Satish S. Badadhe Page 68



Ph.D. Thesis | AcSIR 2015| Chapter 2

The frequency difference between incident and scattered ray is known as Raman shift.
If energy is gained by the system it is called as anti-stokes whereas if the system loses
energy it is called as stokes [see Fig. 2.11]. Raman spectrum is plotted as the number
of photons detected versus Raman shift. Only Raman scattering is passed through a
lens and monochromator to the charge coupled detector (CCD) whereas the elastic
scattering (Rayleigh scattering) is absorbed. Figure 2.12 shows schematic diagram of

a Raman spectrometer.

CCcD

Focusing
Lens

|——

Splitter Notch
Filter
« -{Microscope
' Objective
SAMPIE e—

Figure 2.12: Schematic diagram of a Raman spectrometer[ Adopted from [33]].
2.10 X-ray Photoelectron Spectroscopy (XPS):

X-ray Photoelectron Spectroscopy (XPS) is also known as Electron Spectroscopy for
Chemical Analysis (ESCA). It is surface sensitive technique and provides surface
finger print of sample. It is a quantitative technique hence used for investigation of
surface composition, contamination and uniformity in the sample. XPS is especially
popular for investigation of element’s electronic and chemical state in the compound.
It is regularly used for examination of almost all types of materials such as ceramics,

organic inorganic compound, polymers, alloys, paper, glasses etc.

Principle: The principle of this technique is based on the photoelectric effect. Every
atom has unique characteristic properties like core binding energy of the electron. If

photon energy supplied to the sample is greater than the binding energy of core
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electron then core electron is ejected with greater energy than the binding energy
known as photoelectron. The kinetic energy (K.E.) of photoelectron can be obtained

by Einstein’s equation is given below

(? Photoelectron A

o kKinetic
Energy
3 Ey —
@
A —_ EF e _
Valence Binding
band Energy
Ph'}tﬂn/{?/?"/?/} Caore hole
a7 -
x D / O k
Core
levels - -

Figure 2.13: Schematic diagram of principle of X-ray photoelectron spectroscopy

hV = EK.E + EB.E + (p (26)
Egg =hv—Exg— ¢ (2.7)

Where, hv is X-ray photon energy, Exg. is kinetic energy of the emitted electron
measured by analyzer, ¢ is work function induced by the analyzer (4-5eV).
Instrumentation: The schematic of XPS instrument is shown in figure 2.14. XPS is
very special technique comprising electron energy analyzer, high vacuum assembly
and fixed X-ray source. X-ray sources such as Al K, (1486.6 eV) or Mg K, (1253.6
eV) is used to obtain energy beam of ~10-15 KV. Sample surface is cleaned by
irradiating Argon ions on sample which remove single layer of atoms and expose
fresh surface of sample. The electrons are maintained in small orbit as opposite
charges attract or repel them. Photoelectrons with certain energy are passed through
oppositely charge plates maintained at high potential as too fast or slow electrons will
crash with plates. Hence, spectrum arises as a result of a set of electrons with a known
voltage.

Interpretation of the spectrum: As discussed earlier, binding energy is a

characteristic property of an element. The peak position of binding energy in the
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spectrum is useful to identify which element is present in the sample and also which
energy level photoelectrons are emitted. Hence, oxidation state of an atom can be
determined. The chemical shift in binding energy is observed as a result of
electronegativity effect or chemical bonding. Chemical shift is nothing but the

chemical and physical environment associated with the element.
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Figure 2.14: Instrumentation of XPS[Adopted from [34]].
(http://www2.cemr.wvu.edu/~wu/mae649/xps.pdf)

It is possible to analyze a doublet peak usually observed in the XPS spectrum due to
spin orbital coupling of a certain element. Final state effect is observed due to
weakening of screening of electrons that gives rise to shake —up and shake off satellite
peaks. Quantitative elemental analysis of elements present in the sample can be
obtained by calculating the area under the peaks. Investigation of chemical state and
physical changes can be determined by Full width at half maxima (FWHM) peak. The
broadening of FWHM of the peak is attributed to charging effect.
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2.11 Gas sensing measurement Technique

The gas sensing properties of the sensor can be measured static or flow through

measurement systems.
2.11.1. Static measurement system:

The schematic shown in Fig. 2.15 is used to measure static gas sensing study of
sensor. The sensor under study is kept in an enclosed glass chamber of fixed volume
having heating arrangement as shown in Fig. 2.15. The sensor is mounted on alumina
plate having electrode arrangement and kept at the centre of the tube. The desired
temperature is obtained by using thermocouple (k-type) kept near the sensor. The PID
controller is used to control precisely temperature of sensor. The desired
concentration of analyte is obtained by introducing known concentration of analyte
using microsyringe into glass chamber. The outlet is used to pump out gas inside the
chamber. The desired concentrations of analyte gases diluted in N, of purity (99.9%)
were purchase from local vendor. The dry air is used as carrier gas for recovery
process. The change in resistance /conductance of the sensor is measured by Keithley

meter (Keithley 2612A). The recovery is obtained by exposing sensor to dry air.

Micro syringe

l Outlet
== |
AirInlet B — —
Glass chamber E— C ] |« Electrode wires
Thermocouple T

Heater A\ mina Plate

Figure 2.15: Static gas sensing measurement set up
2.11.2. Flow through measurement system:

In this system, the same gas sensor set up is used to study gas sensing properties.
However, analyte of desired concentration is introduced by using Alicat mass flow
controllers (USA make). Fig. 2.16 show typical flow through gas sensing

measurement system.
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Figure 2.16: (a) Flow through gas sensing testing set up (b) enlarged view of gas

sensing chamber.
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Chapter 3

I: H,S gas sensitive indium-doped ZnO thin films:

Preparation and characterization

High quality indium-doped ZnO (IZO) thin films (~100 nm) have been
deposited onto the glass substrates by using a conventional spray pyrolysis
technique. Precursors such as zinc acetate, indium chloride with Brij-35
(polyoxyethylene lauryl ether) as a non-ionic surfactant were used. The
morphology, crystal structure, elemental analysis and the gas response
properties were investigated by using SEM, TEM, XRD, AFM and XPS
techniques. The films show hexagonal wurtzite structure which reveal
variations in (100), (002) and (101) intensities with indium doping. The
crystallite size calculated by Scherrer formula was in the range of 30-50 nm.
The SEM and AFM analysis show 50-70 nm sized grains, while the TEM
confirms formation of grains in the range of ~10-50 nm sized particles. Their
response towards various gases was measured at different operating
temperatures and different levels of In-dopants. The 3 at% In-doped ZnO
showed response as high as 13,000 for 1000 ppm H,S at 250°C. It exhibited

fast response (~2 s) and recovery time (~4 min). The gas response strongly

depends on the morphology and indium concentration. The high gas response

of IZO is explained on the basis of thickness dependent trap state density.

*The content of this chapter has been published in “Sensors and Actuators B 143 (2009)
164-170, Reproduced by permission of Elsevier

http://www.sciencedirect.com/science/article/pii/S0925400509006868
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31.1 Introduction

It is highly important to detect and monitor various harmful and toxic gases/vapours
such as H,S, CO, SOy, NOy, alcohol and hydrocarbons for human and environmental
safety. An enormous research has been going on to trace these harmful emissions.
Semiconductors metal oxides such as ZnO, In,Os, and SnO, [1-5] etc. are highly
useful in this context. Gas sensing properties of these oxides are based on the change
in their electrical conductivity on exposure to the analyte gases. An optimum dopant
modulated electronic properties increase the impact of oxygen partial pressure on the
resistivity of semiconductor oxides. ZnO has been doped with various dopants such as
Ga, Sn, Fe, Al, Cu, Ru, In, etc. for enhancing its applicability in piezoelectric devices,
gas sensors, and the opto-electrical devices [6-9]. Hydrogen sulfide is a toxic and
foul-smelling gas often produced in sewage, natural gas manufacturing, gasoline coal,
coal oil, and natural gases. Hydrogen sulfide is highly toxic and leads to
neurobehavioral toxicity and may even cause death on exposure to concentration
>250 ppm [10]. Therefore, it is essential to develop H,S gas sensors with high
sensitivity, selectivity, fast response and recovery time. Such sensors, based on
different oxides such as ZnO, CeO,, SnO,, aFe,03 In,O3, WO3, ZrO,, have been
reported[11-14]. However, most H,S gas sensors are reported to operate well at high
operating temperatures and room temperature response is realized only in a few cases
[14,15]. Zinc oxide is a wide band gap (~3.4 eV) n-type semiconductor metal oxide
having wurtzite structure and possesses potential applicability in the field of gas
sensor[16-18]. The main advantage of ZnO is its high electron mobility and tunability
into different morphologies. It is widely used in a transparent electrode for solar cells,
acoustic wave devices and photovoltaic devices[19-23]. Doped and undoped ZnO
films have been deposited by different techniques such as spray pyrolysis, plasma
enhanced chemical vapour deposition, vacuum arc deposition, sputtering, sol-gel
process, pulsed laser deposition, spin coating and dip coating [17,21,24-30]. Among
these, spray pyrolysis technique is a simple and inexpensive technique having
advantages such as high growth rate, mass production capability, reproducibility, and
ease of doping various materials[31]. Generally, to obtain low resistive films, group
III elements such as In, Al, Ga are mostly used as dopants which substitute Zn atom
thereby releases free electrons and increase the carrier concentration[9,32]. Search

through literature suggests a scope to study the detailed properties of these materials
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for their applicability part such as gas response[9,33-36]. More significantly, the
effect of precursors, deposition temperature, thickness, dopants and their
concentrations needs further study. In the present work, we have studied gas sensing
properties of ZnO and IZO thin films prepared by spray pyrolysis on the glass

substrate.
31.2. Experimental

31.2.1. Synthesis

The chemicals such as zinc acetate dihydrate, indium (III) chloride (99.9% Merck),
Brij-35 (polyoxyethylene lauryl ether), ethanol (A.R.) were used without further
purification. In a typical synthesis ZnO films are deposited as follows; zinc acetate
dihydrate was dissolved in the mixture of ethanol (10 ml) and distilled water (5 ml).
This solution was then added drop-wise to the 1% solution of Brij-35 in ethanol to
obtain 0.1 M zinc acetate solution. Such solution was used for the spray pyrolysis
onto the cleaned glass substrate maintained at 475°C. Prior to use, the glass substrates
were cleaned by soap solution, boiled in hydrochloric acid for 30 min, and finally
ultrasonically washed in the distilled water for 15 min. Similarly, IZO thin films
deposition was carried out by using atomic ratio of [In/Zn] = 1, 3, 5 at% (the
percentage refers to those in the spray solution). The as deposited films were
subjected to post deposition annealing at 475°C for 5 h in air to obtain highly uniform
crystalline films. Simultaneously 10 substrates (2.5 cm X 2.5 cm) in a batch were

deposited by spray pyrolysis technique.
31.2.2. Morphological and structural analysis

The crystalline structure of the thin films was confirmed by using XRD (‘X’ PertPro)
operating at a voltage of 30 kV diffractometer with Cu Ka (A = 0.154056 nm)
radiation in the range of 25°-75°. The average crystallite sizes (D) of ZnO and 1ZO
films were calculated by using the Scherrer formula (see Eq.2.2). The study of surface
morphology was performed using field emission scanning electron microscopic
(FESEM) images captured by a Nova NanoSEM 450 model. The transmission
electron microscopy (TEM) and high-resolution transmission electron microscopy
(HRTEM) were obtained on a Tecnai F30 FEG machine operated at 300 kV. The

atomic force microscopic (AFM) images of the undoped and 3 at% In-doped ZnO thin
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films were captured by using a NanoScope IV Multimode scanning probe microscope
of VEECO Inc. unit. The thickness of the deposited films was measured with
AMBIOS MAKE XP-1 Surface Profiler, Make, USA, Version 5.5.5 between the
ranges 10 A-100 pum. The elemental analysis was carried out by the X-ray
photoelectron spectroscopy (XPS); VG Micro Tech ESCA 3000 instrument at a
pressure of >1 X 10 Torr (pass energy of 50 eV, electron take off angle 60°, and

overall resolution 1 eV).

31.2.3. Gas response measurements

The ZnO and IZO thin films deposited by the spray pyrolysis were randomly selected
for finding their gas responses. Their response was found by connecting through the
gold electrodes. A stabilized constant DC voltage was applied through Aplab 7212
(India) DC power supply and the current was measured by the Keithely485
autoranging picoammeter. The gas response of the ZnO and IZO films were tested at
different operating temperatures in the dynamic mode described earlier [37]. Air with
controlled rate was used as a carrier gas; the known amount of different test gases was
introduced to achieve the desired part per million (ppm) level of concentration. The
gas response of the sensor element (S) was calculated as the ratio of resistance of film

in the air (R,) to the resistance in the test gas (Ry).

Rq
S = E (3L1)

31.3. Results and discussion

31.3.1. Structural properties

Fig. 31.1 shows XRD patterns of undoped and indium-doped zinc oxide thin films
deposited at 475°C on the glass substrate. Undoped zinc oxide film shows a
prominent peak at (002) plane along with weak intensity peaks corresponding to (100)
and (101) indicating (002) as the preferential orientation plane. On doping with 1 at%
indium (1% IZO), intensities of all the peaks gets reduced indicating their lower

crystallinity as compared with the undoped zinc oxide film, while 3% and 5% 1ZO
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films show enhancement in intensities of all the peaks thus indicating their higher
crystallinity. It is observed that all the compositions exhibit (002) as a preferred
orientation plane with 5% IZO film exhibiting highest crystallinity. We also observed
that the intensity of (101) peak increases on 5 at% indium doping. The change in
orientation from (002) to (101) with increase in indium concentration has earlier been

reported [25,38], however, we observed this phenomenon only in 5% IZO.

N Zno
= e —1% 120
S — 3% 1ZO
=l le ——5% 120

Intensity (a.u.)

Figure 31.1: XRD patterns of undoped and indium-doped zinc oxide thin film
deposited at 475°C.

We report intensity ratios of (100)/(002) and (101)/(002) in the Table 3L.1 to

understand the effect of indium doping in the growth of crystallinity.

Table 31.1: Ratio of intensities for different planes of undoped and IZO films.

Composition 100/002 101/002 | Crystallite size (nm)
ZnO 0.23 0.19 32
1% 120 0.30 0.36 36
3% 120 0.40 0.12 48
5% 120 0.48 0.38 39
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It shows that in undoped ZnO (100)/(002) ratio is 0.23 which is lowest indicating
highest orientation of c-axis in undoped ZnO while IZO films show increase in this
ratio with increase in indium concentration, suggesting (100) orientation with indium
doping. However, on comparison with (101)/(002) intensity ratios, it is observed that

3% 1Z0 has highest orientation of (002) as compared with (101) plane.

31.3.2. Morphological properties

Fig. 31.2 shows FESEM images of ZnO and IZO films deposited onto the glass at
475°C. The undoped ZnO film shows uniform grains and grain size observed to be
reduced in1% IZO film. Interestingly, the grains grow distinctly (size 50—70 nm) as
the percentage of indium increased from 1 to 3 at%. On further doping (5% In) the
grain size have increased with grains having irregular size and shape. Although the X-
ray diffraction patterns indicate that with increase in indium concentration from 3 to
5%; the crystallite size decreases from 48 to 39 nm, increase in the grain size
observed in the FESEM images may be attributed to the agglomeration of the smaller

particles which could not be resolved due to the limitations of SEM instrument.

Figure 31.2:SEM micrographs of undoped and indium-doped zinc oxide films
deposited at 475 °C (a) undoped ZnO, (b) 1% IZO, (c¢) 3% IZ0 and (d) 5% 1ZO.
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The TEM analysis of 3% IZO film (Fig. 31.3a) clearly shows particles of ~10-50 nm
size. Their uniform distribution indicates that by spray pyrolysis it is possible to

deposit IZO film with nanosized particles. Moreover, our results regarding grain size

Figure 31.3: (a) Low-magnification TEM image and (b) High-magnification TEM
image of 3% IZO.

match well with the value reported in transmission electron microscopy results on
indium-doped ZnO thin films deposited by spray pyrolysis[25]. More significantly,
the thin films we report herewith have thickness of only ~100 nm and hence
uniformity and their nanosize play a crucial role. The HRTEM image of 3% 1Z0 film
(Fig. 31.3b) reveals fringes of (100) planes with the lattice spacing of 0.281 nm
between two adjacent planes indicating (100) as a growth direction. AFM imaging of
the undoped and 3% IZO film surface deposited on silicon substrate at 475°C
temperature are shown in Fig. 31.4. AFM characterization (Fig. 31.4 (a, b)) of these
films reveal a granular, polycrystalline morphology with good uniformity in grain size
(=60 nm) in 3% IZO then undoped ZnO. The only difference seen is the sharper
growth of ZnO towards z-axis as compared with blunt heads as seen in the 3% 1ZO
films. The change in the morphology can be attributed to the microstructural changes
that are directly attributed to the presence of the indium. The AFM image shows grain
size nearly similar to that obtained by SEM. The marginal change in the morphology

can be attributed to change in substrate from glass to silicon.
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Figure 31.4: Atomic force microscopic images of undoped ZnO (a) and 3% IZO (b)
films deposited at 475°C.

31.3.3. X-ray photoelectron spectroscopic studies
Further evidence of quality and composition of films was investigated by the X-ray

photoelectron spectroscopic studies. The binding energy obtained in the XPS analysis
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Figure 31.5: XPS analysis of the 3% IZO thin film of In region (a), Zn region (b) and
O region (c).
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was corrected for the specimen charging by referring the C 1s to 284.6 eV. Fig. 3L.5
shows X-ray photoelectron spectra of In, Zn, and O region of 3% IZO film deposited
on the glass substrate at 475°C. Fig. 31.5(a) shows peaks at 445.1 and 452.3 eV
corresponding to In 3ds,, and In 3ds,, respectively, confirming the presence of indium
in the doped ZnO film. Fig. 31.5(b) shows strong peaks at 1021.74 and 1044.77 eV
which are typical peaks corresponding to Zn 2ps» and Zn 2pg» [29]. Fig. 31.5(c)
shows Ols signal illustrating major peak maxima at binding energy 531.53 eV which
can be deconvoluted in to two peaks at binding energies of 531.47 and 532.24 eV.
The major peak at 531.47 eV corresponds to the O™ in the ZnO, whereas the weaker
peak at 532.24 eV is due to the chemisorbed oxygen caused by surface hydroxyl
group corresponding to O—-H bonds [41]. The spectrum does not show any peak

corresponding to the other element or impurity.

31.3.4. Gas response properties

It is known that the gas response gets significantly influenced by the surface
morphology, crystallinity, amount of additives and operating temperature of
semiconducting oxides. The undoped and IZO thin films were examined for finding
their response towards various reducing and oxidizing gases. All the films have been
tested for gases, such as H,S, NHs, CO, H,, NOy, liquid petroleum gas (LPG) and
ethanol vapors for their 1000 ppm concentrations, at operating temperatures ranging
from 50 to 350°C. It is observed that ZnO as well as all the IZO films show poor
response (S < 30) towards these test gases; interestingly, only 3% IZO exhibits
exceptionally high response towards H,S gas at 250°C. Fig. 31.6(a) shows histogram
of 3% IZ0 indicating its selectivity towards 1000 ppm of various test gases at 250°C.
It clearly shows that except hydrogen sulfide gas, it displays negligible response
towards ethanol vapors (S = 30), LPG (S = 15.8), carbon monoxide (1.5), hydrogen
(11) and no response towards ammonia and nitric oxide gas. Such a unique and
exceptionally high response of S = 13,000 indicates amazing selectivity towards
hydrogen sulfide of this film at low operating temperature of 250°C. In order to
determine the optimum operating temperature and the amount of indium, the
responses of all the compositions were tested for 1000 ppm of H,S gas at the

operating temperatures from 50 to 350°C.
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Figure 31.6: (a) Histogram indicating selectivity of 3% IZO thin film for 1000 ppm
of various gases at 250°C, (b) Variations in the response towards 1000 ppm of H,S

gas with operating temperatures for undoped ZnO and 1, 3, 5 at% of indium in ZnO.

The histogram (Fig. 31.6b) reveals that the response not only changes with the
concentration of indium but also the operating temperature. It is observed that 3%
IZO show enhancement in response with operating temperatures and attains a
maximum response at 250°C. Interestingly, its response towards H,S decreases
markedly with further increase in temperature. Undoped ZnO film does not show any
response towards hydrogen sulfide gas while 1% 1Z0 and 5% IZO do show low
response of S = 6.5 and 28.4, respectively. As remarkably high response has been
exhibited by 3% I1Z0; the detailed studies of the same was carried out by varying

concentration of the H,S gas.
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Figure 31.7: (a) Variations in response with concentration of H,S gas at 250°C. (b)

Cyclic stability of 3% IZO at 250°C for 200 and 1000 ppm of H,S gas concentration.
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Fig. 31.7(a) shows response and recovery behavior of 3% IZO film for 200-1000 ppm
of H,S concentration at 250°C. In the present study we report 100% response and
100% recovery time. It is interesting to find 100% recovery after every cycle,
showing its potential as an ideal H,S gas sensor. As obvious, the response increases
with the increase in the H,S concentration. The other advantage exhibited is the fast
response (~2 s) and recovery time (~4 min) indicating again its high prospective as a
sensor for the commercial application. Fig. 31.7(b) indicates the cyclic stability of the
Sensor.
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Figure 31.8: Response (S) with gas concentration of 3% 1ZO at 250°C.

Figure 31.8 shows variations in response of 3% IZO film with concentration of H,S at
250°C, indicating logarithmic increase with the concentration of H,S. It is well known
that the gas sensing mechanism in the oxide based materials is surface controlled,
wherein; the grain size, surface states and oxygen adsorption play a significant role.
The larger surface area usually offers more adsorption—desorption sites and thus the
enhanced sensitivity [42,43]. The atmospheric oxygen gets adsorbed on the surface,
and depending upon the temperature of operation; different oxygen species are
formed on the surface. The gas response by metal oxide semiconductor, in general,
can be described as

Ogas) + 2€ — 20445~ (31.2)
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R+ 0y, —RO+e (3L.3)

Initially, (Eq. (31.2)) the atmospheric oxygen acquires electron from the conduction
band of ZnO and forms O,y species on the surface thus decreasing the conductance
of the ZnO. In the presently used IZO, the doping of In** increases the conductivity of
ZnO due to enhancement in the electron density. Thus, in IZO films, the In**facilitates
formation of more number of O,y species. Further, the high surfaces to volume ratio
of nanosized (~10 nm) particles offer larger number of sites for the adsorption of the
oxygen species. It is known that the gas response depends directly on the number of
O.4s~ species. The reducing gas (R), reacts with O,4s and forms RO (Eq. (31.3)) with
releases of electron back to the conduction band. In the process the conductance again
increases. Therefore, gas response in general, depends on the reaction (Eq. (31.3)) that
is, availability of R and O,4s species. The rejuvenation of the conductance takes place
on removal of R and the presence of ambient oxygen(Eq. (31.2)).

More specifically, in the presence of H,S gas, the reaction (Eq.(31.4)) takes place
thereby forms H,O and SO, gas by releasing electrons back to the conduction band,
thus increasing the conductance of the sensor. Again on removal of H,S, the reaction

(Eq. (3.2)) takes place leading to a decrease in the conductance.
HS.4s 30,4 H20 + SO, +3e (31.4)

It has been known that at higher temperatures and in the air the increase in resistivity
is due to the chemisorption of oxygen at the grain boundaries, which in turn leads to
the formation of extrinsic trap states localized at the grain boundaries. Major et al.[44]
have reported a correlation of crystal orientation, grain boundaries and film thickness
on the density of trap states formed due to chemisorbed oxygen in the IZO films
deposited by the spray pyrolysis. Such states trap free electrons from the bulk of the
grain to create a potential barrier by causing depletion in the region adjacent to the
grain boundaries. Such potential barriers also decrease the mobility of the carrier.

It is known that the thickness causes immense influence on the resistivity of the film.
For the thickness greater than 100 nm a gradual decrease in the resistivity (p) has been

earlier reported in IZO thin films [44], which were found to reach to its saturation at ~
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1000 nm thickness. More importantly, they observed a sharp increase in the resistance
in films having thickness less than 100 nm. Such increase in the resistivity (p) was
attributed to the decrease in the carrier concentration (N) and mobility (n) caused due
to the increased trap state density. The thickness dependent trap state density was
attributed to the increase in resistivity of the film with a decrease in the thickness
caused by enhanced localized trap states of the grain boundaries. Such a change can
be expected due to the thickness dependent crystal orientation. In the present work,
we report thin films deposited using a non-ionic polyoxyethylene lauryl ether (Brij-
35) as a surfactant which promotes dehydroxylation and crystallize the sample above
400°C. The surfactant facilitates formation of high surface area thin films with the
crystallite size considerably smaller than that of the films reported by the conventional
precursors. In our studies on undoped ZnO and 1, 3, 5% IZO, we observe film
thickness of about 100 nm having crystallite size between 30 and 50 nm and particle
size of ~10 nm with different orientations. More precisely, the 3% IZO films show
highest crystallite, with maximum uniformity in grain size and exhibits highest
response (S = 13,000) towards H,S gas. It is interesting to find that owing to the
extremely degenerate nature, the 3% IZO is not affected by exposure to high
temperature and therefore exhibit better thermal stability which is ideal for a good
sensor. The orientation ratio of (101)/(002) is lowest in 3% 1ZO as compared with
undoped and 1, 5% IZO. In contradiction to earlier reports [25,38], showing change in
orientation from (002) to (101) with increase in indium concentration. However, all
such findings are related to films having thickness higher than 500 nm. This clearly
indicates that the growth direction, thickness along with the concentration of indium
plays an important role in deciding the H,S gas response. The highest response at
250°C, is found to decrease with the increase in the operating temperature up to
350°C. The increase in resistance at lower temperature is attributed to the
chemisorbed oxygen on the surface causing decrease in the carrier concentration,
while at higher temperatures the decrease in the resistance is due to the increase in the
carrier concentration as result of activation of deep donors occur due to native defects
such as interstitial zinc and oxygen vacancies. Hence, at the higher operating
temperatures the apparent ratio of change in resistance with and without presence of
reducing gas is lower than that observed in the lower temperature. According to Hard

soft acid base (HSAB) concept, In** may be acts as an active site for adsorption for
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sulfur compare to Zn** and lowering activation energy of its adsorption leads to

selectively high response for In-doped ZnO film.

31.4. Conclusions

It can be concluded that the use of non-ionic surfactant (Brij-35) helps to obtain 100
nm thick films of undoped and indium-doped zinc oxide by a simple spray pyrolysis
technique at 475 °C. The films are comprised of uniformly distributed nanosized
particles. The XRD, SEM, XPS, AFM, TEM and film thickness studies reveal
features of the nanosized materials, facilitating the excellent gas response towards
hydrogen sulfide gas. The 3% IZO film exhibits maximum response towards H,S gas.
More significantly, it shows 4 order change in response (S = 13000) to 1000 ppm
concentration of H,S with fast response (~2 s) and recovery time (~4 min). The
increase in surface area due to use of the surfactant and the presence of 3 at% indium
in zinc oxide induces such high response towards the hydrogen sulfide gas at 250°C.
The high selectivity towards H,S is due to optimized amount of indium and film
morphology; however, it needs more detailed investigations for understanding such a
selective response. It can be concluded that nanosized indium-doped zinc oxide thin

film could be a good candidate material for H,S gas sensing device.
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Chapter 3

I1: Effect of aluminium doping on structural and gas sensing
properties of zinc oxide thin films deposited by spray

pyrolysis

A facile spray pyrolysis route is used to deposit aluminium doped ZnO
(AZO) thin films on to the glass substrates. It is observed that on aluminium
doping the particle size of ZnO reduces significantly; moreover, uniformity
of particle also gets enhanced. Their XRD study reveals that intensity ratio
of crystal planes depend on the aluminium doping concentration. The gas
response studies of; ~800 nm thick Al-doped ZnO films at different

operating temperatures show that 5 at% Al-doped ZnO thin film exhibits

highest response towards H,S gas at 200°C. The results suggest that the gas

response strongly depends on the particle size and aluminium doping in the

Zn0.

*The content of this chapter has been published in “Sensors and Actuators B 156 (2011)
943- 948", Reproduced by permission of Elsevier

http://www.sciencedirect.com/science/article/pii/S0925400511002061
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311.1. Introduction

In gas sensor technology the base material used, the type and amount of additive and
microstructure of material play a significant role in deciding sensor performance [1-
3]. Extensive research has been going in order to detect and monitor harmful gases
and more importantly understanding the sensor properties. The nanosized gas sensor
with compatible size and ease of operation is requisite. The gas sensor is a surface
phenomenon, in which interaction of analyte gas molecules with chemisorbed oxygen
leads to change in electronic properties. The reasoning behind selectivity towards
specific gas and the magnitude of response depends upon various factors such as
additives/dopants, grain size, surface states and amount of adsorbed oxygen, their
activation energy and extent of lattice distortion [1-3]. The enhancement in gas
response with decrease in particle size is well studied [4—6]. The effect of dopant on
grain size and gas sensor behavior has been extensively studied[7,8]. It is known that
when the particle size is comparable to surface depletion layer, the energy band
bending no longer depends on the surface but extends into the bulk of the grains and

gas sensor response is dramatically enhances.

The zinc oxide is a multifunctional semiconductor oxide and has respectable value in
gas sensor technology. The physical and chemical properties of zinc oxide can be
easily tailored by using suitable impurity material. We have recently reported In-
doped ZnO (IZO) films for H,S sensor [9]. It has been observed that 3 at% In doped
ZnO film shows maximum response towards H,S at 250°C. In the present work,
expensive In(IIl) is replaced by inexpensive AI(III) to find the effect on gas response
behavior. We used similar spray pyrolysis approach for the deposition of undoped and
Al-doped(AZO) ZnO thin films. The systematic doping of 1, 3 and 5 at% of
aluminium indicates that 5 at% doping (AZOS5) demonstrate high response towards
H,S gas at 200°C. Interestingly, in comparison with indium, the doping of Al reduces

operating temperature by 50°C, i.e., from 250 to 200°C.

As per literature survey no one has tested response of Al-doped ZnO towards H,S gas.
The report, in general, is on response towards trimethyl amine, dimethyl amine, H»,
acetone, ethanol and CO etc., Nanto et al. [10] have reported 1-5 wt% aluminium

doped ZnO thin films (300 nm) deposited by the magnetron sputtering. The 5 wt%
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Al-doped ZnO film was found to be more sensitive towards trimethylamine gas (S
=~55 at 450°C). Sahay et al. [11] have studied the LPG sensing properties of spray
pyrolysed aluminium doped zinc oxide thin films (250-350 nm) and reported
response of ~89% at 325°C for 1 vol% of LPG for 0.5 at% Al-doped ZnO film. Chang
et al. investigated gas response of AZO films (65-390 nm) deposited by the rf
magnetron sputtering and observed that gas response enhances with the decrease in
thickness and the 65 nm thick film shows a maximum response of 61.6% at operating
temperature of 400°C [12]. The thick films (25-35 pum) of ZnO with 1-9 wt% of Al
was deposited using screen printing by Patil et al. [13]. They reported 1 wt% Al-
doped ZnO film showing highest response towards ethanol (S=73, 300°C). In general,
the literature shows Al-doped ZnO films sensitive towards various gases except H,S.
Such a variation in selectivity may be attributed to the method of deposition,
morphology, particle size and the defects formed in the Al:ZnO. In this work, we
report the correlation between structure, morphology, aluminium doping
concentration and gas response in the ZnO thin films spray pyrolysed using non-ionic

surfactant.
311.2. Experimental

311.2.1 Synthesis

The undoped and aluminium doped ZnO thin films were deposited by spray
pyrolysing the precursors on to the glass substrate at 450°C. The as-deposited films
were annealed at the deposition temperature for 5 h. The glass substrates were cleaned
before use as explained elsewhere [9]. The precursor solution was prepared as
follows; zinc nitrate was dissolved in the mixture of ethanol:distilled water (2:1). This
solution was added dropwise to 1% solution of Brij-35 [polyoxyethylene (23) lauryl
ether(C,H,5-CH,-CH,-0]»-CH,-OH)] in ethanol to obtain 0.48 M solution. The
resultant solution was spray pyrolysed on to the hot glass substrate (2.5 cm X2.5 cm).
Similarly, aluminium doped ZnO thin films were deposited by varying atomic ratio of
aluminium to zinc in the range of 1-5 at%.

311.2.2 Morphological and structural analysis
The undoped and Al-doped ZnO thin films were characterized by using X-ray

diffraction (XRD), scanning electron microscopy (SEM), high-resolution transmission
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electron microscopy (HRTEM) and X-ray photoelectron spectroscopy (XPS). The
XRD of thin films were recorded by an ‘X’ PertPro operating at a voltage of 40 kV
diffractometer using Cu-Ka (A= 0.154056 nm) radiation in the (20) range between 20°
and 80°. The Scherrer formula was used to calculate average crystallite sizes (D) of
doped and undoped ZnO thin films (see equation 2.2). The SEM analysis was carried
out by a Lieca Stereoscan 440 model and the TEM and HRTEM studies were done by
a Tecnai F30 FEG machine operated at 300 kV. The XPS analysis was performed by
using a VG Micro Tech ESCA 3000 instrument at a pressure of >1X 10 Torr (pass

energy of 50 eV, electron take off angle 60° and overall resolution 1 eV). The
thicknesses of the films were measured using an AMBIOS MAKE XP-1 Surface
Profiler, Make - USA, Version- 5.5.5 between 10 A and 100 pm.

311.2.3 Gas response measurements

The gas response studies of ZnO and AZO thin films at different operating
temperatures and gas concentrations were performed in the gas sensing assembly
described elsewhere [9]. The gas response(S) of the sensor element is defined as the
ratio of resistance of film in the air (R,) to its resistance in the test gas (Ry) (see

equation 31.1).

31I1.3. Results and discussion

311.3.1. Structural properties

Fig. 3II.1 depicts the X-ray diffraction patterns of undoped and 1, 3, 5 at% Al-doped
ZnO thin films. All the XRD peaks corresponding to the hexagonal wurtzite structure
of ZnO are indexed according to the JCPDS 36-1451. We do not observe any
impurity phase of aluminium oxide or zinc aluminate in the XRD patterns. It is found
that all the samples exhibit significant orientation along (100), (002) and (101) planes.
Minor peaks corresponding to (102), (110), (103), and (112) have also been observed
in these films. We observed effect of Al-doping on the relative intensities
corresponding to (100), (002) and (101) planes. The XRD profile of undoped ZnO
exhibits a strong preferential orientation along c-axis (002), while on doping with
aluminium this orientation decreases and that of (100) and (101) get enhanced.
Interestingly, we observed schematic reduction in peak intensity of (002) in earlier

reported indium doped ZnO films [9].
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Figure 31I1.1: The X-ray diffraction patterns of undoped and Al-doped ZnO thin film
deposited at 450°C.

However, we cannot compare the ratio of intensities of AZO and IZO as the film
thickness of the two are 800 and 100 nm, respectively. The average crystallite size
using (002) orientation of the undoped ZnO is 34 nm and that of 1, 3 and 5 at% Al-
doped ZnO are 36, 40 and 28 nm, respectively. It clearly indicates the effect of
optimum concentration of aluminium (5 at%) in the significant reduction of crystallite
size. It is observed that for undoped ZnO the ‘a’ axis is 3.253A which goes on
decreasing with aluminium doping, more significantly, for SAZO it reduces to 3.249
A while the c-axis remains nearly unchanged on Al-doping. This can be attributed to

lower ionic size of Al (53.5 pm) than that of Zn (74 pm).

311.3.2. Morphological properties

The scanning electron micrographs (Fig.311.2) of pure ZnO exhibits grains with size
variation between 50 and 250 nm; indicating agglomeration of some of the grains. On
doping of aluminium the agglomeration reduces and thus gives slightly better

uniformity.
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Figure 3I1.2: SEM images of undoped and Al-doped zinc oxide films deposited at
450°C (a) undoped ZnO, (b) AZO1 (c) AZO3 and (d) AZOS.

The TEM analysis of undoped ZnO (Fig. 311.3(a)) shows particles varying in size
from 10 to 50 nm. The effect of 1 at% Al-doping is seen in Fig. 311.3(b), it shows a
decrease in the particles size with size variation between 10 and 35 nm. On further
doping of 3 at% Al the particles size reduces to ~5 nm (Fig. 311.3(c)), and remains
nearly constant in 5 at% Al. However, the 5 at% Al shows better uniformity in
particle size (Fig. 311.3(d)). The HRTEM image of AZOS5 (Fig. 3I1.3(e)) reveals

fringes of (100) indicating it to be a growth direction.

311.3.3 X-ray photoelectron spectroscopic studies

The X-ray photoelectron spectroscopic studies of AZOS5 film are carried out to
determine the presence of aluminium. The peak at 74.1 eV corresponding to Al 2ps;
(Fig. 311.4(a)) confirms the presence of AI**. Unlike In-doped ZnO [9], we observe
asymmetric peak in the oxygen binding energy spectrum which can be attributed to
the higher thickness of the present film. The asymmetric profile (Fig. 311.4 (b)) of O

Is is resolved into three components by a Gaussian fit.
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Figure 3I1.3: Low-magnification TEM image of (a) undoped ZnO, (b) AZO1, (c)
AZ03, (d) AZOS5 and (e) high-resolution TEM image of AZOS5.
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Figure 3I1.4: XPS analyses of (a) aluminium region and (b) oxygen region of 5 at%
Al-doped ZnO thin film.

The component at the low binding energy (529.96 eV) can be attributed to O” ions of

wurtzite structure in the hexagonal Zn**ion array. The higher binding energy peak at
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532.4 eV is usually ascribed to chemisorbed or dissociated oxygen or OH™ species of

the ZnO surface. The intermediate binding energy can be attributed to the oxygen

associated with AI** and oxygen deficient regions within the ZnO matrix [14,15]. The

spectrum does not show any peak corresponding to the other element or impurity.
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Figure 3I1.5: (a) Histogram of 5 at% Al-doped ZnO thin film for 1000 ppm of
different gases at 200°C. (b)The response towards 1000 ppm of H,S gas with
operating temperatures for pure and Al-doped ZnO.

311.3.4. Gas response properties

The thin film oxide semiconductor gas sensors are well explored. The gas response
depends on factors, such as morphology, dopants and their concentrations, thickness
of film and operating temperatures. We tested response for pure and Al doped ZnO
towards various reducing and oxidizing gases, such as H,S, H,, NOy, triethylamine,
liquid petroleum gas, and methanol, ethanol vapors. The pure and Al-doped thin films
have been tested for 1000 ppm concentrations of all the above mentioned gases
individually at temperatures between 100 and 350°C. We do not observe any
significant response for the above gases by undoped or 1 at% Al-doped ZnO films.
However, for higher Al concentrations remarkable response towards H,S gas is
observed at 200°C operating temperature. It is found that in comparison to AZO1 and
AZO3, the AZOS5 (5 at% Al) shows the highest response towards H,S gas and hence
we carried out the detailed gas response studies of this composition. The selectivity of
AZO5 thin film towards 1000 ppm of various test gases at 200°C is shown in Fig.
311.5(b). The significantly high response (S = 2900) reveals its remarkable selectivity
towards hydrogen sulfide gas at low operating temperature of 200°C. In comparison,

itshows marginal response towards triethylamine (S = 80) and other test gases. The
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histogram (Fig. 31I(b)) clearly displays the dependence of response on aluminium
content and operating temperature. It is observed that undoped ZnO and AZO films
show their highest response at 200°C. It is interesting to note that even at low
operating temperature of 100°C the AZOS5 film shows as high as 100 (S) response
towards H»S. The response and recovery time of AZOS film for 200-1000 ppm of
H,S at 200°C is shown in Fig. 3I1.6(a). It is observed that AZOS5 film attains nearly
100% recovery after every cycle, more precisely; nearly 95% recovery is achieved
within 5 min. The other advantage exhibited is the fast response (~10 s) indicating its
potential as a sensor material for the commercial application. Fig.311.6(b) fairly linear
increase in gas response with increase in H,S gas concentration. In our earlier report
on In-doped ZnO, we observed response towards H,S gas at 250°C which indicates
that the operating temperature significantly lowers due to Al-doping. However, due to
the difference in film thickness of the two systems, one cannot really compare the gas
response behavior. It confirms from TEM images that the particle size decreases with
increase in doping content. Thus surface to volume ratio increases, which provides
more adsorption site for oxygen molecule and as a result gas response increases in the
doped film. It can be seen that gas response reduces with increase in the grain size.
The influence of grain size on gas response is extensively discussed on the basis of
grain boundary and neck model by several researchers [4,5]. The working principle of
metal—-oxide gas sensors is based on a shift of the state of equilibrium of the surface

oxygen reaction in the presence of the test gas (receptor function).
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Figure 3I1.6.The response and recovery of 5 at% Al-doped ZnO upon exposure to
different concentration of H,S gas at 200°C. (b) Response with increase in H,S gas

concentration.
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The resulting change in chemisorbed oxygen is measured as a change in the
conductivity of sensor material, i.e., transform of chemical signal to an electrical
signal (transducer function). The receptor function is provided by charge transfer
interactions between the sensor and ambient gas molecules. These interactions largely
involve chemisorption of oxygen adions and removal of O ,q10ns by interaction with
reducing gases such CO, H,S, hydrocarbons etc. Here, it can be explained by
equations (see equation 31.2 and 31.4).

The gas response of the sensor depends on the surface reaction between the metal
oxide and the gas molecules in the ambient; therefore microstructure of material plays
a critical role in determining sensor response. The dependence of sensitivity on grain
size (D) is explained by Xu et al. [4]. They reported enhanced gas response with a
decrease in the grain size and observed that for grain size <10 nm the increase in the
sensitivity occurs by several orders of magnitude. They proposed semi-quantitative
model to explain effect of grain size (D) and gas response (S). Further, they proposed
the dependence of grain size (D) and width of the depletion layer (L) produced around
the surface of crystallites due to chemisorbed adions (mostly oxygen adions O (,q) to
explain grain size dependant gas response. For larger grains (D>2L) the gas response
depends on grain boundaries. When grain size (D) is comparable to the depletion
layer (L), the gas response is neck controlled since in that case neck dominates the
electrical resistance of the element. Finally, when D is less than 2L, the depletion
region extends throughout the whole grain and the crystallites are almost fully
depleted of mobile charge carriers, in this case the electric resistance of grains
dominates the whole resistance of the chain, therefore the gas response is controlled
by grains themselves (grain control). They have also reported the alteration of
depletion region (L) due to impurity. To examine the effect of grain size on the
sensitivity of nanocrystalline metal-oxide gas sensors Rothschild et al. gave
numerical simulation [6]. They calculated the effective carrier concentration (nes) as a
function of the surface state density (N;) for nanosized SnO, crystallites with different
grain size between 5 and 80 nm. Normally the trapped charge density (N—) at the
surface of the sensor largely depends on the density of chemisorbed oxygen adions
(Ni=)=[O (aa)] wWhere, the square brackets designate density per unit surface area and
therefore it is sensitive to the ambient gas composition due to interactions with gas

molecules. Effective carrier concentration (neg) is affected by trapped state density
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(N—). At a particular surface state density (Ni,eit), the effective carrier concentration
decreases by several orders and potential steeply increases. Rothschild et al. further
reported that the value of Ny, decreases with a decrease in the grain size. Thus it can
be concluded that for smaller grains, such huge change in effective carrier
concentration takes place at the lower surface state density. From the above
discussion, it is clear that the gas response of sensor increases with decrease in grain
size. The gas response also depends on critical surface state density as at this point the
effective carrier concentration decreases and surface potential increases. This supports
our observations of enhancement in the gas response by the lowering of grain size
from ~50 nm to ~10 nm. In the present work, we used a similar technique for the
deposition of Al as applied earlier by us for the deposition of In* doped ZnO film.
Moreover, we used same non-ionic surfactant viz. polyoxyethylene(23) lauryl ether
(Brij-35) and observed the response towards H,S in both the cases. The surfactant
forms a protective layer around the Zn®* ions and controls the decomposition process.
Thus it prevents the aggregation of particles and favors the formation of nanoparticles
at the higher deposition temperature. We annealed the sample for longer duration to
completely remove the Brij-35 and favor oxidation. This suggests that the non-ionic
surfactant plays a vital role in deciding the specific morphology which further leads to

their precise response towards H,S.

311.4. Conclusions

The uniform thin films of undoped and Al-doped ZnO having ~800 nm thickness are
deposited by a simple spray pyrolysis technique using surfactant. It is observed that
the particle size decreases on doping of aluminium (from ~45 nm to ~5 nm) and
consequently provides a larger surface to volume ratio. More specifically, the 5 at%
Al-doped film shows uniform particle size of ~5 nm and exhibits selectively high
response (S=2900 for 1000 ppm) towards hydrogen sulfide gas. It shows fast response
(~10 s) and recovery time (5 min, >95%) for H,S at 200°C. Thus, it can be assumed
that the nanosized Al-doped ZnO thin films deposited using surfactant have a

potential to become a good H,S gas sensing material.
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Chapter 4

Visible light assisted room temperature gas sensing property

of ZnO NR/CdS heterojunction

We report on the visible light assisted room temperature NO, and H,S gas

sensing properties of ZnO nanorods (NRs)/CdS heterojunction system.
Vertically aligned zinc oxide (ZnO) nanorods are prepared using a simple
hydrothermal process at low temperature (95°C), and cadmium sulfide (CdS) is
grown thereupon by the successive ionic layer adsorption and reaction (SILAR)
method. It is shown that in the presence of visible light the ZnO NR/CdS
heterojunction system shows a highly enhanced response to NO, and H,S as

compared to the ZnO NR case.

Submitted to Sensors and actuators B: chem. 2015
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4.1 Introduction

As a consequence of the rapid all-round development and related industrial growth,
tons of hazardous and eco-antagonist gases are being constantly released into the
atmosphere around the world. Safeguard of environment and living creatures is thus a
serious problem of this century. To protect and preserve our environment, it is
essential to monitors harmful gases such as NH3, CO, NOx, H,S, SO,, etc. Hence,
developing robust sensors with high efficiency for such gases is an unending quest.
Understanding the mechanism behind a specific sensing performance is equally
important to be able to tune them for optimal performance. Semiconducting gas
sensors based on change in carrier concentration are being constantly investigated due
to their small dimensions, compatibility with microelectronic processing, simplicity of

operation, low cost, and the ease of commercialization [1-3].

Semiconducting metal oxide gas sensors based on ZnO, SnO,, Fe,0O3, WO3, NiO have
been widely investigated[4-8]. Among these ZnO has attracted tremendous attention
due to its mixed covalent/ionic character in the chemical bonding, earth abundant
nature, and technologically tuneable properties[9-10]. This is exemplified by
versatility of ZnO in many useful applications such as solar cells[11], light emitting
diodes[12], field effect transistor[13], water splitting[14], batteries[15],
supercapacitor[16], photocatalyst[17], piezoelectric devices[18], and sensors[4]. It is a
wide direct band gap oxide semiconductor (band gap, 3.4 eV). The most important
property of the ZnO is its capability to form different interesting morphologies with
specific crystalline facets and high surface area[19-20]. Hence, opto-electronic
properties of ZnO can be tuned using varying sizes and shapes of the corresponding
nanomaterials[21]. Zinc oxides properties can also be optimized using different

dopants[22-24].

Gas sensors based on ZnO have been explored in various sizes and shapes such as
nanowires[25], nanorods[26], nanobelts[27], hierarchical morphology[28] etc. In gas
sensor technology, the gas sensor must show high sensitivity, selectivity, rapid
response and recovery time, and low operating temperature. It is generally difficult
realize all these properties in a single material. Therefore, specific morphologies,
doped systems, composites, hybrid materials are useful in this context[28-32].

However, most of these ZnO based gas sensors operate at higher operating
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temperature (>200°C). As higher operating temperature may cause issues related to
safety, power consumption and stability of the sensor, room temperature gas sensors
are a prerequisite in several applications. There are a few reports on UV enhanced gas
sensors which operate at room temperature[33-36]. However, availability of UV
source and related cost are the concern in the corresponding application. It is
necessary therefore to develop room temperature visible light enhanced gas sensor,

which was the object of the present work.

In present case we have studied ZnO NRs/CdS system which has favourable band
alignment for electron transport. There are a few very interesting reports based on
ZnO/CdS systems based gas sensors. Zhaia et al. have reported formaldehyde sensor
based on CdS nanoparticles distributed on ZnO microcrystals using sonochemical
method[37]. Zhai et al. have also reported formaldehyde sensor based on CdS
nanowires/ZnO nanoparticles via hydrothermal method[38]. In both the cases, pristine
CdS did not exhibit response towards formaldehyde. It suggests that heterojunction
plays a clear role in gas sensing. Yang et al. have fabricated CdS nanowire/ZnO
(core/shell) by hydrothermal synthesis for NO, sensing[39]. However the main
disadvantage of this system is its base current which is of the order of a few

nanoamperes making its practical application rather difficult.

In these reports the sensing elements are also needed to be drop-casted on the
electrodes weakening the electric transport. Moreover, the adhesion of sensing
materials with electrodes cannot be enhanced by post annealing due to presence of
CdS. Therefore, in present case we have directly grown sensing materials onto the
electrodes. The ZnO NR/CdS heterojunction is formed by two step process, namely
fabrication of ZnO nanorods by simple hydrothermal method followed by a SILAR
technique for deposition of few nanometer thick CdS layer on the ZnO nanorods. In
this study a uniform coverage of CdS on ZnO surface is formed. Here, we
demonstrate visible light assisted NO, and H,S gas sensing properties of the ZnO
NR/CdS heterojunction at room temperature. The significance of ZnO NR/CdS

heterojunction on gas sensing performance is discussed.
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4.2. Experimental

4.2.1 Synthesis of ZnO nanorods

Zn0O nanorods were grown on the glass and patterned FTO coated glass substrates by
chemical route as reported earlier[40]. Prior to ZnO nanorods growth, platinum
electrodes with a spacing of ~120 um were deposited by pulsed laser deposition
technique on the glass substrates. Initially, seeding was done which acts as nucleating
sites for growth of ZnO nanorods. A 22.8 mM zinc acetate solution was prepared in
ethanol. This solution was used to prepare the seed layer. Zinc acetate solution was
drop casted on clean substrates and heated for 5 min at 350°C to decompose zinc
acetate and form zinc oxide. This process was repeated twice and subsequently the
substrates were annealed at 450°C for 30 min to obtain uniform ZnO seed layer with

good adhesion of nuclei on the substrates.

The ZnO nanorods were prepared by using these ZnO seeded substrates. Zinc nitrate
hexahydrate (Merck, 25 mM) and Hexamethylenetetramine (HMTA) (Sigma Aldrich,
25 mM) solutions were prepared individually in deionized (DI) water.
Polyethylenimine (PEI) (Sigma Aldrich, My: 1800, 5 mM) was added with
continuous stirring to the HMTA solution. The resulting solution was then mixed with
the Zinc nitrate solution. The ZnO seeded substrates were dipped in a closed glass
container containing the above growth solution with the seeded side facing the bottom
of the container. This glass container was heated at 95°C with constant magnetic
stirring for 3h. After the completion of reaction, the ZnO NRs substrates were
thoroughly rinsed with DI water several times and lastly with ethanol, and then dried
at 60°C. The obtained ZnO nanorods films were annealed at 450°C for 2h to remove

the residual polymer and achieve good adhesion.
4.2.2 Synthesis of ZnO nanorods/CdS heterojunction

Cadmium sulfide was grown on ZnO nanorods using a simple SILAR technique. In a
typical synthesis, individual solutions of 0.05 M cadmium nitrate Cd(NOs3), and 0.05
M sodium sulfide (Na,S) were prepared in ethanol. The ZnO nanorods films were
successively immersed in solutions of Cd(NOs), and Na,S for 1 min each. However,

the films were thoroughly rinsed with ethanol while switching between these
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precursors solution. Five such SILAR cycles were carried out on the ZnO nanorod
films. These films were dried at room temperature. The schematic of ZnO NR/CdS

heterojunction synthesis procedure is shown in fig. 4.1(a).

4.2.3 Characterization

For the determination crystallinity and phase formation X-Ray diffraction (XRD) data
were recorded on a Philips X’Pert PRO using operating at a voltage of 40 kV
diffractometer using Cu-K, (A = 0.154056 nm) radiation in the (20) range between 20°
and 80°. Morphological analysis was carried out by scanning electron microscopy
(SEM) technique. SEM images of ZnO, ZnO NR/CdS films were acquired using E-
SEM Quanta 200 3D. Transmission electron micrographs and high-resolution
transmission electron micrographs of samples were captured using HR-TEM, FEI
Tecnai 300. UV—Visible diffused reflectance spectra were recorded using a Jasco V-
570 spectrophotometer. The dark and blue light assisted NO, and H,S gas sensing
response of ZnO NR and ZnO NR/CdS thin films at room temperatures were
examined. The blue LED of ~0.50 mW power (at distance 3 cm from device) was
used for gas sensing study. The desired concentrations of test gases were achieved
using mass flow controllers (Alicate Scientific make). The gas response (S) of the

sensor element is defined as follows:

S = (I-Ip/, Oxidizing gas (4.1)

S = (I-1)/1, Reducing gas (4.2)

Here (I,) is the current through the film in air ambient and (I,) the current in the

specific gas ambient.

4.3. Results and Discussion
4.3.1 Structural and morphological study

The schematic of synthetic protocol of ZnO NR/CdS heterojunction is shown in fig.
4.1(a). Fig. 4.1(b) shows X-ray diffraction (XRD) patterns of ZnO NRs and ZnO
NRs/CdS films grown on FTO.
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Figure 4.1: a) Schematic of ZnO NR/CdS heterojunction synthesis protocol, b) X-ray
diffraction pattern, c) diffused reflectance spectra and d) Tauc’s plots of ZnO NRs and
ZnO NR/CdS films.

Both X-ray patterns match well with PCPDF file (80-0075) corresponding to ZnO and
CdS contribution is not discernible it being a nanoscale film. The XRD patterns
exhibit c-axis growth (0001) plane as the preferential growth axis implying oriented
growth of this wurtzite phase. The optical properties of ZnO NRs and ZnO NR/CdS
films were analysed by diffused reflectance spectra [Fig. 4.1(c, d)]. The confirmation
of CdS formation on the ZnO nanorods is clear from the comparison of the UV
Visible analysis of ZnO NRs and ZnO NR/Cds films. ZnO NRs do not exhibit visible
absorption, as expected; however the ZnO NR/CdS heterojunction case shows
decrease in the diffused reflectance between 380 nm and 520 nm. The band gap of
Zn0O (~3.22 eV) was calculated using Kubelka—Munk function. In the case of
ZnO/CdS heterojunction the observed gap (~2.48 eV) is clearly dominated by CdS
and is in the visible region. Fig. 4.2 (a, b) show FESEM images of ZnO NRs and ZnO
NR/CdS films. The ZnO nanorods [Fig. 4.2(a)] were obtained using seed-induced

growth indicating formation of highly dense fairly oriented nanorods. The diameter of
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Zn0O nanorods is seen to be between 30-80 nm. The cross-section shapes of these
nanorods are perfectly hexagonal, as expected. The SEM image for the ZnO NR/CdS
heterojunction case shown in Fig 4.2(b) brings out that the ZnO nanorods are properly
and uniformly covered by CdS nanomaterial. The transmission electron microscopy
(TEM) and high-resolution TEM (HRTEM) images for the samples are shown in Fig.
4.2 (c and d). Figure 4.2(c) shows low magnification TEM image of ZnO hexagonal
nanorods. A gradual decrease in the diameter of ZnO nanorod from base to tip is
observed. Fig. 4.2(d) shows low magnification TEM image of ZnO NR/CdS
heterojunction. It can be seen that ZnO nanorod is being covered by CdS
nanoparticulate layer with a thickness ~5-10 nm. These CdS nanoparticles are seen to
form a thin shell around the ZnO nanorods. The high-resolution TEM image (fig.
4.2e) is a magnified view of CdS nanoparticles coated on ZnO nanorod. The lattice
spacing of 0.35 nm corresponds to (100) planes of CdS [PCPDF 80-0006]. The clear

lattice fringes indicate good crystalline nature of the CdS nanoparticles.

Figure 4.2: FESEM images of (a) ZnO NRs and (b) ZnO NR/CdS heterojunction; (c,
d) show low magnification TEM images of ZnO NR and ZnO NR/CdS; (e) shows
high resolution TEM image of CdS nanoparticle.
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4.3.2 Gas sensing study

The dynamic technique was used to evaluate gas sensing performance of ZnO NRs
and ZnO NR/CdS films for the detection of H,S and NO,. The films were tested in
dark and under blue LED illumination. First the ZnO NRs were tested for 500 ppm of
NO; gas in dark and in presence of light [Fig. 4.3]. In the dark, ZnO nanorods film

show a moderate response (S=17%) to NO, with no recovery.
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Figure 4.3: NO, gas response of ZnO nanorods in dark and under blue LED

illumination.

However, in the presence of blue LED (0.5 mW intensity, at distance 3 cm from
device), ZnO nanorods exhibit lower response (S=5%) as compared to NO, response
in dark. The ZnO NR/CdS heterojunction on the other hand exhibits a significant
response with recovery for NO, as compared to the ZnO nanorods. Fig. 4.4 (a, b)
show transient gas response of ZnO NRs and ZnO NR/CdS samples in the presence of
blue LED with increasing NO, concentration between 100 ppm and 500 ppm. ZnO
NRs do not show any response for NO, concentration below 300 ppm. They show a
slight response above 300 ppm and the recovery is also sluggish (Fig.4.4a). This
suggests that ZnO NRs are not sensitive towards NO; as there is only few charge
carriers are generated in the ZnO NRs in presence of blue LED. The ZnO NRs/CdS
heterojunction sample shows an optimum response (3.5%) with almost full recovery

at a low concentration of 100 ppm. The gas response did not saturate till 500 ppm and
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was found to increase with NO, concentration in the range between 100 and 500 ppm
(fig. 4.4 b).

The H,S gas sensing study of the ZnO NR/CdS heterojunction sample was performed
at room temperature in dark and in the presence of blue LED. The device exhibits no
response in dark towards 500 ppm H,S [Fig. 4.4(c)]. Interestingly, in the presence of
blue LED, ZnO NR/CdS heterojunction sample displays a significant response to H,S
[fig. 4.4 (d)]. In this case, the recovery is attained by switching off the blue LED. The
recovery process is slow because in presence of light, H,S molecules remain adsorbed
on the surface due to strong interaction between photo-generated holes/Cd** ions and
S* of H,S. The ZnO/CdS heterojunction shows a systematic increase in response with
increase in the H,S concentration. Blue LED illumination was kept on after recovery
(last dotted region Fig. 4.4 (d)) to confirm that enhanced current is only because of
H,S sensing. It depicts a sudden rise followed by fall in photocurrent, revealing that

the increase in current is mainly due to remaining adsorbed H,S molecules.
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Figure 4.4: (a, b) Response and recovery for the ZnO NRs and ZnO NR/CdS
samples, respectively, as a function of NO, concentration under blue LED
illumination; (c, d) H,S gas response of the ZnO NR/CdS heterojunction in dark and
under blue LED illumination, respectively.
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This confirms that light plays a key role in H,S sensing by the ZnO NR/CdS
heterojunction sample.
In semiconductor based gas sensors, many factors affect gas sensor performance such
as morphology, surface area, catalytic active sites, defect levels, porosity, dopant,
analyte gas[41]. In semiconductors, analyte gas molecules react with surface adsorbed
oxygen (05, O, and O%) species leading to a change in the carrier concentration of
the sensor element. The gas sensing mechanism in present case can be described on
the basis of modulation of energy barrier between the heterojunction partners (Fig.
4.5)[34, 36].
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b= szev b=47eV

E ; ® [ e o l:;v h‘\’ EC

Fg 33eV Fg 24eV
E,

(C) Under blue LED & H,S Wy, (hv) ‘
E Zn0O M,» Under Wy, (hv + NO,)
0 : " blue LED
I b Wi (hv)
$=52eV d=47cV
E, % A l Wy (hv + H,S)
1
E,=33eV E,=24¢eV
1 % Wp(hv + NO,)
E, .
L Wy ()
Wu(h" +H,;8) * W, — width of depletion layer

Figure 4.5: Schematic diagrams showing a mechanism proposed for the enhanced
response of the ZnO NR/CdS sample towards NO, and H,S gases under blue LED
illumination: (a) Energy band diagram for the ZnO NR/CdS system; Energy band
modulation in the presence of test gases [(b) NO, (¢) H,S] under blue LED
illumination; (d) Pictorial illustration of the variation of the width of depletion layer

(Wp) in test gases under light illumination.

In the present case, ZnO nanorods are covered with a few nanometres of CdS layers
by using a simple SILAR method. The work functions of CdS and ZnO are 4.7 eV

and 5.2-5.3 eV, respectively. The alignment of valance and conduction bands is
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favourable [Fig. 4.5]. As both CdS and ZnO are n-type semiconductors, they form an-
n type heterojunction. In semiconductors, surface states and defects in the crystal
create trap energy levels at the surface and in the interface region which result in band
bending and Fermi level pinning. Such states trap free charge carriers at the surface
and interface region and create a potential barrier[42-44]. The thickness of the CdS
shell on ZnO NRs core surface is ~5-10 nm [fig. 4.2 (d)]. The thickness of CdS is
very less compare to surface depletion layer which is order of debye length ~100 nm
[45]. In case of ZnO, surface depletion layer which corresponds to debye length is ~
30 nm[46,47,48]. Thus, the depletion region of CdS extends or overlaps over to the
ZnO NRs surface. Apart from the surface depletion region, energy barrier exists at the
interface of heterojunction due to trapping of electrons in these trap states. Hence,
electron transport is mainly governed by the modulation of the energy barrier formed
at the heterojunction. In semiconductors, conductivity (o) is expressed by using

following equation[49]
0 =0y (exp( cl)eff/kT) (4.3)

Where, s is energy barrier at the heterojunction, K is Boltzman constant, T is
absolute temperature and o, is absolute conductivity. The modulation of ¢ in the
presence of test gas decides the electron transport properties of the sensor element. In
the presence of NO, gas, the energy barrier height (¢.¢) increases leading to a
decrease in the current through the sensor[fig. 4.5(b)]. However in the presence of
electron donating groups like HS, ¢t reduces further hence the current through the
sensor element increases [fig. 4.5(c)]. In the dark, the modulation of ¢.sr and surface
depletion region are very small, therefore a negligible response is seen for both the
ZnO NRs/CdS heterojunction and the ZnO nanorods. Park et al have explained gas
sensing by modulation of energy barrier at heterojunction[50,51]. In the presence of
air, O, molecules adsorbed on the surface and take electrons from conduction band,

forming ionic species such as O, O’ and 0,7[52,53].

Adsorption of oxygen species on the surface creates a depletion layer in the surface
region of the ZnO NR/CdS due to the consumption of electrons in the surface region.
When blue LED is illuminated on the ZnO NR/CdS heterojunction, electron-hole

pairs are generated in the CdS shell. Some of the photo-generated electrons and holes
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combine with each other, however the remaining photo-generated holes react with the
negatively charged adsorbed oxygen ions on the surface. This can be expressed as

follows[54]

h* (hv) + O, (ads) — O, () (4.4)

h*(hv) + 0" (ads) — % O, (hv) (4.5)
or

2h* (hv) + 0% (ads) — % O, (hv) (4.6)

As a result of blue LED illumination the surface depletion layer in the CdS shell of
ZnO NR/CdS herterojunction reduces according to equation (4.4,4.5,4.6). When the
sensor is exposed to NO, gas, NO, molecules adsorb on the CdS surface, and the
remaining photo-generated electrons react with NO, molecules. NO, being an strong

oxidizing gas, it acts as an electron acceptor, as shown in the following reaction[49]
NO, (g) +e (hv) — 2NO () + O (hv) 4.7)

Equation (4.7) broadens the surface depletion layer in the CdS resulting in an increase
in the resistance of the sensor in the presence of NO,. In the presence of light, more
number of photo-generated charge carriers are available to react with NO,, hence the
response of a sensor towards NO; increases in the presence of light. Thus the surface
depletion layer of CdS overlaps with the interface depletion layer and also WD (hv+
NO2) > WD (hv) > CdS layer width; where, WD is width of the interface depletion
layer. Therefore, electron transport is modulated by the variation in the depletion layer
of the ZnO NR/CdS heterojunction system. This suggests that the electron transport is
facilitated or restricted by ZnO NR/CdS heterojunction thereby rendering sensing
properties to the device. Hence, in the presence of light, large number of electron
charge carriers are available to react with NO,, therefore the change in the resistance
of the sensor is more. This means that the energy barrier at the interface ({efr) is
modulated more in the presence of light.

In the presence of the reducing H,S gas, the ZnO NR/CdS heterojunction system does

not exhibit response in the dark. However, it exhibits significant response in the
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presence of blue LED illumination. It suggests that in the dark the interaction between
the sensor element and H,S gas is very feeble and change in ¢ is negligible.
However, in the presence of blue LED illumination, photo-generated holes could
facilitate the interaction between H,S and adsorbed oxygen species and/or holes and
H,S molecules. These interactions lead to injection of electrons into the conduction
band of CdS and reduction in the surface depletion layer, thereby decreasing the
height of the electron energy barrier at the interface of the ZnO NR/CdS
heterojunction. Thus, depletion layer thickness reduces in presence of H,S molecules
as shown in Fig (4.5d). Therefore, conductance of the device increases with increase
in the H,S concentration. In the presence of blue LED illumination, improved
response for NO;, and H,S is due to the interaction with the photo-generated charge
carriers leading to modulation of the energy barrier at the ZnO NR/CdS interface.
Thus, proper combinations of heterojunction can facilitate detection of toxic gases

even at room temperature.

4.4. Conclusions

Visible light assisted gas sensing properties of the ZnO NR/CdS heterounction are
investigated for NO, and H,S. ZnO nanorods (~30-70 nm diameters) coated by 5-10
nm thick CdS layer by SILAR technique show significantly enhanced NO, and H,S
gas sensing in the presence of visible light as compared to ZnO. In the case of NO,
the recovery (after turning off the gas input) is observed even in the presence of
illumination, but in the case of H,S the recovery is observed only by switching off
blue LED illumination. The ZnO/CdS heterojunction exhibits recovery time of ~20-
25 min for 500 ppm of NO, and H,S.
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Chapter 5

Facile synthesis and gas sensing properties of FeV;0g

nanosheets

Vertically aligned randomly oriented nanosheets of FeV3;Og on the
fluorine doped tin oxide (FTO) are synthesized by simple hydrothermal
technique. The dimensions of FeV3;0Og nanosheets are ~0.5 and 3 um. The
potential use of FeV30g nanosheets in gas sensor application is discussed
in this chapter. Systematic gas sensing study of FeV3;Og nanosheets was
performed for NH3, CO, H,S and NO; at different operating temperatures
between 50° and 350°C. The FeV;0g nanosheets exhibit good response

and selectivity towards H,S at low operating temperature of 200°C.
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5.1 Introduction

Exceptional industrial development in the last few decades has created major concern
over constant release of harmful gases and their adverse impact on environmental and
biological systems. Hence it is a primary objective to monitor and control such
harmful gases. It is an endless quest to develop gas sensor with superior qualities to
trace these harmful emissions. Toxic gas sensors based on semiconductor metal
oxides have drawn tremendous attention due to good response, ease of fabrication,
low cost, and high stability[1]. Binary metal oxides such as ZnO[2], SnO,[3],
Fe;0s3[4] and WOj3[5] have been widely explored but have an issue related to
selectivity and high operating temperature. Therefore, doped system[6],
composites[7], core/shell[8], have been explored to improve sensitivity, selectivity
and lower operating temperature of gas sensors. Recently, gas sensing properties of
ternary metal oxides (MM,0,) such as Zn,SnO4[9], ZnSnOs[10], CdIn,O4[11],
ZnCo,04[12] LaFeOs[13] Bi;WOg[14], AgoV40y;[15]etc have attracted tremendous

attention.

As transition metal oxides need low energy to fluctuate between the different
oxidation states; provide an opportunity to detect harmful emission at relatively lower
operating temperature. Hence, proper combination of ternary systems offer the
possibility of selective tracing of desired test gas over other at relatively low operating
temperature due to their electronic correlation and cooperative effects. Among various
transition metal oxides; vanadium oxide is an important class of materials owing to
their applicability in different fields such as catalysis[16], field emission[17] and
batteries[18]etc. Hence many promising ternary metal oxides based on vanadium
oxides such as AgVO3[19-20], Ag,V40;1[20], LaVOy,[21], BiVO4[22], CeVO4[23],
PrV0O4[24] FeVO4[25], GdVO4[26], NdVO427], NaVeO;s[28]etc have been
synthesized and characterized so far. An iron vanadium oxide is an important ternary
system due to their low band gap (~2 eV), variable oxidation states and can be
synthesized into nanoparticles[29], nanorods[30]and nanosheets[31]. Hitherto, there is
a single report on FeV3;0g[32] ultrathin nanosheets and nanoparticles synthesis and
their promising use for photocatalytic dye degradation. Herein, we have directly

grown FeV;0g nanosheets in an insulating gap of (~150 um) on FTO substrates and
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directly used it for gas sensing study. FeV3Og nanosheets exhibit selectively high

response for hydrogen sulfide gas at 200°C.
5.2 Experimental
5.2.1 Synthesis of FeV30g nanosheets

All the chemicals of analytical grade were used. In typical synthesis chemicals such as
ammonium metavanadate (NH4VOs;), Ferric nitrate Fe(NOs;);, nitric acid, and
hydrochloric acid were used to obtain FeV3;0g nanosheets. In the round bottom flask,
0.234 g of NH4VO3; was added in de-ionized water (35 ml) and kept at 70°C with
continuous stirring till solution become clear solution. An air condenser was fitted to
the round bottom flask to prevent loss of solvent during the progress of the reaction.
Ferric nitrate solution (0.808 g of Fe(NO3);in 35 ml of DI water) was added to the
NH4VOs; reaction mixture dropwise. An instantly yellow particles suspension was
formed. This suspension was further stirred for a few hours to ensure the completion
of reaction. The pH of the solution observed to be 3. The reaction mixture is allowed
to cool to room temperature then concentrated HCl was added dropwise to bring
down the pH to 1. The particles in the suspension dissolved and a clear yellow
solution was obtained. The above solution is then transferred to a 100 ml teflon lined
autoclave. The FTO substrates were first cleaned and heated at 450°C to remove all
impurities. FTO substrates were then fixed to a glass slide using teflon tape and
dipped in autoclave containing above reaction mixture with FTO side facing to the
bottom of the autoclave. The autoclave was then heated for 160°C for 3 h. FeV30g
was then grown on FTO substrates during the hydrothermal process. The FTO
substrates were removed and a deposition of a thin layer of brown FeV;Og was
observed on them. The films so obtained were then annealed at 450°C for 1 h with a

heating rate of 5°C min™'.
5.2.2 Characterization

The FeV;0g nanosheets were characterized for crystal structure and phase formation
by X-ray diffraction (XRD) analysis. The X-ray diffraction data were recorded on a
Philips X Pert PRO operating at a voltage of 40 kV diffractometer using Cu-Ka (A =
0.154056 nm) radiation in the (20) range between 20° and 80°. Morphological

analysis was carried out by field emission scanning electron microscopic technique
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(FESEM). FESEM images of FeV3;0g films were acquired from NOVA NANOSEM
450 of FEI. Transmission electron micrographs and high-resolution transmission
electron micrographs of samples were captured using HR-TEM, FEI Tecnai 300.
Optical band gap of FeV3;Og nanosheets was derived by diffused reflectance
spectroscopy using Jasco V 570 spectrophotometer. Raman analysis of FeV3Og

nanosheets was carried out using a Horiba JobinYvon Lab RAM HR system.
5.2.3 Gas sensing measurements

For gas sensing study, FeV3;0g nanosheets were directly grown in an insulating gap
(~150 um) at center of FTO substrates. These FeViOgnanosheetdevices were
stabilized in air at 350°C for 24 h before gas sensing experiments being performed.
Gas sensing performance of FeV3Og thin films were carried out at different operating
temperatures. Mass flow controllers (MFCs) (Alicat Scientific, USA make) were used
to obtain the desired concentration of test gases. Here, air is used as carrier gas. The
electrical properties of the sensor were measured using a Keithley 2612A source
meter. The gas response (S) is the ratio of sensor current in the air atmosphere (I,) to
its current in the test gas (I,) for oxidizing gas and vice-versa for reducing gas(see

equation 4.1, 4.2). Fig. 5.1 (a) shows the device architecture used for gas sensor.
5.3 Results and Discussion
5.3.1 Structural and morphological study:

The typical device architecture used for gas sensing of FeV30g nanosheets is shown in
Fig. 5.1 (a). Figure 5.1(b) shows X-ray diffraction pattern of FeV30g nanosheets. All
diffraction peaks can be indexed as end centred monoclinic FeV3Og phase with lattice
parameters a=12.13 A, b=3.679 A, c=6.547A [JCPDS file No. 75-0811]. The XRD
pattern indicates crystalline nature and phase purity of the FeV;Og nanosheets. The
optical properties of FeV30Og nanosheets were analyzed by diffused reflectance of
FeV;0g nanosheets grown on FTO substrate [Fig. 5.1(c)]. Fig. 5.1(c) shows variation
in % reflectance vs wavelength of FeV3iOg on FTO. FeV3Og nanosheets exhibit a

gradual drop in the reflectance in range 800-570 nm.
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Figure 5.1: (a) Device architecture used for gas sensor,(b)X-ray diffraction pattern (c)
diffused reflectance spectrum (d) Tauc’s plot (¢) Raman spectra of FeV;0g

nanosheets grown on FTO substrate.

The band gap for FeV;0g nanosheets was obtained from Tauc’s plot by extrapolating
the tangent as shown in Fig. 5.1(c)]. FeV3Og nanosheets exhibit band gap ~1.8 eV.
FeV;0g nanoplatelates (~10 nm in size) reported by Zhang et al. shows the band gap
(2.23 eV) however such small variation of ~0.4 eV can be attributed to morphology
and quantum size confinement effects. The Raman analysis of FeV3;Og nanosheets
were used to examine of various stretching modes. Fig. 5.1(e) shows raman spectra of
FeV;0g nanosheet. Here different modes have been assigned based on previous study
of iron vanadium oxide[33]. Raman bands are observed from four different groups
like terminal V-O stretching which lies between 990-885 cm™, bridging V-O---Fe
stretching which arises between 880-720 cm™', mixed bridging of V-O---Fe and V---
O---Fe stretching which observed in the range 700-550 cm™, and deformations of V-

O-V and Fe-O stretching can be seen between below 550 cm™.
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Figure 5.2: FESEM image (a), EDX micrograph (c) and elemental scanning of Fe, V,
O and corresponding ratio of elements (d, €) TEM image of FeV3;0Og nanosheet, inset

SAED pattern (f) HR-TEM of FeV;0g nanosheets grown on FTO substrate.

FESEM images of FeV3;0s nanosheets are shown in Fig. 5.2 (a). SEM images show
that uniform randomly oriented vertically aligned nanosheets growth of FeV3Og
nanostructures on FTO using simple hydrothermal process. Growth of FeV;Og
nanosheets was found to be uniform throughout the substrate. The FeV3;0g nanosheets
are smooth, uniform with length in the range of 0.5-3 um. These nanosheets are
closely spaced together forming compact irregular stack of nanosheets with
nanometre to few micrometer sized spacing between adjacent nanosheets which help
in easy access of nanosheets to analyte molecules. The FeV;Og nanosheets were
further analysed by EDX to determine elemental stoichiometry [Fig. 5.2(b)]. The ratio
of Fe:V is found to be 1: 3.14 is very close to Fe and V ratio (1:3) of FeV30g. The
elemental scanning map of FeV3;Og nanosheets for Fe, V, and O is shown in Fig.
5.2(c). The uniform throughout distribution of elemental mapping scan of Fe, V and O
supports formation FeV3;0Os. In order to get more insight of FeV3;Og nanosheets, the
low and high resolution TEM analysis were performed. The dimensions of FeV3Og
nanosheets are in between ~0.5 um and 1.5 pm[Fig. 5.2 (d)]. The magnified view of
nanosheets reveals formation of thin uniform nanosheets[Fig. 5.2(e)]. The selected

area electron diffraction (SAED) pattern of FeV3;0Og nanosheets is shown in the inset
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of Fig. 5.2(e). The diffused rings and the bright spots indicate the polycrystalline
nature of FeV3;0g nanosheets. The high resolution (HR) TEM micrograph of FeV;Og
nanosheet exhibits lattice spacing of about 0.266 nm[Fig 5.2(f)], which corresponds
to (310) plane of FeV30g which is good in agreement with JCPDS data.

5.3.2 Gas sensing study

Gas sensing behavior of FeV3;0g nanosheets directly grown on an insulating gap of
150 um, attained on the FTO was studied. For gas sensing studies, gas cylinder of
specific gases were purchased from a local vendor. To be specific, 1% test gas was
diluted in 99% of N,. The desired concentration of test gas is obtained by using mass
flow controllers (MFC). The gas sensing behavior of FeV3;Og nanosheets was

measured for different oxidizing and reducing gases such as NO,, CO, NH3 and H,S.
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Figure 5.3: (a) Gas response study for H,S, NHj3, CO and NO, at different operating
temperatures between 50°C and 350°C (b) transient H,S gas response for temperature
between 50-200°C, (c) H,S gas response of FeV30g nanosheets with concentration

between 50 ppm and 1000 ppm (d) corresponding log (S) vs log (C) plot at 150°C.
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The sensitivity of a gas sensor is greatly depends on the operating temperature.
Hence, the sensitivity of the FeV3;Og nanosheets was evaluated as a function of
operating temperature. Fig. 5.3(a) shows gas response behavior of FeV3;0g nanosheets
towards 1000 ppm these gases at different operating temperatures. FeV3;0Og nanosheets
show maximum response to NO, at 100°C and further drastically decreased with
increase in temperature. However for H,S, FeV3;Og nanosheets show increase in
response with operating temperature upto 200°C and further gradually decreases with
further increase in operating temperature. Specifically, FeV3;Og nanosheets exhibit
maximum response to H,S at 200°C. FeV;0g nanosheets depict insignificant response
over the entire range of temperature towards CO. For NH3, FeV30g nanosheets exhibit
negligible response till 300°C and further rise in response observed at 350°C. Such a
temperature dependent sensitivity for different gases reveals that optimum activation
energy is necessary for different reactions to take place effectively. FeV3Og
nanosheets exhibit good selectivity for H,S over other test gases for operating

temperature between 150°C-250°C (Fig. 5.3. (a)).
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Figure 5.4: (a) Response and recovery behaviour of FeV;Og nanosheets for NH3;, CO

and NO; at different operating temperatures between 50°C and 350°C.
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Fig. 5.4 shows transient gas response of FeV3Og for NO,, CO, NHj. It shows
negligible response towards NH; and CO below 250°C. At 100°C, the device shows
the maximum response to NO,, however recovery is incomplete. For temperature
(>100°C), FeV30g nanosheets exhibit negligible response to NO,. Fig. 5.3 (b) shows
response and recovery behavior of FeV30g nanosheets for H,S gases with increase in
temperature till 200°C (For clarity, transient behavior for H,S for temperature >200°C
is not included here and is shown in Fig. 5.5. For hydrogen sulfide, device shows slow
response and recovery below 100°C. For temperature (>100°C), FeV;0g nanosheets

response and recovery is improved for H,S.
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Figure 5.5: (a) H,S response behavior of FeV;0g at different operating temperatures
between 250°C and 350°C, (b) H,S gas response time of FeV3;Og nanosheets for

operating temperature between 50 and 350°C.

Specifically, it exhibits response time (t) (Here, t is defined as when gas response
reaches to 90% of final value) is of ~ 30 s for temperature between 150-250°C where
optimum H,S response is observed Fig. 5.5(b). Thus, FeV3;0g demonstrates maximum
response and also a good response and recovery behavior for H,S compared to other
test gases. Moreover, it is observed that FeV3;Og nanosheets display better selectivity
at comparatively lower temperature of 150°C. Further concentration dependent H,S
response was studied at this temperature [Fig. 5.3 (c)]. It can be seen that with
increase in concentration of H,S, FeV30g nanosheets exhibit increase in gas response.

FeV;0g nanosheets also exhibit almost complete recovery after every cycle.
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The gas response (S) of FeV3;Og can be expressed empirically as S =1 +Angﬁ
where, A is prefactor, Fyis partial pressure of analyte gas (i.e concentration of analyte
gas(C)), which is directly proportional to the concentration of anlayte, and P is
exponent of Fy. Generally, B has value either 0.5 or 1. The values can be derived from
surface interaction of analyte gas and chemisorbed oxygen [34-35]. Hence response
(S) should be linear with logarithmic concentration (C) of analyte gas. Fig.5.3 (d)
represents log(S) vs log(C). The graph shows linear response with increase in
concentration of H,S. The value of  obtained from a linear fit to Fig. 5.3(d) is ~0.19.
The disorder and insensitive region could give rise to deviation from ideal value[34].
Such a temperature dependent response can be governed by many factors such as
adsorbed oxygen species, available active sites, energy of adsorption of analyte etc.
Different oxygen species form on the surface semiconductor oxides with increase in
temperature namely chemisorbed O,", O", O species. It suggests that with increase in
temperature, surface becomes more oxidized. At lower temperature, (here 100°C),
NO; being an oxidizing gas favorably gets adsorbed on surface and extract an electron
from conduction band and the current of the material decreases[Fig.5.4]. On further
increase in temperature, FeV30Og nanosheets get more oxidized and available active
sites for adsorption of NO, reduce significantly. Hence above 100°C, FeV3Og
nanosheets exhibit sudden fall in response for NO,. However, in case of H,S, being
reducing gas its response is increased with temperature due to surface reactions with
adsorbed oxygen ions lead to release back electrons in conduction band. Thus the
overall current of sensor increases and can be seen from Fig. 5.3 (b). The detailed gas
sensing mechanism in the case of H,S can be explained by using Fig. 5.6. The H,S
gas sensing mechanism of n-type semiconductor metal oxides can be explained by
charge modulation due to surface reaction occurring between test gas and adsorbed
oxygen species. In presence of air, O, molecules get adsorbed on the surface of
FeV;0g nanosheets and thus generate chemisorbed O,, O and/or o species
depending on operating temperature by capturing free electrons from the conduction
band of FeV3;Og. As a result the charge carrier concentration decreases and the
depletion layer is formed on the surface of FeV3;Os, which reduces the current of the
material. When HS is introduced into the test chamber, H,S molecules react with the
chemisorbed oxygen (O> or O) species that are present on the surface of FeV;Os to

form SO, and H,O (see equation-31.4).
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Thus, the trapped electrons are released back into the materials leads to an increase in
electron concentration in the conduction band and hence there is an increase in overall

conductivity of the material.

FeV;04 nanosheet Oxygen adsorption on surface
n-type semiconducting metal oxide H

Depletion layer formation

In presence of H,S
reducing gas O hole @© electron

Figure 5.6: Pictorial representation of H,S sensing mechanism of FeV30Og nanosheets

(n-type semiconductor metal oxide).

In the present case, FeV3;0g nanosheets exhibit better and selective response towards
H,S. In this ternary system, FeV3Og; Fe is in Fe’* and two V are in V** and one in
V>*. This suggests that here Fe and V are in their highest oxidation states. Therefore
both of these elements support adsorption of H,S and favor subsequent reaction. The
jonic radii of these elements are as follows: Fe in Fe'* (64.5 pm), V in v+ (58 pm)
and in V°* (54 pm), and S* (184 pm). However, on the basis of hard soft acid base
(HSAB) concept, as ionic radii of vanadium are comparatively smaller than iron thus,
H,S molecules preferentially adsorb on iron over vanadium and may further facilitate
the reaction. Many other factors like crystal defects, quantum confinement, could

contribute in sensing performance. Hence only HSAB concept may not be the only
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reason of better response of FeV30g nanosheets for H,S but cooperative effect of both

metals might be playing a crucial role.
5.4 Conclusions

In summary, we have developed one-step simple and efficient template free
hydrothermal approach for the synthesis of uniform FeV3;0Og nanosheets. Randomly
oriented vertically aligned FeV3Og nanosheets were directly grown on the FTO. The
FeV;0g nanosheets exhibit good selectivity, response and recovery toward H,S at

comparatively low temperature of 200°C.
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Chapter 6

Synthesis, characterization and gas sensing behavior of

nickel cobalt oxide (NCO) nanograss

We report gas sensing properties of NiCo,O4 (NCO) nanograss synthesized
by a simple hydrothermal method. The X-ray diffraction pattern shows
formation of single phase NiCo,04. Scanning and Transmission electron
microscopies reveal nanograss-like morphology and further confirm the
formation of the pure phase NiCo,0,. Interestingly, each blade of the NCO

nanograss is assembled in the form of ~10-15 nm sized nanoparticles

rendering the desired mesoporosity. Gas sensing study on such NCO exhibits

a very good response to NH3z and CO gases.
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6.1 Introduction

Semiconductor metal oxides based sensors based on resistivity change due to analyte
have been investigated for quite some time due to high response, simplicity of
fabrication, stability, ease of operation[1]. Gas sensors based on both n-type and p-
type binary metal oxides have been explored intensely[1-4]. The gas response
properties of these systems have been improved by doping, using additives in the
form of catalytically active noble metals such as Pt, Pd, Au etc.[5-7]. Morphological
effects on gas sensing performance have also been studied[8-10]. Specifically, gas
sensors based on p-type metal oxide based binary systems such as NiO, Co304, etc.
have been explored extensively[11-14]. Ternary oxide systems provide the additional
advantages of the contributions of electronic structures of both the elements and
enable further ability to tune their properties through stoichiometry control, doping

etc.

NiCo,04 (NCO) is one of the interesting p-type ternary metal oxides due high
catalytic activities of both nickel and cobalt. NCO has spinel crystallographic
structure[15]. Nickel occupies the octahedral sites whereas cobalt occupies both
octahedral and octahedral sites [Fig.6.1]. In NCO, nickel provides stable oxidation
states, however the oxidation states of cobalt can vary during the reaction. Another
reason for use of NCO is its non-toxicity, low cost, abundance in nature, and most
importantly the tendency to be easily engineered into one-dimensional systems[16-
17]. NCO exhibits two orders of magnitude higher electronic conductivity as
compared to pure NiO or Co304. NiC0,04 is an electrochemically active material. It
has been used for supercapacitor application [18]. It has also been widely studied for
applications in Li-ion battery, photoelectrochemical cell, photodetector and
electrocatalyst[15,19-21]. In nanomaterial form, the reactivity and electronic
properties of oxides depend on the size and shape of the particles [22]. The micro-
electronics industry has been emphasizing on reduction in size of the device elements
like capacitors, resistors, and transistors[23-25]. Thus if sensors are also built on the
nanoscale platforms they may have a good compatibility for integration with signal
processing circuit architectures. Doping Co3zO4 with Ni is shown to enhance the

electrical conductivity considerably while maintaining the spinel structure. This doped
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system exhibits p-type behaviour similar to the intrinsic spinel Co304[26]. However,

gas sensing study of p-type ternary forms of such oxides is hitherto lacking.

Figure 6.1: Crystal structure of NCO unit cell with the spinel structure. [reprinted

with permission[15]]

6.2 Experimental
6.2.1 Synthesis and growth of NiCo,04nanograss on FTO

All the chemicals of analytical grade were used without further purification. In typical
synthesis, 4 mmol cobalt nitrate hexahydrate [Co(NO3),.6H,0], 2 mmol nickel nitrate
hexahydrate [Ni(NO3),.6H,0)], and 10 mmol of urea [CO(NH,),] were mixed in 100
ml DI water and ultrasonicated till a homogeneous solution is obtained. This solution
was then added into the teflon-lined stainless steel autoclave of 200 ml capacity. The
normal glass substrates and commercially available FTO glass pieces of the desired
size were washed by ultrasonication in DI water, then in ethanol for 15 min each and
dried at room temperature. Few pieces of such glass and FTO glass with 150 pum
insulating gap in the center were fixed on a glass slide using teflon tape and hung
vertically into the above reaction solution such a that the parts of the substrates over
which the deposition was desired were completely immersed into the solution. The

autoclave was heated to 120°C for 20 h. It was allowed to cool to room temperature
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and the substrates were removed from the solution. The substrates were washed with
DI water and ethanol for a few times and then dried at room temperature. The samples

were then annealed at 350°C for 2 h and further used for gas sensing study.
6.2.2 Characterization

X-Ray diffraction (XRD) analysis was carried out to determine formation
crystal structure and phase purity of NCO. The XRD pattern in the range of 20°-80°
(26)was measured on a Philips X’Pert PRO, using Cu-Koa (A = 0.154056 nm)
radiation. FESEM technique was used for morphological study. FESEM images were
obtained from Nova NanoSEM. Transmission electron microscope (HR-TEM, FEI
Tecnai 300) was used to acquire low magnification and high-resolution images of
NCO. The gas sensing properties of NCO thin films were evaluated in the presence of
different toxic gases at different operating temperatures. The gas sensing response (S)
of a NCO sensor was obtained from the ratio of resistance of film in the air (R,) to its
resistance in the test gas (R,) for oxidizing gas and vice-versa for the reducing gas

(see equation 1.14).

6.3 Results and Discussion
6.3.1. Structural and morphological study

Figure 6.2 (a) shows X-ray diffraction pattern of NCO nanograss grown on a glass
substrate. There are no other impurity peaks corresponding to NiO and Co304. All the
X-ray peaks can be indexed with JCPDS data [20-0781] which confirms the formation
of pure single phase NiCo,04. Figure 6.2 (b) shows uniform dense growth of 1-D
NCO nanograss on the FTO surface. The length of nanograss is ~ 1-3 um and width
of a typical nanoblade is ~200 nm. Each nanoblade is distinctly formed which
suggests that the initial nuclei formed during the growth process facilitate further
growth in an axial direction. There is a good adhesion with the substrates as well
which can enable better electronic transport across the entire surface. Additionally,
the magnified FESEM image of NCO nanograss exhibits a smooth surface [Inset of
Fig.6.2 (b)]. For detailed understanding of the microstructures of the NCO nanograss,
TEM and HR-TEM analyses were carried out.
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Figure 6.2: (a)X-ray diffraction pattern, and (b) FESM images (inset: magnified

view) of NiCo,04 nanograss sample.

Figure 6.3(a) shows a low magnification TEM image of the NCO nanoblade. The

width of nanoblade decreases gradually from bottom to top, showing a tapered nature.

The nanoblade seems to be broken at the tip as a result of sonication treatment used

for the preparation of the TEM sample.
d
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Figure 6.3:(a) low magnification TEM image (inset: SAED pattern), (b) magnified
view of nanoblade and TEM images, and (c) EDAX analysis of the NiC0,04

nanograss.
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The porous polycrystalline nanoblades are seen to be formed by nanosized particles of
~10-15 nm in diameter with porosity in between the nanoparticles[Fig. 6.3(b)]. Thus,
nanograss not only offers high surface area but also presents porosity which enhances
accessibility to more active sites for the gas molecules. HR-TEM was used to
determine lattice planes. All diffraction spot of SEAD pattern indexed with spinel
NCO [inset of Fig.6.3(a)] The HR-TEM image of NCO nanoaprticle exhibits lattice
spacing of ~ 0.28 nm which corresponds to (220) plane [inset of Fig 6.3(b)]. Energy
Dispersive X-ray analysis (EDAX) was used to identify the elemental composition
[Fig 6.3(c)]. The atomic percentage ratio of the elements Ni, Co and O is nearly found
to be 1: 2: 4, respectively. It confirms the formation of stoichiometric NiCo0,0..
Additional peaks corresponding to carbon and copper arise from carbon coated copper

grid used for the TEM analysis.
6.3.2 Gas sensing study

Gas sensing behavior of NCO nanograss directly grown on an insulating gap of 150
um attained on the FTO was studied in details. For gas sensing studies, gas cylinders
of specific gases were purchased from a local vendor. To be specific, 1% test gas was
diluted in 99% of N,. The desired concentration for the measurement for a test gas
was obtained by using mass flow controllers (MFC). Sensing behavior of the
fabricated device was measured for different oxidizing and reducing gases, such as
NO,, CO, NHi. The sensing measurements were performed by varying the
concentration of the test gas at different operating temperatures. Among these gases,
NiCo,04 exhibited a good response to NH; and CO. NiCo,0, nanograss showed no
response towards NO,. Therefore, detailed gas sensing behavior of NiCo,04

nanograss was studied for NH3 and CO gases.

Figure 6.4 illustrates the gas response for 1000 ppm NHj3; and CO gases at the
operating temperatures between 150°C and 300°C. At lower operating temperature
the device exhibits a negligible response. % S represents percentage gas response of
the material and is calculated as,

%S = (2— - ) 100 (6.1)

g
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Figure 6.4: (a, b) % gas response (%S) with increase in an operating temperature for
1000 ppm of NHj3, CO, and (c, d)Gas sensing behavior of NCO at various operating
temperatures for 1000 ppm NHj; gas.

Figure 6.4 illustrates bar graphs of %S gas response to different operating
temperatures. NCO shows maximum response for NH; at 250°C. However, the
optimum operating temperature for CO is 200°C. It was found that the gas response
increases with increase in the temperature but decreases at higher operating
temperatures. At high operating temperatures, thermal energy increases which
decreases the rate adsorption of gas molecules on the surface of sensor. It can be
clearly seen from Fig. 6.4 (c, d) that the response and recovery of 1000 ppm of the test
gas is faster at 300°C. Thus, response-recovery dynamics were studied for different
concentrations of the test gases at 300°C, which is shown in Fig. 6.5. It can be seen
from Figs. 6.5 (a,b) that with an increase in concentration of the test gas the response

of the sensor increases, as expected.
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Figure 6.5: Gas sensing behavior of NCO for different concentrations of NHj3(a),
and CO (b), gases.

The band diagram can be used to describe gas sensing mechanism of a semiconductor
metal oxide[27-28]. The acceptor levels are present near the valance band (VB) in a
p-type semiconductor. These levels accept electrons, leaving holes in the VB at room
temperature and vacancies of metal ions acts acceptors [Figure 6.6 (a)]. In air
atmosphere, oxygen trap electrons from the surface state of NCO and get adsorbed on
its surface as shown in Fig. 6.6(b). This leads to band bending and rise in hole
concentration and therefore a decrease in the resistance of NCO. In the presence of
reducing gases (like NH3, CO), the reaction between gas molecules and chemisorbed
oxygen and/or adsoptrion of gas molecules results in the release of electrons into the
NCO. Thus, electrons and holes recombine which results in the reduction of the hole
accumulation layer accompanied by band bending relaxation (shown as qAV) and
increase in the resistance of the NCO [Fig. 6.6(c)]. When reducing gas molecules
desorbed from the NCO surface(Fig. 7(b)), the holes concentration is again restored
which results in a decrease in the resistance of NCO. However, in the presence of
oxidizing gas like NO,, gas molecules get adsorbed on the surface of metal oxide by
withdrawing electrons and leaving behind holes. This leads to further increase in the
holes concentration and thus reduction in the resistance of NCO, which is further

restored by desorption of NO, from the surface in the recovery process by passing air.

In chemoresistive type metal oxide sensor, the sensitivity of the gas sensors is highly
influenced by the concentration of analyte gas and temperature of the sensor. Thus,
the temperature dependent gas response is controlled by the surface stoichiometry of

metal oxide and the chemical interaction between the analyte and the surface.
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Figure 6.6: (a, b, ¢c) Schematics of band diagram illustrating gas sensing mechanism

in the presence of reducing and oxidizing gases.

The kinetics of surface chemisorption reactions depends on the adsorption—
desorption(A/D) activation energies which are governed by the temperature of the

sensor, thereby influencing the response and recovery times of the sensor. Thus, the
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response and recovery times depend on A/D reactions of the analyte molecules. In the
present case, NH; and CO gas molecules show complete recovery at 300°C
temperature which suggests their easy desorption from the surface of NCO. This
implies that the porous NCO nanograss material is a good candidate for the detection
of NH; and CO. However, the gas response values are on the slower side which could

be enhanced by the integration with other materials.

6.4 Conclusions

Single phase NCO nanograss was synthesized using hydrothermal technique. The
nanograss is composed of tapered nanoblades that are ~1-3 um in length with a mean
width of ~200 nm. Each nanoblade is formed by nanoparticles of ~10-15 nm size
(diameter) connected with each other rendering nanoporosity over the entire range.
Such NCO material shows maximum response towards NH; and CO at 250°C and

~200°C, respectively.
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Chapter 7

Hydrothermal synthesis and remarkable humidity sensing

properties of zinc stannate

We report humidity sensing property of hydrothermally synthesized single
phase zinc stannate nanoparticles. X-ray diffraction analysis clearly shows
formation of single phase Zn,SnO,4 (ZTO). Transmission electron microscopy
confirms formation of faceted nanoparticles in the range between 5 and 50
nm. Such ZTO film shows ~4 order of magnitude change in its response
towards entire range of humidity with good linearity. The detailed complex ac

impedance analysis of ZTO films is also carried out at 1 V with 50 mV

amplitude of ac signal in the range of 102-10° Hz for relative humidity (RH)
between 11% and 92%.
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7.1. Introduction

Zinc stannate is technologically a very important material as its electronic properties
can be tuned with doping, stoichiometry control and through size effects. It also has
several positive attributes such as good optoelectronic properties, non-toxic nature,
natural abundance of the corresponding elements etc. [1-2]. This material has shown
promising applications in many fields such as solar energy, water splitting, Lithium
ion battery etc. [3-5]. It possesses two important elements namely zinc and tin which
are widely established in the field of materials science because of their earth
abundance and the fascinating range of the properties of their various compounds. In
particular, the oxides of these elements have been widely exploited in the field of

sensors [6,7].

Zinc stannate has shown fairly high sensitivity to toxic and other industrially
important gases such as CO, NO,, H,S, ethanol, etc. [8-11]. Humidity is an important
factor which affects various industrial and domestic processes. Therefore, it is
essential to detect and control environmental humidity. The search through literature
reveals that zinc stannate shows very diminutive humidity sensing response.
Stambolova et al. deposited zinc stannate films by spray pyrolysis at ~450°C and
further annealed them at 1000°C for 8-10 h and tested them for humidity sensing. A
very small response (R./R,=10) was seen with linearity only over the range above
50% RH[12]. The composite thick film based on ZTO with LiZnVO, however
showed an excellent humidity sensing property (more than 3 orders of magnitude
change). Gang Fu et al. have explained this change due to humidity sensitive
character of the LiZnVO, layer. They did not however explain the exact role of
Zn,SnOy in this study[13]. In another work ZnSnO; pallet was prepared by physical
mixing of different weight ratios of zinc and tin and the same was annealed at
600°C[14]. This system once again showed very low humidity response and exhibited
no change in resistance above 50% RH. Kovancheva et al. prepared pellets of ZTO
and Zn, \MgxSnO, composite; in this case the humidity response was observed only
above 50% RH[15]. The search through literature has shown low humidity response
of ZTO films and pallets with nonlinear behavior vis a vis humidity. It is therefore
interesting to study the effect of nanostructure and film fabrication on the humidity

properties of material.
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In the present study, single phase zinc stannate (Zn,SnOs) nanoparticles are
successfully synthesized via hydrothermal method. Humidity sensing properties of
nano-particulate porous ZTO films were performed at room temperature using an ac
impedance analysis. Zinc stannate films synthesized by this method have shown good

sensitivity over the full range of % RH.
7.2. Experimental
7.2.1 Synthesis of Zn,SnOy4

Single phase zinc stannate was synthesized by simple hydrothermal method. Tin
chloride (IV) hydrated, SnCl4.5H,0 (Lobachemie); Zinc chloride, ZnCl, (Merck) and
sodium carbonate, Na,CO3; (Merck) were used without further purification. In a
typical synthesis 0.701 g SnCly. 2H,0, 0.545 g ZnCl,, 0.635 g Na,COswere dissolved
in the 200 ml DI water. The reaction mixture was then transferred in 250 ml capacity
teflon vessel. It was placed in stainless steel jacket and kept at 180°C for 12 h. The
obtained product was washed with DI water and dried in the vacuum at 80°C for 24 h.
The effect of Na,COs; mineral on the properties of ZTO has been studied by

Annamalai et al.[2].
7.2.2 Fabrication of ZTO films

A homogeneous paste of ZTO was prepared using the following protocol. Initially, in
a 100 mg of ZTO powder water (0.5 ml), a drop of triton and acetyl acetone were
added and the mixture was ground for 10 min. The above mixture was then further
ground in 1 ml of ethanol successively for two times with 20 min grinding after
successive addition. The obtained homogeneous paste was then applied on the surface
of Fluorine-doped tin oxide (2 cm?) with an insulating gap of 150 um in the centre
that split the conducting layer in two parts. This film was allowed to dry at room
ambient and was further heated at 450°C for 5 h. ZTO films thus formed were directly

used for sensing studies.
7.2.3 Characterizations

XRD data of zinc stannate powder was acquired on a Philips X’Pert PRO using Cu-
Ka radiation source. The measurement was carried for 20 values between 20° and

80°. The film morphology was obtained from E-SEM Quanta 200 3D scanning
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electron microscope. FEI Tecnai 300 transmission electron microscope was used to
acquire low and high-resolution micrographs of samples. The band gap of ZTO was
obtained from the diffused reflectance spectrum (DRS) measured on a Jasco V-570
spectrophotometer. The humidity sensing studies on the ZTO films were carried out
by an Autolab PGSTAT30 (Eco-Chemie) at different frequencies. The complex
impedance analysis was carried out between 10~ - 10° Hz with 50 mV amplitude at 1

V.
7.2.4 Humidity sensing measurements

Different % relative humidity ambient values were achieved by using air tight
chambers of saturated salt solutions of different salts. The saturated salt solutions such
as LiCl(11%), MgCl,.6H,O(33%), Ca(NO3),.4H,0(54%), NaCl(75%), KCIl(84%),
and KNO3 (92%) were used in the present study[16]. The salt chambers were kept for
24 h at 25°C (x1°C) to achieve stable humidity. The humidity sensing study was
performed at 25°C (£1°C) by switching the ZTO film rapidly between the different
humidity chambers. A Keithley 6517A electrometer/high resistance meter was used to
measure the change in the resistance of the ZTO film. The humidity response (S) of
the ZTO film is defined as the ratio of resistance of film in the 11% RH (RH;;4) to its
resistance in the test humidity (t%)[16].

RH119
S = —R;;// (7.1)

7.3. Results and Discussion
7.3.1 Structural and morphological study:

The XRD pattern of as synthesized ZTO powder is shown Fig. 7.1(a). This XRD is
identical with the JCPDS file no. 74-2184 and does not exhibit any impurity peak
corresponding to ZnO or SnO,. Therefore, it clearly signifies formation of single
phase zinc stannate. The SEM image of the ZTO film annealed at 450°C for 5 h is
shown in Fig 7.1(b). The organic compounds used in doctor blading technique to form
uniform paste were decomposed off during annealing treatment that developed
microcracks in the film. It seems that aggregates of few hundred nanometer sizes were
formed from integration of smaller nanoparticles. The annealing is essential as it

creates good adhesion of sample with FTO and also to form electronic connection
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between the nanoparticles. The SEM image exhibits high surface area with
microporous nature of ZTO film. In humidity sensing application such microporosity
is very essential. The morphology of hydrothermal synthesized powder was also
analyzed using TEM micrographs. Figure 7.1(c) exhibits widely distributed
nanoparticles of ~5-50 nm in diameters. The shapes of particles are however faceted
but irregular. The lattice d spacing of a typical particle is observed to be (0.49 nm)
which corresponds to the (111) lattice plane of ZTO [(inset of Fig. 7.1(c)]. The
selected area diffraction pattern is shown in Fig. 7.1(d). The diffraction points match
with the JCPDs data (74-2184) of zinc stannate. Hence, both XRD and TEM analysis

reveal single phase ZTO formation.
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Figure 7.1: (a) X-ray pattern of as synthesized Zn,SnQ,, (b) SEM image of ZTO film
annealed at 450°C for 5h, (c) low magnification (inset: high resolution) TEM images
of ZTO nanoparticles, (d) selected area electron diffraction (SAED) pattern of

Zn,SnOy4 nanoparticles.
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Figure 7.2. (a) Diffused reflectance spectrum, and d) Tauc’s plots for the ZTO

powder.

The optical properties of ZTO powder were analyzed by using UV-VIS diffuse
reflectance spectroscopy (DRS). Fig. 7.2 (a) shows the diffused reflectance spectra of
ZTO powder. The band gap of the materials can be derived from the Kubelka—Munk
method (see equation 2.5). The band gap ZTO is found to be 3.84 eV[see ig. 7.2(b)].
The small increase in the band gap as compared to bulk can be attributed to the small

nanosized particle of hydrothermally synthesized ZTO.
7.3.2 Humidity Sensing study:

The hydrothermally synthesized ZTO powder was used to form uniform porous films
on FTO substrates by the doctor blading technique (as discussed earlier). The ZTO
films were annealed in air in order to decompose the organic content and form
electronic connections between nanoparticles. Air tight chambers of different
saturated salt solutions were used to study the humidity sensing of ZTO film. The
humidity measurements were carried out by rapidly switching films between different
humidity environments. The impedance analysis of ZTO films were performed for
RH between 11% and 92%. The impedance measurements were carried out for
frequency range between of 107 to 10° Hz with 50 mV ac potential at 1 V[Fig.7.3
(a)]. As operating frequency increases the impedance of ZTO film was seen to
decrease [Fig. 7.3(a)]. For lower operating frequency (0.01-1 Hz), the change in
impedance with frequency is somewhat linear. However, in the high frequency range
(102 to 106), the change in the impedance of the film is faster. Fig. 7.3(b) reveals the

change of impedance with increase in humidity at different operating frequencies.

Satish S. Badadhe Page 157



Ph.D. Thesis | AcSIR 2015| Chapter 7

a 1012 !_ T T T
10" ;r
1010 u
10°f
S 1w
N 40}
10°F
10°F
10‘ i ad d d " d d d ul 105 i ! ! i
10° 10% 10" 10° 10' 10 10° 10* 10° 10° 0 20 40 60 80 100
Frequency (Hz) % Relative Humidity
C 1012F
10‘”r
10"k
a
N 10} .
10°}
10°L

0o 2 4 6 80 10
% RH

Figure 7.3: (a) Impedance change with increase in frequency at different humidity,
(b) The variation of impedance with humidity for different operating frequency,(c) the

change in impedance with humidity for 0.1 Hz operating frequency.

It suggests that over the lower frequency region, the change in impedance for the
different humidity values is prominent. There is a rapid departure from linearity at
higher operating frequency (>1 Hz). At lower frequencies, however, the films show
better linearity in contrast to higher frequency range. The ZTO film exhibits a good
linearity at 0.1 Hz as shown in Fig.7.3(c). For lower humidity range <54%, there are
fluctuations of the impedance in the frequency range between 10 Hz and 100 Hz. The
exact reason for this is not known at this stage, however, it might be due to the
interaction between inline frequency and operating frequency which becomes

pronounced at higher resistance.

Figure 7.4 (a,b) show the ac complex impedance analysis of the ZTO film. In an ac
impedance plot, semicircle nature indicates that the resistor and the capacitor parts of
an equivalent circuit are in parallel. The resistance value can be obtained from the
diameter of the semicircle and capacitor value is calculated from the expression, ® T =
oRC=1, where, o is peak angular frequency, 7 is relaxation time or time constant of

each parallel RC circuit[18]. The semicircle arc signifies diffusion and polarization of
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charge carriers on the surface of sensor. The inclined line at lower frequency deals
with electrolytic conduction and diffusion processes between the interface of the
sensor and the electrode. The impedance arising in this region is known as the

Warburg impedance.
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Figure 7.4: The complex impedance plots for ZTO film at different humidity values
at 25°C.

The complex ac impedance of ZTO film shows a semicircle arc at higher frequency
and is inclined line at lower frequency [Fig.7.4 (a)]. As RH increases the size of the
semicircle reduces. For high RH, many water molecule layers are adsorbed on the
surface of the sensor and the concentration of proton (H' ion) charge carriers
increases, as the hydration of hydronium ion (H30") to H,O and H" is energetically a
favorable process[19]. In high humidity environment, charge carriers move freely
within liquid water which results in a decrease in the grain surface resistance.
However at low concentration of humidity (less than monolayer adsorption), water
molecules are adsorbed on the active sites to form chemisorbed hydroxyl group. The
proton is transferred to water molecule and forms H3;O" ion[20]. In such a condition,
hydronium ion is bonded to two hydroxyl groups and the charge carrier is H;O".
Therefore, resistance is high at low humidity as a result of low concentration of

charge carries.

As per dielectric theory, resistor indicates transport and capacitance signifies
polarization of charged species. As humidity increases many charge carriers are
available and hence polarization effect is enhanced therefore capacitance at grain

boundary region and sensor-electrolyte interface increases. In an ac complex

Satish S. Badadhe Page 159



Ph.D. Thesis | AcSIR 2015| Chapter 7

impedance analysis, the completion of semicircle depends on value of resistor,
capacitor and operating frequency[21-23]. At low humidity range (<54%), the
semicircles are not evolved due to high resistance and low density of charge carriers
available for conduction[(Fig. 7.4(b)]. Thus, at low frequency the capacitor part of the

equivalent circuit is absent; hence we do not get the semicircle behavior.

The response and recovery behavior data for the ZTO films are shown in Fig. 7.5. In
the present experimental condition it is difficult to get precise response time as we
expose the sensor to laboratory ambient humidity (though very briefly) while
switching between the different humidity chambers. Hence, the extracted values are
only nominal estimations. Figure 7.5 show the transient response between RHj4to
different test humidity values. The ZTO film shows a reasonably rapid response ~ 2-3
min to reach the ~85% response value. However, the recovery time is higher in all the
cases. The slow recovery time may be due porous nature of the ZTO film[Fig. 1(b)]
and also the strong interaction of water molecules with zinc stannate which could

leads to their slow dissociation. [24].
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Figure 7.5: Response and recovery of the ZTO film in different humidity

environments at 25°C

It is necessary to understand the possible contribution of each element Zn and Sn
towards humidity by using hard soft acid base (HSAB) principles[25]. According to

the principle hard species bind easily with hard species and the soft species with the
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soft one. There is an electrostatic nature in hard—hard species while covalent nature in
soft—soft species. In ZTO, Zn** is borderline acid however; Sn** ion is a hard acid.
Water is acts a hard base. Hence, Sn** will easily facilitate adsorption of water.
Hence, the humidity sensitivity of Sn** ions is more compared to Zn** ions. In the
present study, the nanosize ZTO provide high surface area which presents more active
sites for the adsorption of water. Thus, ZTO film shows high sensitivity and good

linearity owing to porous nature of nanoparticulate film.

7.4 Conclusions

We report highly humidity sensitive ZTO nanoparticles synthesized by hydrothermal
method. The corresponding film of ZTO exhibits ~ 4 order change in the impedance
between 11% and 92% RH. It also displays good linearity over the whole range of
operating humidity. Thus, ZTO films synthesized by this method hold good promise

for humidity sensing with high response and good linearity.
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