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Preface

A sensor 1s a device which detects the presence of chemical or biological
molecules. In recent years, the demand for chemical sensors is growing at
a consistent rate due to their wide use in environmental monitoring,
medical diagnostics, industrial safety, automotive emission monitoring
etc. Off all the numerous solid-state sensors, metal oxide semiconductor
nanostructures are the potential candidate for fabricating efficient gas
sensors because of their interesting properties. The resistance of oxide-
based sensors greatly depends on the surrounding atmosphere with which
the material is in contact with. The high-temperature operation of oxide-
based sensors limits their use in so many applications. In addition,
miniaturization as well as reduced power consumption of the device is not
possible with sensors operating at high temperature. Extensive research
has been carried to fabricate low cost, portable gas sensors with reduced
power consumption and better gas sensing properties. Doping, formation
of hierarchical structures, UV light illuminations etc. are some of the
possible routes for improving the gas sensing properties together with
reducing operating temperature of the sensor.

The basic gas sensing mechanism of metal oxide based gas
sensors relies on the interaction between target molecules and adsorbed
oxygen ions on the surface of the semiconductor. The reaction changes
the resistance of the material in accordance with nature of the target gas
as well as the sensing material. A good sensor should possess a high value
for response and fast response and recovery times. The focus of the
present thesis is towards fabricating room temperature gas sensors with
better gas sensor parameters. The content of the various chapters is

summarized below.

xiil



Chapter 1 gives an introduction to metal oxide based gas sensors, their
working principles applications etc. A brief literature review of different
metal oxide nanostructures studied under the present work and their
properties are also discussed. A detailed description of the need for room
temperature gas sensors is included in this chapter.

Chapter 2 includes the details of the hydrothermal method used for the
synthesis of various nanomaterials. The basic mechanism and the
parameters which affect the hydrothermal reaction are also discussed. We
have fabricated an in-house experimental set up for gas sensing
measurements. The details of the experimental set up fabricated are also
included in this chapter.

Chapter 3 deals with the synthesis, characterization, and room
temperature gas sensing properties of ZnO and ZnO/CuO heterojunction
sensors. The samples were synthesized using simple solution techniques
including hydrothermal and wet chemical methods. The response of our
devices to ethanol, hydrogen sulfide and ammonia were investigated at
room temperature. Improved response parameters have been observed in
the case of n-ZnO/p-CuO heterojunction compared to ZnO alone. The
response value was 2 for ZnO and it is enhanced to 6 in the case of
Zn0O/CuO heterostructure. The gas sensing mechanism of the devices is
described in detail.

Chapter 4 includes the effect of seed layer on the growth of TiO, as well
as the attachment of Ag nanoparticles on the gas sensing properties of
TiO; nanorods. TiO; nanorods were grown on FTO/glass substrates by
seed-mediated hydrothermal method. The deposition of seed layer
promoted the growth of well separated individual TiO, nanorods on

X1V



FTO/glass substrates. The exceptional catalytic properties of Ag
nanoparticles enhanced the interaction between adsorbed oxygen ions and
target gas molecules leading to better gas sensing properties in Ag-TiO;
heterostructure. With the addition of Ag nanoparticles, the response and
recovery time of the sensor has been reduced to 3 and 73 seconds from 6
and 213 seconds respectively. The gas sensing mechanism of Ag-TiO,
heterostructure is also investigated.

Chapter 5 details the growth and characterization of n-TiO,/p-CuO
heterojunction and its room temperature gas sensing properties. The
attachment of CuO nanoparticles on the surface of TiO, nanorods forms
p-n heterojunctions. The formation of heterojunction increases the overall
resistance of the sensing material due to the formation of depletion
regions at the n-side and at the interface of the junction. The formation of
p-n heterojunction, as well as the increased surface area of the device,
enhanced the room temperature ethanol sensing properties. The response
of the TiO,/CuO sensor enhanced to 34 where the value was 8 for TiO,
sensor. The mechanism responsible for the improved sensing properties is
also discussed.

Chapter 6 describes the fabrication of n-TiO,/n-ZnO heterojunction
device by two-step hydrothermal method. The samples were characterized
and room temperature gas sensing properties were investigated. The
migration of charge carriers across the n-n junction forms an
accumulation layer at the side of ZnO which is further depleted by
additional oxygen adsorption, enhancing the gas sensing properties of
Ti0,/ZnO heterojunction device. In the case of TiO,/ZnO sensor, we got
all the response parameters enhanced together. The response has been
increased to 40 from 8 and recovery time has been reduced to 90 seconds

XV



from 213 seconds respectively. The gas sensing mechanism of the
heterojunction device is also discussed in detail.

Chapter 7 summarizes the main results in the thesis and recommends the
scope for future works.
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Chapter 1

Introduction to metal oxide semiconductor

gas sensors

This chapter details the importance of metal oxide semiconductor
nanostructures in gas sensing applications, their basic working principles
and various performance parameters of a gas sensor. The methods to
improve the gas sensing performance, the reasons for the enhanced
sensing properties and various applications of gas sensors are also

discussed in detail.
1.1 Metal oxide semiconductors

Among the inorganic semiconductors, metal oxides are the focus of
current research since they are the most common minerals on earth and

also due to their physical and chemical properties and functionalities. The

Cochin University of Science and Technology



Chapter 1

electrical behavior of metal oxides'” ranges from insulators (e.g., ALOs,
MgO) through semiconductors (TiO,, ZnO etc.) to metals (V203 ReOs)
which finds numerous applications in the fields of transparent electronics,
piezoelectric devices, spintronics, catalysis, sensors, solar cells etc. Figure
1.1 schematically depicts the technological application of metal oxides. A
thorough understanding of the fundamental properties of a metal oxide
system is a prerequisite in research and development towards practical
applications. It has been known for the last five decades that the electrical
conductivity of metal oxide semiconductors varies with the changes in the
surrounding atmosphere.> The tunable physical and chemical properties
of metal oxide semiconductors make them a promising candidate in the

gas sensing industry.”™®

g

Wave guides

e Transparent

Photo catalysts , L electronics
Metal oxides

~

A
/’\ |
Fuel cells Photovoltaic

Storage
devices

Figure 1.1. Technological applications of metal oxides.

The development in the field of nanotechnology has contributed to
significant improvements in the gas sensor industry because of the

interesting properties of nanomaterials.” ' The unique properties such as

Department of Physics



Introduction to metal oxide semiconductor gas sensors

large surface to volume ratio and enhanced electron transfer kinetics
linked to the nanometer size of nanostructured metal oxides have attracted
great interest.'*"> Gas sensitivity down to parts per billion has been
achieved with oxide nanostructures such as rods, particles, wires etc. The
improved sensitivity together with the advantages of nanostructures helps
scientists and researchers to fabricate portable low power consuming gas
sensors. If the dimensions of particles are comparable to the wavelength
of electrons, quantum mechanical effects play an important role in
changing their physical properties, especially the electrical, magnetic and
optical properties.'""? A blue-shift in optical spectra of quantum-confined
particles and an increase in luminescence efficiency of semiconductors

. . . . . . 14,15
make them suitable for fabricating various semiconductor devices.

1.2 Metal oxide chemiresistive gas sensors

Reliable detection of hazardous, harmful or toxic gases has
become a major issue due to more stringent environmental or safety
regulations worldwide. Emissions from automobiles and industry are
major sources of hazardous gases such as carbon monoxide (CO),
hydrogen sulfide (H.S), nitrogen oxides (NOy), volatile organic
compounds (VOCs) etc. Exposure to the above hazardous gases cause
shortness of breath, nausea, swelling of tissues in the throat, impair
immunity system and in the worst case, they may even cause death.'
Solid state gas sensors present a high potential for applications where the
use of highly sensitive analytical techniques such as gas chromatography,
spectrophotometry, high-performance liquid chromatography etc. are
prohibitively expensive. The interaction between the analyte in the

surrounding gas phase and the sensor material is transduced into a

Cochin University of Science and Technology



Chapter 1

measurable electrical signal that most often is a change in the
conductance, capacitance, or potential of the sensor material. Different
gas sensitive metal oxide nanostructures have been identified and used in
the field of air quality monitoring and industrial safety. Due to this wide
application range, the need for cheap, small, low power consuming and
reliable solid-state gas sensors have grown over the years and triggered a

huge research worldwide.
1.2.1 Historical background

A sensor is a device which can detect the presence of a chemical or
biological molecule in the ambient. Chemiresistive gas sensors based on
semiconducting metal oxides have attracted the attention of many
researchers and scientists due to the low cost, flexibility associated with
their production, simplicity of their use, a large number of possible
applications etc. Before the invention of gas detecting devices, people
used canary birds in mines to detect the presence of poisonous gases like
carbon monoxide, methane etc., because the anatomy of canaries are
something special that they need more oxygen hence they are highly
sensitive to toxic gases. In the early 1950s, it was understood that some
semiconductor materials modify their resistance depending on the
surroundings they are in contact with. In 1953, Brattain and Bardeen
observed this effect in Ge.'” Heiland in 1954 described that metal oxide
semiconductors such as ZnO also modify their semiconducting properties
with change in its ambient."® Later, in 1962 Seiyama and Kato showed
that the conductivity of ZnO thin films heated to ~300°C was sensitive to
the presence of traces of reactive gases in the air."” In 1967, Shaver
explained the effects of noble metal (Au, Ag, Pd, Pt etc.) addition on the
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surface of metal oxide gas sensors.”’ These results initiated further
development of commercial gas sensors. At the beginning of 1970s,
Taguchi brought metal oxide semiconductors to an industrial product. The
first chemiresistive gas sensor was fabricated and patented by Taguchi
using SnO,.*' Taguchi type sensors are now one of the world's leading gas
sensor manufacturers and it is the present day Figaro Engineering Inc. in
Japan. By the end of 1980's, semiconductor-based gas sensors became
one of the thrust areas of research for the sensor community. The need for
gas sensors with high sensitivity, selectivity, faster response and recovery,
thermal and chemical stability, low power consumption etc. generated
intensive efforts to develop new gas sensing materials. The dramatic
development in the understanding of material science and material
chemistry helped scientists and researchers to fabricate high-performance

gas Sensors.

The early metal oxide-based sensor materials possessed a number
of unfavourable characteristics such as high cross-sensitivity, poor
selectivity, sensitivity to humidity, long-term signal drift and slow sensor
response.”” In order to improve sensor performance, a series of various
metal oxide semiconductors have been tested. At first, the poor
understanding of sensor response mechanism caused the use of trial and
error strategy in the search for an appropriate material. Binary metal
oxides such as Sn0,”, ZnO**, TiO,” etc. are the commonly used sensing
materials. The most successful investigations were on sensors based on
SnO,. Figure 1.2 represents the current status of studies on n- and p-type

oxide semiconductor gas sensors.
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Figure 1.2. Statistics of the studies on various n- and p-type oxide semiconductor gas sensors. [15]
1.2.2 Working principle of metal oxide gas sensors

Over the years great efforts have been made by scientists and
researchers to understand the sensing mechanism as well as the
underlying processes. In the early days, the sensing mechanism was
explained on the basis of electron theory of chemisorption and catalysis

1.%° Later, in the

on semiconductors developed by Wolkenstein in 196
beginning of 1980s, the electric charge transport through metal oxide
semiconductor in oxygen and target gas ambient have been described in
detail.*’*® Following these theories, the fundamental sensing mechanism
of metal oxide semiconductor sensors relies on the change in resistance

upon interaction between the adsorbed oxygen molecules and the target
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gases.”>?*! Even though the working principle is simple, the mechanism

involved in gas sensing is fairly complex. The basic working principle of
chemiresistive sensors includes a receptor function and transducer
function.”?*** Sensors based on metal oxide semiconductors are mainly
applied to detect target gases through redox reactions between the target
gases and the adsorbed oxygen ions on the metal oxide surface which

includes two steps:

a) Redox reactions, during which oxygen ions distributed on the
surface of the materials would react with molecules of target
gases, leading to a change in the width of the depletion region

formed on the surface of the oxide surface.

b) This variation is transduced into a change in electrical resistance
of the sensors. The resistance variation could be detected by
measuring the change of capacitance, work function, mass, optical

characteristics, reaction energy etc.

Conductometric metal oxide gas sensors rely on changes in
electrical conductivity due to the interaction with the surrounding
atmosphere. The normal operating temperature of metal oxide gas sensors
is in general within the range between 200°C and 500°C where
conduction is electronic and oxygen vacancies are doubly ionized.*** At
higher temperatures, oxygen vacancy mobility becomes appreciable and
the mechanism of conduction becomes mixed ionic-electronic. Metal
oxide gas sensors should be operated at temperatures low enough so that
appreciable bulk variation never occurs and high enough so that gas

reactions occur in a time of the order of the desired response time. Gas
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sensors working at room temperature is the focus of current gas sensor
industry because of their reduced power consumption and their use in

explosive environments where high temperature is not favorable.*®>’

The sensing mechanism in metal oxide (MO) gas sensors is
related to adsorption of species over their surfaces. The adsorption
phenomena can be of two types: physisorption” and chemisorption.”>*’
Physisorption is defined as an adsorption event where van der Waals
forces are involved in the bonding between the surface and adsorbate.
Chemisorption is the formation of a chemical bond between the molecule
and the surface during the adsorption process which requires activation
energy. The most important chemisorbed species when operating in
ambient air are oxygen and water. At lower temperature (< 100°C)
oxygen adsorbs over metal oxide in molecular (05 ) form, since O, has
lower activation energy. At temperatures greater than 100°C, the atomic
0~ or 02~ forms dominate.”***"™* The buildup of oxygen ions leads to
the formation of an electron depletion region or space charge region and
potential barrier at each grain boundary as shown in the figure 1.3.
Electrons must acquire enough energy to overcome this double Schottky

potential barrier which now controls the conductance of the material.
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Figure 1.3. Schematic depicting the potential barrier developed at the intergranular contact of two

oxide particles.

When a reducing gas like H,S is introduced into the sensing material, it
will react with the adsorbed oxygen ions on the surface which causes
electrons to be injected back into the material releasing SO, and H,O.
This leads to the reduction in potential barrier height between adjacent
particles generating a measurable change in the conductivity of the
material. The H,S sensing mechanism of metal oxides is schematically
demonstrated in figure 1.4.
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Figure 1.4. H,S sensing mechanism of metal oxide nanostructures.

1.2.3 Performance parameters of a metal oxide semiconductor gas
sensor

The morphology of the sensing material has a significant effect on
the gas sensing properties. The gas sensing material can be classified into

2% In dense or compact material, the gas molecules

dense and porous.
can interact only with the surface of the oxide material. Figure 1.5 shows
the schematic representation of a compact sensing layer where Zg, Z, and
qV; are sensing layer thickness, thickness of the depletion region and band
bending, respectively. Here, the geometric surface itself is the active

surface where interaction takes place.
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Figure 1.5. Schematic representation of a compact sensing layer.

In the case of porous sensing materials, the target gas molecules
can penetrate into the inner oxide grains which will enhance the
sensitivity. Here, the interaction between the target gas and the oxide
takes place at the surface of individual grains, boundaries between grains
and also at the interface of oxide and electrode; hence the active surface is
much higher than the geometric one. The schematic representation of
porous sensing layer with geometry and energy band is shown in figure
1.6 where X, X,, E, and qV; are grain size, depletion layer thickness,
minimum of the conduction band in the bulk and band bending
respectively. For a better gas sensor, a significant amount of porosity is
necessary. Porous material is defined as a continuous solid material filled
with voids. International Union of Pure and Applied Chemistry (IUPAC)
classified porous materials into macro, meso and micro porous materials
depending on the pore size. Micro porous materials have pore size less

than 2 nm, pore size is in between 2 nm and 50 nm for mesoporous and if
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it is greater than 50 nm, the material is called macro porous.* Among the
different classes of porous materials, mesoporous materials have the

highest potential for gas sensing applications.

Product

Figure 1.6. Schematic representation of a porous sensing layer.

The sensing performances of a sensor are controlled by three main
factors such as receptor function played by the surface of each grain,
transducer function played by the grain boundary and utility factor of the
sensing body shown in figure 1.7.°** The receptor function involves
how the material responds to the surrounding atmosphere containing
oxygen and other target gases. Oxygen molecules get adsorbed on the
material by withdrawing electrons from the conduction band and form a
depletion layer. The target gases react with these adsorbed oxygen
molecules and change the resistance of the material depending on the
nature of the sensor material (n-type or p-type) and the gas (reducing or

oxidizing) molecules.
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Figure 1.7. The factors determining the response of metal oxide semiconductor gas sensor.

The receptor function depends on the adsorption-desorption
parameters. The adsorption and decomposition of gas molecules can be
explained by physisorption and chemisorption. In physisorption or
physical adsorption, the forces of attraction between the adsorbate and
adsorbent are weak van der Waals type. Generally, physisorption is
reversible and the adsorbate can be easily removed by increasing
temperature or decreasing pressure. Here, the adsorbates do not require
any activation energy and they are not fixed to any specific sites. Whereas
in chemisorption, the forces of attraction are ionic or covalent and the

adsorbates require activation energy. The activation energy is regarded as
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the minimum energy required to undergo a reaction. The reaction is
highly specific and irreversible. Both physisorption and chemisorptions

increase with an increase in surface area of the oxide semiconductor.

Transducer function is the capability of the device to convert
changes caused by the gas interaction into an electrical signal. This
function is controlled by the semiconductor itself, such as grain size, grain
boundaries, contacts between the electrode and the oxide and the
electrochemical interactions taking place between the semiconductor and
the gas molecules.”*® Grain size has a significant role in transducer
function and the effects are schematically shown in figure 1.8. For an n-
type semiconductor, the adsorption of any reducing gas decreases the
width of the depletion region and correspondingly the height of the barrier

10,32
decreases.'®?

If the grain size D is very much larger than the Debye
length Ly (D >> 2Lp), the gas interactions takes place only at the surface
of the grains and the bulk of the semiconductor remain unaffected. In this
case the sensing mechanism is independent of the grain size. If D >2L,
the conducting channel is influenced as shown in the figure 1.8. Here,
compared to the previous case the response will be improved because of
the increase in surface to volume ratio of the semiconducting oxide.
If D~2Lp, the material is fully depleted of free charge carriers and the

sensor will exhibit excellent response.
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Figure 1.8. Schematic representation of grain size effects.

The utility factor is associated with the accessibility of the inner
oxide grains to the adsorbed target gas. The target gas molecules can
diffuse into the sensing material while reacting with the adsorbed oxygen.
If the reaction rate is too high compared to the diffusion, most of the gas
molecules will be consumed at the surface and cannot reach the inner
oxide grains, leaving them unutilized for gas sensing.” The penetration
depth of the target gas into the sensing material can predict how the
response of the sensor depends on the microstructure of the sensing
material as well as the properties of the target gas. The gas concentration
inside a film decreases with increase in depth due to surface reaction. If
the concentration of adsorption sites available for the target gases is high,
there will be a significant change in the resistance of the metal oxide and
hence the gas response will be improved. The utility factor depends on the
porosity, thickness of the sensing film, grain size, operating temperature

of the gas sensor etc.
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The performance of a metal oxide gas sensor can be analyzed by
defining certain parameters. The typical response curve of a

chemiresistive gas sensor is schematically shown in figure 1.9.

A

R, (target
gas)

Response
=) Gas on

Gas off «=

R, (Air)

Time
Figure 1.9. The typical response curve of a chemiresistive gas sensor.

The response curve of a gas sensor is characterized by the following

parameters.

1. Response: The response 'S’ is defined as the ratio of the change in

resistance of the sensor to the resistance in ambient air.
s=-9 ¢ (1.1)

Usually, the gas adsorption on a surface can be empirically represented as
S=1+acC’ (1.2)

where 'C’ is the gas concentration, ‘a’ and ‘b’ are constants.
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log(§ — 1) = log(a) + blog(C) (1.3)

It can be seen from the above equation that log(S — 1) has a linear
relation with log(C) with slope 'b’. The ‘b’ value which represents the
charge state of adsorbed oxygen ion species on the surface of the metal

oxide can be obtained from the slope of a plot between log(S — 1) and
log(C).

2. Selectivity: It is the ability of the sensor to respond to a particular
gas in a mixture of gases. It can be expressed in terms of
selectivity coefficient. The selectivity coefficient of a gas ‘X’ to

another gas 'Y’ can be written as

=5, (1.4)

Qx

where Sy and Sy are sensitivities of the sensor to ‘X’ and 'Y’ respectively.

3. Stability: It is the ability of a sensor to provide reproducible
results for a period of time which means retaining the sensitivity,

selectivity, response time and recovery time after repeated use.

4. Response time: Response time can be defined as the time taken for

the sensor to reach 90% of the maximum response.

5. Recovery time: It is the time taken for the sensor to reach 10% of
the maximum response. A good sensor should have small values
of response and recovery time so that it can be used for practical

applications.
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6. Detection limit: It can be defined as the lowest value of the gas

concentration which can be detected by the sensor.

7. Dynamic range: It is the capability of the sensor to respond to a

wide range of target gas concentrations.
1.2.4 Sensor response formula for chemiresistive gas sensors

Every gas sensor has an optimum operating temperature and the
adsorption of oxygen depends on the working temperature.”® At lower
temperatures (< 150°C), oxygen molecules get adsorbed on the metal

oxide surface by withdrawing electrons and form molecular oxygen ions.
Oz(gas) te © Oz_(ads) (1.5)

At high temperatures (> 150°C), oxygen ion molecules are dissociated
into atomic oxygen ions with singly or doubly negative electric charge

following the equations

1 kOx

S0z +e” S Ogaas) (1.6)
L+ 20 % 03 7
502+ 267 < Ofgqs) (1.7)

koxy 1 the reaction rate constant.

The chemical reaction between a gas molecule and oxygen can be

generally written as
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X+ 0045 = X'+ be” (1.8)

X and X are target gas and out gas, b is the number of electrons and Kgas 18

the reaction rate constant.

The rate equation for electron density 'n' can be written as

dn

E = kgas[Oads]b [X]b (1.9)
Where —E

Kgas = Aexp| "7/ ¢ (1.10)

'E, is the activation energy of a reaction, kg’ is the Boltzmann constant

and ‘T’ is absolute temperature.
Integrating equation (1.9), we will get

n= rtkgas[Oads]b [X]° + No (1.11)

"I} 'is a time constant, ‘n’ is the carrier concentration in air ambient.

The carrier concentration 'n’ is defined as
n=— (1.12)

‘a’ is the proportionality constant and 'R’ is the resistance.

Substituting equation (1.12) in (1.11)
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1 Tkyes[Ogasl? [X1P 1
— t gas[ ads] [ ] +— (1.13)
R a R,

g

Using equations (1.1) and (1.13) the response S can be written as

I-;f kgas [Oads]b [X]b
U

S = +1 (1.14)

From the equation (1.14), the response is directly proportional to rate
constant kg, and inversely proportional to electron density n, of the
intrinsic material. These two factors compete for each other and
maximum response is obtained at the optimum temperature. The equation
(1.14) works well for thin films and bulk materials. In order to use the
equation in case of nanostructures, the effect of surface to volume ratio

and depletion layer width has to be taken into account.
i) Surface to volume ratio

The surface to volume ratio in terms of adsorbed oxygen ions can be
written as

B 00DV,
[Oaas] = A (1.15)

where ‘0, is number of oxygen ion per unit area,” @’ is a ratio of surface
area per volume of material 'V, and 'V’ is the system volume.
Substituting in equation (1.15) in (1.14)
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b
o))

S = + 1
Ny

Now the response depends directly on the surface to volume ratio which

1s well suited for sensors based on metal oxide nanomaterials.
ii) Depletion layer width

According to depletion layer or space charge model,”' the Debye length
Lp which is a characteristic length for semiconductors can be written as
1,

€kg T
Ly = (qz n) (1.17)

where '¢' is the static dielectric constant, 'q' is the electrical charge of the
carrier, and 'n' is the carrier concentration. Debye length is a measure of
the distance over which a charge imbalance is neutralized by majority
charge carriers under steady-state or equilibrium conditions.” From the
equation (1.17) it is seen that if the temperature is kept constant, L
depends only on the carrier concentration. Let us assume that the sensing
material is in the shape of a cylinder with diameter D whose conducting
channel is along the axis of the cylinder. In air ambient, depletion layer is
formed on the surface due to oxygen adsorption. The width of the
depletion layer decreases upon adsorbing a reducing gas. The carrier
concentration of the depletion region n' in terms of Debye length can be

written as
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T[(D - 2LD)2
= ny— 1.18
n No D2 (1.18)
Now the response can be written as
- b -
|74
rtkgas 00®< m V)
’ D2Xb
S = +1 (1.19)
nO (D - ZLD)Z

Case I: if D>>2L,,

When the depletion layer thickness is very small compared to the
diameter of the cylinder, the depletion layer has no effect on the sensor
response similar to the case of bulk materials and the equation (1.19) can

be approximated to (1.14).
Case Il: If D>2L,,

Here also the depletion layer has no significant effect on the
response. But the sensor response will be higher compared to the previous
case because of the increased oxygen ion density due to large surface to

volume ratio.
Case lll: If D~2L,,

In this case, the depletion layer strongly affects the sensor
response. Thus the equation (1.19) can be used for evaluating the

response of metal oxides having any size variations.
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1.2.5 Factors improving the performance of semiconductor gas
Sensors

The performance of a semiconductor gas sensor can be improved
by controlling the factors affecting its receptor and transducer functions.*’
The introduction of foreign particles or additives on the surface of sensor
material can modify its receptor function. The foreign material can
remarkably improve the sensing characteristics especially the selectivity
of a gas sensor. The additives can be either noble metals like Pd, Pt, Au,
Ag etc. or oxides of metals such as CuO, TiO,, SnO, etc. The transducer
function mainly depends on the particle size and width of the depletion
region.53 As the particle size decreases the specific surface area increases
resulting in a large number of active adsorption sites for gas adsorption
and consequently a high sensitivity can be observed. The sensitivity
drastically increases when the particle size D become approximately
equal to 2L, where L, is the Debye length. The use of small particles for
gas sensor fabrication effectively reduce the size of the whole device

maintaining the high sensitivity.”*

The surface modification of metal oxide sensors using additives
form heterojunctions. The physical interface between two different
materials can be called as a heterojunction and the combination of
multiple heterojunctions together in a device is called a heterostructure.
One of the most promising heterostructure classes includes the formation
of quasi one dimensional (1D) nanostructures decorated with another
material. Even though nanoparticles possess high surface to volume ratio,
1D nanostructures are more suitable for developing gas sensors. A large

number of grain boundaries in nanoparticles contribute maximum
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resistance to the device. Also, these grain boundaries act as scattering
centers prohibiting the directional flow of charge carriers.”® The
advantage of using 1D structure for developing gas sensors is due to the
fact that they possess a reduced number of grain boundaries and can be
used as a suitable host material for the growth of secondary material. The
commonly used heterostructures (figure 1.10) are formed by the (a)
attachment of spherical nanoparticles on the surface of 1D structures, (b)
1D structures radially grown from the host, form a brush-like structure

and (c) core-shell structure.

(a) (b) (c)
Figure 1.10. Schematic of different heterostructures.
1.2.6 Sensing mechanism of heterostructures

The electrons diffuse from the material having a lower work
function to that having higher work function when there is a difference in
work function between the materials forming a junction, until thermal
equilibrium is reached.’® This leads to the formation of a depletion region
and a potential barrier at the interface. The target gas molecule reacts
readily with one material and the reaction byproduct may react with the
second material to complete the reaction, referred to as a synergistic
reaction. The above-mentioned effects can be amplified by the use of

nano-heterostructures because of their small size and high surface to
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volume ratio. The improvement in sensing performance of these
composites have been attributed to many factors, including electronic
effects’ >

carrier separation, depletion layer manipulation and increased interfacial
60,61

such as band bending due to Fermi level equilibration, charge
potential barrier energy. The chemical effects such as a decrease in
activation energy, targeted catalytic activity and synergistic surface

reactions; and geometrical effects®®

such as grain refinement, surface
area enhancement, and increased gas accessibility also leads to the
improvement in sensing. The above mentioned Fermi level equilibration
is equivalent to electron-hole recombination in the vicinity of a p-n
junction (semiconductor/semiconductor junction) called the "Fermi level-
mediated charge transfer". In addition to the p-n junction, Schottky
junction  (metal/semiconductor  junction) and n-n  junction
(semiconductor/semiconductor junction) can also be formed at the

interface of heterostructures.>>%+

i) Metal-semiconductor junction

The attachment of metal nanoparticles on the surface of metal
oxide semiconductors significantly alters the conductivity as well as the
active surface area of the whole structure. The terminology “Schottky
barrier” is a potential energy barrier for electrons formed at a metal-
semiconductor interface that is often referred to as Schottky junction. The

barrier height,®5, after contact is given by

By = B — Xs (1.20)
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In figure 1.11, @,, and ¢, are the work functions of the metal and
semiconductor and y; is the electron affinity of the semiconductor. In the
case of an n-type semiconductor, the contact is Schottky when ¢,, > ¢,
and Ohmic when ¢,, < ¢,. Usually metal-semiconductor junction in
Schottky contact facilitates the gas sensing characteristics. In most cases
an n-type semiconductor with a suitable metal is chosen because the
Fermi level of the metal is lower than the semiconductor, so that electrons
flow from the semiconductor to the metal until the Fermi levels have
equilibrated and the corresponding band diagram is shown in the figure
1.11.

Vacuum level Vacuum level
f ..................... Fro T
q Xs " q X\ .......................
q¢n1 qd)* E qd)lll i
ad, .

. | Q((I)",'Zs_)_i ..................... E; Efm}_.._g\_/ti_-_!__;-f‘;
E—— Y k

Xn v
Metal n-type semiconductor Metal n-type semiconductor
(a) Energy band diagram of a (b) Energy band diagram of a metal
metal and n-type semiconductor and n-type semiconductor contact in
before equilibrium thermal equilibrium

Figure 1.11. Schematic diagram showing the possible band structures at the metal-semiconductor

junction (a) before and (b) after thermal equilibrium.

The charge transfer generates a wide depletion region at the interface of

metal and semiconductor hence a remarkable increase in the resistance of
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the structure can be observed. The width of the depletion region X,, can

be calculated as

(1.21)

n

_ [ZSVbi]l/Z
qNy,

Where V,; is the built in potential at the interface and N,, is the donor
concentration in the n-type semiconductor. In addition to the formation of
Schottky barrier, most of the metal nanoparticles can act as a catalyst to
lower the activation energy for gas adsorption and desorption.®® The
decrease in activation energy significantly lowers the response and
recovery time and operating temperature of the gas sensor. The high
electron density and catalytic activity of metal nanoparticles dramatically

improve the gas sensing performance of the heterostructure.
i) Semiconductor-semiconductor junctions
p-n junction

Oxide/oxide interfaces especially the formation of a p-n junction
(figure 1.12) has significant importance in gas sensing applications. The
attachment of a p-type semiconductor on the surface of an n-type material
can form junctions at the interface extending the width of the depletion
region and decreasing the width of the conduction channel. The depletion
layer on n-side, accumulation layer on p- side and junction at the interface
together contribute to the increased resistance. The reduced width of the
charge conduction channel leads to increase in the total resistance of the

heterostructure.
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Figure 1.12. Schematic diagram showing the possible band structures at the p-n junction (a) before

and (b) after thermal equilibrium.

The width of the depletion layer in n-type and p-type can be written as®

1
/
p :{ZEani [&” 1 l} 2 (122)
" q INJ|N,+N,

1
_eVulM][_ 1 ] (1.23)
A U A | YA e

where 'e,” and 'e,’, are the static dielectric constants and 'N,," and 'N,’,
are the carrier concentration of n- and p- type semiconductor metal oxide
semiconductor respectively. The term 'qVj;" equals to the Fermi level

difference between the n- and p- type semiconductors. Similar to the case
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of metal nanoparticles, the catalytic activity of p-type metal oxide

nanoparticles can also used for the selective detection of an analyte gas.
Nn-n junction

Similar to the formation of p-n junctions, semiconductor-
semiconductor can also form n-n junctions at the interface of the two
materials. When two n-type materials form a junction, due to the
difference in their work functions, migration of electrons takes place from
the material having a lower work function to that having higher work
function, leading to the formation of an accumulation layer on the latter
side. This accumulation layer is further depleted by additional oxygen
adsorption from ambient air contributing to enhanced gas sensing

performance.”
1.3 Material background
1.3.1 Zinc oxide

Zinc oxide (ZnO) is one of the promising II-VI semiconductors
with a direct band gap of 3.37 eV and large exciton binding energy (60
meV). ZnO crystallizes in Wurtzite symmetry having a hexagonal unit
cell with lattice parameters a = 0.3242 nm and ¢ = 0.5208 nm at 300K,
with a c¢/a ratio of 1.606, which is close to the 1.633 of an ideal hexagonal
close-packed structure. Wurtzite hexagonal ZnO is schematically shown
in figure 1.13. The structure is composed of two interpenetrating
hexagonal close packed (hcp) sublattices, each of which consists of only

one type of atom.”!
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Figure 1.13. Crystal structure of wurtzite hexagonal Zn0.

ZnO 1is an attractive candidate for several technological
applications because of its interesting properties.”” The potential
advantages of ZnO over GaN, such as large exciton binding energy,
resistance to radiation damage, high break down strength etc. make ZnO a
promising material for fabricating optoelectronic devices like light
emitting diodes, laser diodes, photodetectors etc.”” The presence of
various defects in ZnO give rise to strong luminescence in the visible
region, hence it is a suitable material for phosphor applications."” Due to
its high thermal conductivity, ZnO can be used as an additive in rubber to
increase the thermal conductivity of tires. The conductivity of ZnO is
highly sensitive to the presence of various trace gases in the surrounding
ambient hence it can be used for developing efficient gas detecting

. . . . 4
devices for various applications.”

1.3.2 Titanium dioxide
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Titanium dioxide (TiO,) is one of the extensively studied n-type
semiconductors due to its broad range of applications such as in

776 photo catalysis,” ™™ lithium ion batteries,” photonic

photovoltaic,
crystals® etc. TiO, exists in three polymorph forms: anatase, rutile, and
brookite, where rutile is the thermodynamically most stable phase. Rutile
TiO; has a tetragonal unit cell, with unit cell parameters a=b = 4.584 A,
and ¢ = 2.953 A (figure 1.14). The unit cell consists of TiOg octahedra
where each Ti*" ion is surrounded by an octahedron of six O* ions. Each
octahedron shares corners with eight neighbors and shares edge with two

other neighbors, forming a linear chain.

Figure 1.14. Crystal structure of rutile Ti0,.

Being a good photocatalyst, TiO, can solve several serious
environmental and pollution related challenges.” Also, TiO, can address
the issues related to energy crisis through the effective utilization of solar
energy based on photovoltaic devices.®' TiO, is stable, nontoxic and
photostable in solutions. A semiconductor becomes an efficient
photocatalyst when the redox potential of the charge couple
(electron/hole) lies within the band gap domain of the photocatalyst. The

photoinduced charge transfer between the semiconductor and the
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adsorbed molecules is governed by the band energy positions of the
semiconductor and the redox potential of the adsorbate.**® Apart from
this, an ideal photocatalyst should be easy to synthesize and use, cost-
effective, nonhazardous to living organisms and environment and
effectively activated by solar radiation to catalyze the reaction. Compared
to other semiconducting materials, TiO, possess all the above-mentioned
characteristics making it an effective photocatalyst. TiO, is a preferred n-
type semiconductor for fabricating dye-sensitized solar cells because its
conduction band edge lies slightly below the excited state energy level of
many commonly used dyes so that effective electron injection takes place
between the dye and the semiconductor. O'Regan and Gratzel developed
the first dye-sensitized solar cell in 1991 using porous thick film of TiO;
nanoparticles coated with a monolayer of charge transfer dye.** The
energy produced by the photovoltaic cells must be used immediately or
stored in some form. Hydrogen is considered as a promising source of
renewable energy since the discovery of photocatalytic hydrogen
generation on TiO; electrodes by Honda and Fujishima in 1972.* Even
though TiO, is a potential candidate for photocatalytic and photovoltaic
applications, it is equally good for developing efficient gas sensors
because its electrical properties can be markedly affected by the changes
in surrounding atmosphere. TiO; is particularly attractive for gas sensor

applications because of its lower cross-sensitivity to humidity.

1.4 Review on ZnO and TiO; based room temperature gas sensors
The gas sensing performance is largely dependent on the operating
temperature of the sensor which actually controls the reaction kinetics.

Generally, oxide based gas sensors operate at temperatures above 150°C
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adversely limiting its wide applications. The current trend in the gas
sensor industry is the development of room temperature gas sensors
which essentially reduce the power consumption, minimize the device
configuration, provide long-term stability etc. of the device. Surface
modification, additive doping, UV or visible light illuminations etc. are
some important strategies which can be employed to reduce the operating
temperature of oxide-based gas sensors. Table 1.1 shows the sensing

properties of some reported TiO; and ZnO based sensors.

Table 1.1. Gas sensing properties of some Zn0 and Ti0, based sensors.

Material Tgrﬁggigpugre Gas, Concentration Respons Ref.
(°C) (Ppm) e
Ti0,-Sn0O, 320 Ethanol, 50 86° [25]
TiO,-ZnO 150 Ethanol, 25 10.54* [70]
Zn0O/CuO 300 Carbon monoxide, 300 7.6 [86]
ZnO/Au 300 Ethanol, 1000 222° [42]
Zn0O/CuO 200 Hydrogen sulfide, 5 83.84° [87]
ZnO/CuO RT Ethanol, 200 3.3% [88]
ZnO/CuO 300 Ethanol, 100 98.8" [89]
ZnO/Al:ZnO | RT Ethanol, 300 0.94° [90]
Ag-TiO, 200 Ethanol, 500 46.15° 91
Ag-TiO, 350 Ethanol, 1000 41.7° [92]
Ag-TiO, 350 Ethanol, 400 28" 93]
Co;04/TiO, | 115 Xylene, 50 113° [94]
Sn0,/Co;04 | 135 Acetone, 10 2.72° [95]
TiOy/ Co;04 | 160 Ethanol, 100 65° [96]

R R AR
.8 = b¢ =29 ¢¢ = =% RT: Room temperature
Ry Rq Ry
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1.5 Applications of chemiresistive gas sensors

Chemiresistive gas sensors have widespread applications in
industries, environment monitoring, space stations, military

environments, breath analysis etc. A good sensor should have

> high value of response

» high selectivity

» low values for response and recovery time
lower operating temperature

reduced power consumption

vV V V¥V

high stability etc.

Some of the important applications of gas sensors are listed below.
1.5.1 Environment monitoring

Indoor and outdoor air quality monitoring is important for the well
being of humanity as well as other living organisms. Emissions from
automobiles, industries etc. contain several toxic gases harmful to health.
Table 1.2 shows the exposure limit of certain poisonous gases. These
gases have short term as well long-term impacts on human health. For
example, even though the threshold limit is 10 ppm for hydrogen sulfide,
after 3 to 7 minutes of exposure, the person loses the sense of smell and
the gas cause eye and throat damage. With higher concentrations, severe

health and even lethal consequences may happen. Metal oxide based gas
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sensors can be used to detect the presence of common poisonous gases

emitted from various sources.

Table 1.2. Toxicity limit of certain poisonous gases

Sl Chemical Toxicity limit
No. (Ppm)

1 Ammonia 25 ppm

2 Hydrogen sulfide 10 ppm

3 Benzene 0.5 ppm
4 Carbon monoxide 25 ppm

5 Carbon dioxide 5000 ppm
6 Chlorine 0.5 ppm
7 Nitrous oxide 50 ppm

8 Nitrogen dioxide 3 ppm

9 Gasoline 300 ppm
10 Diesel fumes 15 ppm

1.5.2 Exhaled breath analysis

Metal oxide based gas sensors can be used as biomarkers for
disease diagnosis. The concentrations of component gases in ones exhaled
breath is in correlation with specific diseases. Hydrogen sulfide, acetone,
toluene, ammonia, and nitrogen monoxide etc. have strong relationships
with halitosis, diabetes, lung cancer, kidney diseases, asthma etc.®® The
concentration of acetone in the exhaled breath of a healthy person is not
expected to exceed 900 ppb and if the concentration is 3 ppm or above,

the person may have diabetes. Halitosis is commonly called bad breath
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where unpleasant odor presents in the exhaled breath due to the presence
of gases like hydrogen sulfide, dimethyl sulfide etc. For healthy people,
the concentration of these gases in the exhaled breath is less than 150 ppb
while in patients the value can exceed around 1 ppm. Metal oxide gas
sensors having low detection limit can be used for detecting the presence

of component gases in the exhaled breath.
1.6 Limitations of chemiresistive gas sensors

For most of the practical applications, the main issue is not only to
estimate the target gas concentration, but also to identify a particular gas
in a mixture of gases. Metal oxide based gas sensors have a high value of
response to various gases, but their selectivity is poor. Selectivity of a
sensor is its capability to distinguish a particular gas from a mixture of
gases. Selectivity can be improved by using an array of sensors each
having an individual response to all the gases in the mixture similar to the
case of electronic nose or E-nose. Electronic sensing refers to the
capability of reproducing human senses using sensor arrays and pattern

recognition system.
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Synthesis techniques and characterization
tools

This chapter describes the synthesis methods and characterization
tools used in the present thesis. Hydrothermal and wet chemical methods
have been used for growing one-dimensional nanorods and hierarchical
structures. The as grown samples were characterized using different
characterization techniques like XRD, TEM, micro Raman, FESEM and
semiconductor characterization system. For gas sensing measurements,

we have fabricated an in house experimental set up.
2.1 Synthesis of metal oxide nanostructures

Metal oxide semiconductors such as ZnO, SnO,, TiO,, WOs etc.
are already established in the field of gas sensor industry. These materials
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with specific morphology and dimension can be easily synthesized by
physical as well as chemical methods. Commonly used methods are listed
in figure 2.1. Chemical methods are much more suitable for synthesizing
oxide nanostructures having various dimensionalities and morphology.

The general approaches for the synthesis of nanomaterials are top-down

and bottom-up.®"**
Synthesis of
nanomaterials
]
| |
Physical Chemical
methods . methods
| |
I I I I
Top-down Bottom-up I Top-down Bottom-up
| | O O
Ball milling Chemical Vapor Chemical ~ Hydrothermal,
Dry etching deposition (CVD), etching Sol-gel, Spray
Lithography Physical vapor S pyrolysis,
— deposition (PVD), Solution
Pulsed laser Combustion
deposition (PLD), etc.

- Sputtering etc.

Figure 2.1. Methods for the synthesis of nanomaterials.
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Top-down

2 3
. . Powder
1 4

. . - . . Nanomaterial
Y X X
: ‘ ' Clusters
® &

‘. .‘.‘. Atoms

‘. .‘.' ®

Bottom-up
Figure 2.2. Schematic representation of top-down and bottom-up approaches.

Top-down approaches start with particles or patterns on a larger
scale which can be reduced to nanoscale whereas bottom-up approaches
start with atoms, molecules combined to form nanostructures as shown in
figure 2.2. Compared to top-down approaches, bottom-up approaches are
much less expensive and more suitable for large scale production of
nanomaterials. Among the synthesis methods listed in figure 2.1, solution
based bottom-up techniques are easy to implement and widely accepted
for the synthesis of nanomaterials. Sol-gel, hydrothermal, solution
combustion etc. can be used for the synthesis of nanomaterials with
desired size and shape depending on the applications in a relatively cheap

way. The sol-gel method is a versatile technology involves the evolution
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of inorganic networks through the formation of a colloidal suspension
(sol) and gelation of the sol to form a network in a continuous liquid
phase (gel). The reactions involved in sol-gel processes are hydrolysis and
condensation of the precursor solutions. The rate of hydrolysis and
condensation reactions is governed by various factors such as pH,
temperature, concentration etc. Solution combustion synthesis is a self-
sustained thermal process where the heat for the reaction comes from the
combustion of reactants.* The process starts with dehydration and
thermal decomposition of the homogeneous solution and involves several
thermally coupled exothermic reactions resulting in the formation of solid

product and gas.

Of the methods like sol-gel, solvothermal, solution combustion
etc. utilized in  metal oxide  nanostructure synthesis,
hydrothermal/solvothermal processes have emerged as a powerful method
for controlled synthesis of nano-morphologies. The term hydrothermal is
purely of geological origin. It was first used by the British Geologist, Sir
Roderick Murchison (1792-1871),°*' to describe the action of water at
elevated temperature and pressure in bringing about changes in the earth’s
crust leading to the formation of various rocks and minerals. The
flexibility and reliability of this synthesis approach is demonstrated here
for the transformation of transition-metal oxides into high-quality

anisotropic nanomaterials.

The hydrothermal technique has been widely studied and
employed in inorganic synthesis for many years. The term hydrothermal
usually refers to any heterogeneous reaction in the presence of aqueous

solvents or mineralizes under high pressure and temperature conditions to
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dissolve and recrystallize materials that are relatively insoluble under
ordinary conditions. The hydrothermal technique has found its place in
several branches of science and technology because of reduced
contamination and low synthesis temperature. In hydrothermal synthesis,
the solid is first dissolved completely and then precipitated again
excluding any kind of topotactic reaction. The advantages of
hydrothermal technique compared to other techniques for sample

preparation are listed below:

e Samples can be grown in powder form or on the surface of rigid as

well as flexible substrates

e Particles of desired size and shape can be easily synthesized by

varying hydrothermal temperature and reaction time

e Chemical composition and stoichiometry of the material can be

maintained.
e Samples do not need milling and calcination

Crystal growth or materials processing under hydrothermal
conditions requires a pressure vessel capable of containing corrosive
solvent at high temperature and pressure. For a typical hydrothermal
reaction, apparatus, called either “autoclaves” or “bombs”, are used. To
prevent corrosion of the internal cavity of the autoclave, protective inserts
like teflon, quartz, glass etc. are generally used depending on the

temperature and nature of the precursor solution.
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| e Stainless steel lid
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= Stainless steel autoclave
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Figure 2.3. Schematic diagram of a typical laboratory autoclave.

An ideal hydrothermal autoclave should have the following

characteristics:
e It should be inert to acids, bases, and oxidizing agents.
e Assembling and disassembling must be easy.

e Should have sufficient length to obtain the desired temperature

gradient.

e Should be leak-proof with unlimited capabilities to the required

temperature and pressure.

e Rugged enough to bear high pressure and temperature of
experiments for long duration, so that no machining or treatment

is needed after each experimental run.
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2.2 Characterization tools

This section briefly discusses the various characterization tools
used in the present study. The structural properties of all the samples were
investigated using X-ray diffraction, transmission electron microscopy,
and micro Raman analysis. Field emission scanning electron microscopy
was used for morphological characterization of the nanostructures. UV-
Visible spectrophotometer was used for optical studies. Electrical
characterization was carried for investigating the junction characteristics
of the heterojunction samples. For gas sensing measurements, an in-house

experimental set up has been fabricated.
2.2.1 Structural characterization
1) X-ray diffraction

X-ray diffraction is a tool not only for structural investigation, but
also can be implemented for stress measurements, calculation of particle
size, and determination of orientation etc. of materials. In 1912, the
German physicist Max von Laue suggested that if crystals were composed
of regularly spaced atoms and the wavelength of X-rays is approximately
equal to the interatomic distance in crystals, then the crystal can diffract
X-rays. Later, the English physicists, W. H. Bragg and his son W. L.
Bragg analyzed Laue's experiment in detail and mathematically expressed
the necessary conditions for diffraction. Since the atoms are arranged
periodically in the lattice, the rays scattered by them have definite phase
relationships between them. The phase relations are in such a way that

destructive interference takes place in most directions of scattering and
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constructive interference takes place in few directions forming diffracted
beams. The two important geometric facts to be considered while dealing

with Bragg's law are

i.  The incident beam, the normal to the reflecting plane, and the

diffracted beam are always coplanar.

ii.  The diffraction angle, which is the angle between the diffracted

beam and transmitted beam is always 26.

. % st [A\Riijted X-ray
Incident X-ray by N (\N

. e e

~ Transmitted X-ray

~
~

Figure 2.4. Bragg diffraction from a set of crystal planes.

The Bragg's diffraction from a set of crystal planes is shown in figure 2.4.
The diffraction of monochromatic X-rays takes place only at those
particular angles of incidence which satisfy the Bragg's law. Bragg's law

can be mathematically expressed as
nA = 2d sin@ (2.1)

where 'A' is the wavelength of the radiation used, 'd' is the interplanar

spacing, '8' is the angle between diffracted beam and the relevant crystal
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plane and 'n' is the order which is often unity. By measuring the angle '6",
the interplanar spacing 'd' can be calculated, provided the wavelength of
X-ray is known. In the present work, the crystal phase and crystallinity of
the samples were investigated by glancing angle X-ray diffraction taken
using PANalytical X'pert PRO high-resolution X-ray diffractometer
(HRXRD) with CuKa (A=1.5418 A).

il) Transmission electron microscopy

Transmission electron microscopy (TEM) is a microscopy
technique in which a beam of high energy electrons is transmitted through
a specimen to form an image. When electron beam passes through a thin
section of the specimen material, it interacts with atoms of the specimen
and are scattered. A sophisticated system of electromagnetic lenses
focuses the scattered electrons into an image or a diffraction pattern
depending on the mode of operation. Figure 2.5 shows the path of the
electron beam in a transmission electron microscope. In TEM, the
diffraction pattern obtained from a selected area of the specimen offers a
unique capability to determine the lattice parameter and crystal symmetry,
and this mode of operation is called selected area electron diffraction
pattern (SAED). The 'd' spacing of the planes corresponding to the rings
in the SAED pattern can be determined by the following equation

Rd =LA (2.2)

Where L is the effective camera length, A is the de Broglie wavelength of
the accelerating electrons, R is the ring radius of a standard electron

diffraction pattern, and d is the interplanar spacing. In the present study,
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the detailed microstructure of the samples was analyzed using JEM2100

transmission electron microscopy (TEM) measurements.

Incident beam

TN}

Specimen plane

Objective lens AN T A F—0

Objective back  —— AR

focal plane -

Image plane
Optic axis

Figure 2.5. Schematic diagram showing the path of the electron beam in transmission electron

microscope.
iii) Raman spectroscopy

Raman spectroscopy was named in honor of its inventor Sir C.V
Raman along with K.S Krishnan. It is a spectroscopic technique based on
the inelastic scattering of monochromatic light, usually from a laser
source. The incident photons from the laser source interact with the
vibrating molecules of the sample and originate a scattered light. The
frequency of the scattered photons is shifted up or down in comparison

with the frequency of the incident radiation and this shift in frequency
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gives information about the vibrational, rotational and other low

frequency transitions within the molecule.”

When a monochromatic radiation of frequency 'vy' is incident on a
non-absorbing medium, most of the radiation is transmitted without any
change, and some of it is scattered. If we analyze the scattered radiations,
a small portion of the scattered energy will be found at frequencies
9' =9y + 9, The displaced frequencies are associated with the
transitions between vibrational, rotational, and electronic levels of the
molecular systems. The scattering of radiation without change of
frequencies is called Rayleigh scattering and scattering of radiation with
change in the frequency is called Raman scattering. Raman scattering is
always accompanied by Rayleigh scattering. Raman lines at wave
numbers less than the incident wave number (9, — ¥9,,) are known as
Stokes lines, and those with wave numbers greater than 9, (Jy + I,,) are
called anti- Stokes lines. The frequency shifts of the Raman lines, their
intensity and polarization are characteristics of the scattering substance.
Usually, Stokes lines are monitored for analysis because anti-Stokes lines
are much weaker than Stokes lines. The levels involved in the Raman
spectra are shown in figure 2.6. In the present work, room temperature
Raman studies were carried out using Lab RAM HR spectrophotometer
(HORIBA JOBIN YVON) with an Ar' laser (514 nm) as the excitation

source.
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Figure 2.6. Simplified Jablonski diagram of Rayleigh process, Stokes process and anti-Stokes

process.
2.2.2 Morphological characterization
Field emission scanning electron microscopy

Field emission scanning electron microscopy (FESEM) analysis is
an effective technique used for analyzing the surface morphology of the
samples. FESEM uses a focused beam of electrons to generate an image.
The important components of an FESEM system are electron gun,
electronic lenses, scanning coil, specimen sample, and detector. The
electron gun generates low as well as high energy electron beams
resulting in both improved spatial resolution and minimized sample
damage. The generated electrons, called primary electrons are accelerated
in a high electric field gradient. The electronic lenses in the system deflect

and focus the beam of electrons and produce a narrow beam which
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bombards the object resulting in the generation of secondary electrons
(SE) from the sample. The detector detects these secondary electrons and
produces an electronic signal, finally transformed into an image. The
surface morphology of the samples in the present study was analyzed

using Carl Zeiss field emission scanning electron microscopy (FESEM).
2.2.3 Optical characterization
UV-Visible absorption spectroscopy

The optical absorption spectroscopy provides information of the
semiconductor about the band gap, direct or indirect transitions, etc.
Compared to other characterization techniques, optical methods are
generally non-destructive and require little or no sample preparation.
Optical absorption spectroscopy is based on the principle that if the
energy of the incident radiation is equal to or greater than the band gap of
the semiconductor, the radiation is completely absorbed. When the energy
is less than the band gap of the material, the radiation is transmitted. The
observed absorption spectra show a peak when the photon energy is equal
to the band gap of the material. The absorption spectra of the synthesized
samples were recorded using JASCO V-570 spectrophotometer.

2.2.4 Electrical characterization

The p-n junctions are the building block of many technologically
revolutionized devices. Therefore, its characterization is inevitable for the
design of junction based devices. Current-voltage (I-V) characterization is
an effective method used for analyzing the rectifying nature of a p-n
heterojunction. The p-n junction characteristics of the fabricated
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heterojunction devices were studied using Keithley 4200 Semiconductor

analyzer.

2.3 Fabrication of in-house experimental setup for gas sensing
measurements

An in-house experimental set up has been developed in our
laboratory for gas sensing studies. The system consists of a stainless steel
chamber with rubber tube at its bottom. Inside the chamber, we have a
sample holder with two terminals connected in series with a Keithley
source measure unit. The schematic of the measurement set up is shown

in figure 2.7.

Response

I-V system

Gasin

3 Sample
Substrate

Gas out

Sensing chamber

Dry air
Ethanol

Figure 2.7. Schematic representation of the experimental set up for gas sensing measurements.

Gas sensors were fabricated by depositing circular gold electrodes on the
top of the sample. Initially, we measured the current through the device in
synthetic air ambient until it attains a stable value. Once it reaches a stable

value, various concentrations of the target gas are introduced into the
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chamber and the corresponding variation in current has been measured.
For all the measurements, commercially available high purity sample
gases with moisture content less than 2 ppm have been used, which
prevents the effects of humidity on the gas sensing properties. The
response 'S' of the sensor can be defined as

AR

I;-1a  Rg—Rg
Rq

Io  Rq

(2.3)

where I, and I, are the current measured in the presence of gas and in air.
We have taken I, as the average of first 50 values of current measured in

air.
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Enhanced room temperature gas sensing
properties of low-temperature solution-
processed Zn0/Cu0 heterojunction

In this chapter, room temperature (29°C) ethanol sensor based on
vertically aligned ZnO nanorods decorated with CuO nanoparticles was
successfully fabricated by simple cost-effective solution processing. The
heterojunction sensor exhibited better sensor parameters compared to
pristine ZnO. The response of the heterojunction sensor to 50 ppm
ethanol is, at least, 2-fold higher than the response of the ZnO bare sensor.
Also the response and recovery time of ZnO/CuO sensor to 50 ppm
ethanol are 9 and 420 seconds whereas the values are 16 and 510 seconds,
respectively for ZnO sensor. In addition to ethanol, the fabricated device
has the capability to detect other reducing gases like hydrogen sulfide and

ammonia at room temperature.

Enhanced room temperature gas sensing properties of low-temperature
solution-processed ZnO/CuO heterojunction", P P Subha and M K
Jayaraj, Chemistry Central Journal (under review).
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3.1 Introduction

Zinc oxide (ZnO) is a wide band gap (3.37 eV) II-VI

semiconductor having excellent physical, chemical and electrical

2.94 . . .. . .
729% which makes it a promising candidate for various

95,96

properties
applications like sensors, solar cells,”” spintronics,” transparent
electronics,” catalysis'® etc. The conductivity of zinc oxide is highly
sensitive to the presence of various trace molecules in the atmosphere
hence can be used for developing gas detecting devices. The use of
nanostructured ZnO is more suitable for fabricating high-performance gas
sensors especially because of their high surface to volume ratio. However,
to obtain good response characteristics, gas sensors should be fabricated
with well aligned crystalline ZnO nanorods with higher density and aspect

- 101,102
ratio.”

The seed mediated hydrothermal method is an effective way to
grow vertically aligned ZnO nanorods on any substrate surface.'” Seed
layer acts as the nucleation site where zinc nutrients in the precursor
solution are consumed in the growth process to produce aligned ZnO

nanorods.

There are several methods which can be employed to enhance the
gas sensing properties of metal oxide nanostructures. Fabrication of gas
sensors based on hierarchical structures is an effective way to improve the
sensing performance because hierarchical structures offer several
interesting properties favorable for developing high-performance gas
sensors.'™ Hierarchical structures can be formed by loading metals'®%
(Ag, Au, Pd etc.) or metal oxides’®'"” (Cu0, NiO, TiO, etc.) on the
surface of the sensing material under consideration. Researchers have

already found the enhanced gas sensing characteristics of metal

Department of Physics



Enhanced room temperature gas sensing properties of ZnO/CuO heterojunction

oxide/metal oxide hierarchical structures.”®'**!'” The hierarchical
structure can form either p-n, n-n or p-p type semiconductor junctions
depending on the nature of the material under consideration. p-CuO and
n-ZnO can be combined in different ways to utilize the advantages of p-n
heterojunction in gas sensor applications. In the present study, we have
investigated the gas sensing characteristics of n-ZnO/p-CuO hierarchical

structures.
3.2 Experimental
3.2.1 Materials

All the reagents used were analytically pure and used without
further purification. Zinc acetate dihydrate (Zn (CH3;COO), 2H,0),
sodium  hydroxide @ (NaOH) and copper acetate  hydrate
(Cu(CO,CHj3),H,0) were purchased from Fisher scientific. Ammonia
solution, isopropyl alcohol, and ethanol were purchased from Merck
Millipore. De ionized water was obtained from an ultrafilter system.
ITO/glass substrates were purchased from Sigma Aldrich (surface
resistivity 15-25 Q/sq). The substrates were cleaned by standard cleaning

procedure.'”
3.2.2 Synthesis of ZnO nanorods on ITO/glass substrates

A thin layer of ZnO seed layer was deposited by immersing the
cleaned ITO/glass substrate in a solution containing zinc acetate (0.025
M) and sodium hydroxide (0.05 M) in 100 ml ethanol. The substrate was
immersed in the solution for 5 minutes and the dipping process repeated

for 8 times to obtain a uniform ZnO layer over a considerable area of the
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substrate. In between each dipping process, the sample was kept at 80°C
on a hot plate. The annealing of the substrates at the optimized
temperature 250°C in air results in the formation of ZnO nanoparticles.
The ITO/glass substrate with ZnO nanoparticle seed layer will act as a
lattice matched substrate for the hydrothermal growth of aligned ZnO
nanorods. The precursor solution for hydrothermal experiment was
prepared by dissolving zinc acetate (0.1 M) and ammonia (25%) in 100
ml de-ionized water. The solution was transferred into a Teflon lined
autoclave with the seed layer coated substrate immersed horizontally
facing up. Hydrothermal experiments were carried out at the optimized
temperature and time; 180°C for 1 hour; in a laboratory oven. After
hydrothermal experiment the samples were taken out and sonicated in iso-
propyl alcohol for few seconds to remove unaligned nanorods lying over

the vertically aligned nanorods.

3.2.3 Deposition of CuO nanoparticles on the surface of ZnO
nanorods

CuO nanoparticles were deposited by a wet chemical method. 0.05
M copper acetate solution was prepared in ethanol at room temperature
and ZnO sample was immersed in the solution for 1 hour. After
deposition sample was annealed at 250°C for 2 hours in air to form
ZnO/CuO heterostructure.

3.3 Results and discussion

The growth mechanism of ZnO nanorods depends on the reactant
species and crystallographic habits of wurtzite hexagonal ZnO. The

growth process of vertically aligned ZnO nanorods is schematically
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shown in figure 3.1. Zn(OH), nuclei starts to precipitate when the
concentration of Zn>" and OH" in the precursor solution exceeds a critical
value. Upon annealing, these Zn(OH), are converted into hexagonal ZnO
nuclei which act as the seed for the growth of C-axial oriented ZnO
nanorods. Wurtzite hexagonal ZnO is a polar crystal which has polar and
non-polar faces. In a polar ZnO crystal, zinc and oxygen atoms are
stacked alternately along the C-axis in such a way that catalytically active
'Zn' terminated (0001) surface will be at the top and chemically inert 'O’
terminated (0001) surface will be at the bottom. Because of the
thermodynamic instability of polar faces, they often undergo
rearrangement to minimize their surface energy and also tend to grow
more rapidly. Furthermore, the growth depends on the growth velocities
of different crystal planes in ZnO. The growth velocity of different crystal
planes under hydrothermal conditions can be written in the order of
[0001] > [0111] > [0110] > [0111] > [0001].""*""" Therefore, ZnO
crystal has a strong tendency to grow along [0001] direction or C-axis
which ultimately leads to the formation of vertically oriented ZnO
nanorods. The chemical reaction between zinc acetate and ammonia is

represented by following equation (1)

Zn(CH5C00), + NH,OH — Zn(OH), + 2CH3COONH4}

Zn(OH), - ZnO + H,0 (1
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(I) Substrate with (IT) ZnO nuclei (ITT) Hexagonal ZnO
Zn nutrients formation nuclei formation
Heating Annealing
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Figure 3.1. Schematic illustration of the possible growth mechanism of vertically aligned Zn0

nanorods.

The crystal structure, as well as crystallinity of the samples, was
analyzed using high resolution glancing angle X-ray diffraction pattern
shown in figure 3.2. The highly dispersed small CuO nanoparticles were
not detected in the X-ray diffraction. All the observed diffraction peaks
correspond to wurtzite hexagonal ZnO and no peaks corresponding to
CuO have been observed in the spectra. The high intensity of the peak

along (0002) direction confirms the c-axial growth of ZnO nanorods.
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Figure 3.2. Glancing angle X-ray diffraction pattern of Zn0 and Zn0/Cu0 hierarchical structure.

The microstructure of the samples was further analyzed using
TEM measurements. The TEM image in figure 3.3(a) shows the one-
dimensional morphology of the nanorods and the observed lattice planes
in figure 3.3(b) matches with (0002) plane of ZnO with a lattice spacing
of 2.6 A. The CuO nanoparticles can be seen on the surface of ZnO
nanorods as depicted in figure 3.3(c) which make the surface of nanorod
rough. The presence of bright spots in the SAED pattern in figure 3.3(d)
indicates the crystalline nature of ZnO/CuO structure. In addition to
(0002), (1010) and (1011) planes of wurtzite hexagonal ZnO,
(1 11) lattice plane of monoclinic CuO can be clearly seen in the SAED

pattern confirming the formation of ZnO/CuO hierarchical structures.
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Figure 3.3. (a) TEM and (b) HRTEM images of Zn0 nanorod, (c) TEM image and (d) SAED pattern of

In0/Cu0 hierarchical structure.

Micro Raman spectroscopy is a nondestructive technique used for
analyzing the vibrational properties of materials. Raman spectra of both
ZnO and ZnO/CuO are displayed in figure 3.4. All the observed
vibrational modes such as E;; (98 cm']), Alro (381 cm']), Eoy (437 cm'l),
and Elo (580 cm™) corresponds to wurtzite hexagonal structure of ZnO.
Monoclinic CuO exhibit three Raman active modes (A, + 2B,) which are
assigned respectively at 278 cm'l(Ag), 333 cm’ (Big) and 620 cm’
(Bzg).m’113 Along with the vibrations of ZnO, A, mode corresponding to
monoclinic CuO has been observed for ZnO/CuO heterostructure. The
Raman vibrations of CuO are highly dependent on the method of

preparation and this may be the reason for the absence of B, vibration.
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The co-existence of ZnO and CuO Raman modes in the Raman spectra

confirms the formation of ZnO/CuO hierarchical structure.

xex : 514 nm
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EaL second order scattering
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Figure 3.4. Micro Raman spectra of Zn0 and Zn0/Cu0 hierarchical structure.

The surface morphology of all the samples was analyzed using
FESEM images shown in figure 3.5. The c-axial growth of nanorods
against the substrate surface forms a porous network which makes the gas
diffusion in and out easier. The sonication has effectively removed
unaligned nanorods lying over the vertically aligned nanorods shown in
the inset of figure 3.5(a). The diameter and length of the nanorods are
approximately 95 nm and 2 pum respectively. The presence of CuO on
ZnO nanorods can be clearly seen in figure 3.5(d). The attachment of
CuO increases the interfacial area and correspondingly an enhanced gas

sensing behavior can be observed.
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Figure 3.5. FESEM images of a) as grown Zn0 nanorods (inset shows the image of the sonicated
sample) b) magnified view of the sonicated sample ¢) Cu0 attached Zn0 nanorods and d) magnified
view of Zn0/Cu0.

The UV-Visible absorption spectra of ZnO and ZnO/CuO
hierarchical structures are shown in figure 3.6. The spectra of pure ZnO
nanorods possess an absorption around 370 nm corresponding to the band
gap of ZnO whereas the band gap absorption edge gets slightly red-
shifted to 374 nm in the case of ZnO/CuO hierarchical structure similar to
that observed in the previous reports.'”''* Also ZnO/CuO sample has a
high value of absorbance in the visible region compared to pristine ZnO.
These factors confirm the formation of CuO loaded ZnO hierarchical

structures.
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Figure 3.6. UV-Visible absorption spectra of ZnO and Zn0/Cu0 structures.

The gas response characteristics of the sensors were investigated
by applying 1 V to ZnO and 8 V to ZnO/CuO respectively. The room
temperature (29°C) ethanol sensing characteristics of ZnO and ZnO/CuO
nanostructures were monitored by measuring the change in current upon
exposure to different concentrations of the target gas. The response of
ZnO and ZnO/CuO to various concentrations of ethanol is shown in
figure 3.7. The room temperature response of the sensor increases in
ethanol ambient due to the redox reactions taking place between the metal
oxide and the target gas. Both ZnO and ZnO/CuO samples exhibit a very
good response to ethanol even for 5 ppm concentration at room
temperature. The response of both the sensors increases with increase in
the concentration of the target gas. Compared to pristine ZnO, ZnO/CuO

exhibit improved response values for all the concentrations used in the
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present study. The C-axial orientation, as well as the attachment of CuO
nanoparticles on ZnO nanorod surface, increase the exposed surface area
of the sensor contributing to enhanced sensing characteristics. More
importantly, the p-n junctions formed at the interface of n-ZnO and p-

CuO significantly improve the gas sensor performance.
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Figure 3.7. Schematic representation of the (a) device structure and (b-f) room temperature ethanol

sensing characteristics of Zn0 and Zn0/Cu0 nanostructures for ethanol at various concentrations.

Figure 3.8 shows that the response of ZnO/CuO structure is higher
than the response of ZnO for all target gas concentrations. The response
and recovery time of the fabricated sensors are depicted in figure 3.9. It
can be seen that the response time decreases with increase in
concentration whereas the recovery time increases with increase in target
gas concentration. This can be attributed to the fact that the number of

molecules having minimum required energy for the reaction increases at
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high concentrations hence more and more target gas molecules react with
adsorbed oxygen ions resulting in a faster change in resistance. Whereas
the adsorption takes place slowly at low concentrations due to the lower
coverage of gas molecules hence the change in resistance also takes place
slowly. The significance of the present work is that even at room
temperature both the sensors respond to 5 ppm ethanol gas within less
than 100 seconds. For 5 ppm of ethanol, the response time calculated is
98 and 30 seconds for ZnO and ZnO/CuO respectively and almost
complete desorption of the target gas takes place especially at lower
concentrations within a few minutes. A good sensor should have a high
value of response and low value of response time. The complete solution
processed p-n heterojunction sensor fabricated in the present study
exhibits very good values of gas sensor parameters at room temperature
compared to the previous reports.'>''® The high value of recovery time of
the devices is due to the slow desorption rate of ethanol at room

117
temperature.
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Figure 3.8. Comparison of ethanol response of Zn0 and Zn0/Cu0 structures.
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Figure 3.9. (a) Response and (b) recovery time of Zn0 and Zn0/Cu0 structures to ethanol.
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Response
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Figure 3.10. The response of Zn0/Cu0 hierarchical structure to various reducing gases (40 ppm) at

room temperature.

In addition to ethanol, the response of ZnO/CuO sensor to other
gases was also studied. Figure 3.10 shows the response of ZnO/CuO
sensor to 40 ppm concentration of ethanol, hydrogen sulfide, and
ammonia. The response value is 5.08 for ethanol whereas it is 2.09 and
0.77 for hydrogen sulfide and ammonia respectively. This is because the
electron donating effect of different types of gas molecules is different

which depends on the nature of the gas as well as the sensing material.

The basic gas sensing mechanism of metal oxide semiconductors
relies on the interaction between adsorbed oxygen molecules on the
surface of the sensor material and target gas."*>*'"*12 Generally 0; at
temperature < 100°C and O~ and 02~ at temperature > 100°C are the

dominant oxygen species adsorbed on the semiconductor. The adsorption
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of oxygen ions on the surface of oxide semiconductor forms an electron
depletion region by withdrawing electrons from the conduction band. The
interaction between the adsorbed oxygen ions and target gas release
electrons back to the semiconductor, consequently the depletion layer

width and resistance of the semiconductor decreases.

The reasons for the improved sensing behavior of ZnO/CuO
hierarchical structures can be attributed to 1) increased the number of
active sites for gas adsorption'”’ and 2) the formation of p-n
heterojunctions at the interface of p-CuO and n-ZnO.**'°*!'** The high
surface to volume ratio of nanorods and the presence of CuO
nanoparticles together increased the number of gas adsorption sites. Also,
the nanogaps in the nanorod array make more target gas molecules to
penetrate into the sensing material. The schematic energy band diagram
of p-CuO/n-ZnO heterojunction at thermal equilibrium is shown in figure
3.11 (b). Generally, oxygen deficient ZnO exhibit n-type and oxygen
excess CuO exhibit p-type conductivity. When there is a difference in
Fermi energy between the materials forming a junction, electrons from
the higher energy will flow across the interface to the lower energy until
the Fermi energies have equilibrated. This leads to the formation of a
depletion region and a potential barrier at the interface. The presence of a
number of p-n junctions at the interface result in a remarkable increase in
the resistance of the heterostructure compared to pristine ZnO or CuO.
The total resistance of the heterostructure will be contributed by the
depletion layer on ZnO, accumulation layer on CuO and depletion region
at the junction and the increased resistance is clear from the current-

voltage (I-V) characteristics in figure 3.12. Because of this increased
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resistance of the heterojunction we have chosen a voltage (8 V) higher
than the turn-on voltage of the diode for sensing measurements. The
response time and recovery time of the sensor depend on the activation
energy for gas adsorption and desorption. Both these factors depend on
the morphology and composition of the sensing material. In the present
work, the one-dimensional morphology of ZnO as well as the attachment
of CuO nanoparticles increase the number of adsorption sites for oxygen
and may decrease the activation energy for gas adsorption and desorption
processes at room temperature resulting in enhanced gas sensing

performance.
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Figure 3.11. Energy-band diagram of (a) Cu0 and Zn0 and (b) Zn0/Cu0 heterojunction device at

thermal equilibrium.
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Figure 3.12. Current-voltage characteristics of Zn0/Cu0 hierarchical structure (Inset shows the I-V

characteristics of Zn0 alone.

In the energy band diagram shown in figure 3.11, Eg;(1.35 €V) ,

X1 (407 eV) and Ey, (3.37eV) , x, (4.35 €V) represent band gaps and

109,123-125

electron affinities of CuO and ZnO respectively. The barrier

height of conduction band (AE; = y, — x;) and valence band [AEV =
(Egz — Egl) —AEC] at the p-n junction were 0.28 eV and 1.74 eV

respectively. The generated free electrons on adsorption of ethanol gas in
ZnO can easily transport through the p-n junction due to the low value of
AE; and at the same time the holes in CuO will accumulate at the valence
band of p-CuO due to the large value of AE},. At low temperatures, the
dissociation of ethanol into aldehyde (CH;CHO) and H,O are prominent
than the formation of CO, and H20.116’126’127 At room temperature, the

dehydrogenation of ethanol molecules generate OH™ ions (breaking of C-
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O bond) and [CH3CH;0] ions (breaking of O-H bond) due to the lower
bond breaking energy of C-O and O-H bonds. Ethanol vapor can be easily
attached to metal oxide surfaces in the form of dehydrogenated ionic
fragment [CH3CH,O] through the interaction of adsorbed oxygen on
metal oxide surfaces represented by the equation (3.1). Also at the
interface of ZnO/CuO junction ethanol molecules react with holes in
CuO*12128:12 fo]lowed by the equation (3.2).

[CH3 CH2 0](_ads) + OH_(ads)

3.1
CHy;CHO + H,0 + e~ G-

CH3;CH,0Hg) + OZ_(MS) —>{

CH3CH,0H gy + 2h* + €™ + 05 ) = CH;CHO + Hy0 + e~ (3.2)

These reactions release free electrons resulting in the enhanced room
temperature gas sensing performance of p-CuO/n-ZnO heterojunction

device.
3.4 Conclusions

ZnO/CuO heterojunction gas sensor has been successfully
fabricated by low-temperature solution processing and its room
temperature (29°C) response to various reducing gases has been
investigated. Working at room temperature, the response to ethanol gas of
the fabricated device is higher than to hydrogen sulfide or ammonia gases.
All the gas sensor parameters have been improved by the incorporation of
CuO nanoparticles on ZnO nanorods. The easy preparation technique and
room temperature gas sensing of the samples will make the practical use

of these devices with reduced power consumption a reality.
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Surface modification of Ti0, nanorod arrays
by Ag nanoparticles for improved gas sensing
properties

The present chapter details the room temperature gas sensing
properties of rutile TiO, nanorods functionalized with Ag nanoparticles
(Ag-TiO,). TiO; nanorods were grown on FTO substrates through a seed
mediated hydrothermal method and Ag nanoparticles were deposited by
wet chemical method. The introduction of seed layer markedly improved
the porosity of the samples which made them suitable for fabricating
efficient gas sensors operating at room temperature. The fabricated device
exhibited excellent sensing response to various concentrations of ethanol.

The response of TiO; sensor to 50 ppm ethanol was 8 with response and
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recovery times 6 and 213 seconds respectively. The addition of Ag
nanoparticles on the nanorod surface enhanced the response value to 12
and decreased the response and recovery times to 3 and 73 seconds
respectively. The improved sensing performance of Ag-TiO; structure can
be explained on the basis of chemical sensitization via 'spillover' effect

and catalytic properties of the noble metal Ag.

Surface modification of TiO; nanorod arrays by Ag nanoparticles and its
enhanced room temperature ethanol sensing properties, P P Subha, K
Hasna, and M K Jayaraj Material Research Express 4(10), 105037
(2017).

4.1 Introduction

Titanium dioxide (T10;) is a well-established oxide semiconductor
widely used for photovoltaic®' as well as photocatalytic™ applications and
it seems equally good for fabricating gas sensors'*° since changes in the
surrounding atmosphere cause appreciable variation in the resistance of
Ti0,. TiO; exists in three phases; anatase, rutile, and brookite where rutile

is the most stable form."!

One dimensional (1D) nanostructures are ideal
candidates for gas sensing applications due to their high surface to
volume ratio and efficient electron transfer along their length."**'* Since
gas sensing is solely a surface phenomenon, the enhanced surface area
will, in turn, enhance the performance of the device. Formation of
hierarchical structures is an effective and easy way to improve the sensing
properties of metal oxide based gas sensors. Hierarchical structures can be
formed by coupling secondary nanostructures of either noble metals (Au,

Ag, Pd, Pt etc.) or metal oxides (CuO, NiO, SnO,, TiO, etc.) with the
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sensing material.'**"**7 The secondary nanostructures significantly
lower the activation energy for gas adsorption reactions and most of them
act as catalysts promoting the interaction between surface defects of metal
oxide and analyte gases.*® In addition, noble metal decoration on oxide
surface has already been proven to be an efficient way to lower the

. . 139
operating temperature of metal oxide gas sensors."”

The present work is on the room temperature gas sensing
characteristics of rutile TiO, nanorods decorated with Ag nanoparticles.
Only a few reports have discussed the ethanol sensing characteristics of

Ag-TiO, heterostructures.'4*~'*

The presence of nucleation sites on the
substrate has a huge impact on the orientation and morphology of TiO,
nanorods grown by hydrothermal method. The seed layer significantly
increases the density of TiO, nanorods leading to high gas adsorption and
electron transport, finally resulting in improved sensor performance. A
good sensor should be porous enough so that the gas molecules can
penetrate into the sample to result in enhanced sensor performance.'** The
increased number of adsorption sites for the target gas molecules will also
improve the gas sensing characteristics even at room temperature.'**
Here, we employed seed-mediated hydrothermal method and silver
nanoparticle decoration on TiO, nanorods to improve the porosity and the
number of gas adsorption sites respectively.*””” The introduction of a thin
layer of TiO; on FTO substrate prior to hydrothermal made the nanorods
well separated and the reduction in the concentration of the precursor
solution remarkably decreased the diameter of the nanorods. The addition
of optimized concentration of Ag nanoparticles on the surface of TiO,

nanorods increased the number of gas adsorption sites. All these factors
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together contributed to the enhanced room temperature sensing properties
of Ag-TiO; heterostructure. The mechanism responsible for the enhanced
performance is explained on the basis of chemical sensitization via

'spillover' effect and catalytic properties of noble metal Ag.
4.2 Experimental
4.2.1 Materials

All the chemicals purchased were analytical grade and used
without further purification. Titanium tetra-isopropoxide (TTIP) was
purchased from Acros Organics. Silver nitrate (AgNO3), hydrochloric
acid (HCI), isopropyl alcohol (IPA), ammonia solution, and glucose were
purchased from Merck. Deionized water (D.I) was obtained from an
ultrafilter system. Fluorine-doped tin oxide (FTO) coated glass substrates

(surface resistivity 15-25 Q/sq) were purchased from Solaronix.
4.2.2 Methods

FTO substrates were ultrasonically cleaned sequentially in
acetone, ethanol and D.I water. Prior to the hydrothermal experiment, a
thin layer of TiO, was deposited on cleaned FTO substrates by immersing
them in the optimized concentration of 0.03 M TTIP solution prepared in
isopropyl alcohol followed by annealing at 400°C in air for 1 hour. The
precursor solution for solvothermal experiment was prepared by adding
TTIP (1 ml, 0.8 ml, and 0.6 ml) into a mixture of deionized water and
concentrated HCI with a volume ratio of 1:1. Concentrated hydrochloric
acid plays an inevitable role in the growth of rutile TiO, nanorods.”>'*?

H' ions from concentrated HCI slow down the hydrolysis rate of TTIP
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leading to the formation of crystalline rutile TiO,. The mixture was stirred
well at room temperature and transferred into a Teflon lined autoclave.
The solvothermal experiment was carried out at the optimized heating
conditions, 180°C for 3 hours. After synthesis, the substrate was taken
out, rinsed extensively with deionized water and dried in ambient air. The
as-grown nanorods were decorated with Ag nanoparticles by the
reduction of [Ag(NH;),]" with glucose. Solution of [Ag(NH3),]" was
prepared by adding ammonia into Ag(NO); solution until it became
transparent. The TiO, nanorod array was immersed in [Ag(NH3),]"
solution for few minutes. Subsequently, the array was dipped in D.I water
and then immersed in glucose solution for few minutes. The sample again
dipped in D.I water to remove extra glucose molecules and subsequently

dried in ambient air.
4.3 Results and discussion

The structural properties of TiO, and Ag nanoparticle decorated
TiO, nanorods were investigated by glancing angle X-ray diffraction
technique. The diffraction patterns of TiO, grown on bare and pre-treated
FTO substrates are shown in figure 4.1. All the diffraction peaks match
well with tetragonal rutile phase of TiO, (ICDD No: 00-001-1292). The
introduction of seed layer promoted the growth along (101) plane since
these planes are the side walls of rod-shaped tetragonal rutile TiO;
exposed to X-ray whose growth axis is along [001] direction.'*® With the
decrease in the volume of TTIP, the intensity of the X-ray diffraction
peak corresponding to (101) plane increased and we got maximum
intensity for a volume of 0.6 ml TTIP. On further decreasing the volume

of TTIP, keeping all other parameters same, no nanorods were formed on
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the substrate. Ag nanoparticles were decorated on TiO, nanorods

synthesized using 0.6 ml TTIP. At low concentration of silver, no

impurity peaks were observed whereas on increasing silver concentration

diffraction peaks corresponding to Ag,O also appeared in the spectra
shown in figure 4.2. The (111) plane of Ag at 38.09° is observed to be
merged with the peak corresponding to FTO (ICDD No: 00-001-1167).
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Figure 4.1. Glancing angle X-ray diffraction pattern of TiO, nanorods grown on (a) bare FT0
substrate using Tml TTIP for hydrothermal and (b),(c) and (d) seed layer coated FTO substrate using
1,0.8 and 0.6 ml TTIP respectively during hydrothermal.
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Figure 4.2. Glancing angle X-ray diffraction pattern of (a) Ti0,, and (b) with 0.005 M and (c)
0.01 M AgNO, solution for preparing Ag decorated Ti0, nanorods.

Further insight into the structural details of Ag-TiO, was obtained
by analyzing TEM and HRTEM images. Ag nanoparticles having
approximately 10 nm size were found to be uniformly distributed on the
surface of TiO; nanorods which is clearly seen in figure 4.3(b). The 'd'
spacing values marked in figure 4.3(c) correspond to (101) plane of rutile
TiO, and (111) plane of Ag. The bright spots in the SAED pattern show
the crystallinity of Ag-TiO, sample. There exists an optimum
concentration of Ag for which we get maximum value of sensor
performance. The higher concentration of Ag in the semiconducting
material (inset of figure 4.3(b)) reduces the number of active sites for gas
adsorption and thereby deteriorates the gas sensing performance. In the
present work we have used 0.005 M Ag decorated TiO; nanorods for the

fabrication of gas sensors.
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Figure 4.3. TEM images of (a) Ti0, nanorods (b) 0.005 M Ag decorated Ti0, (inset shows 0.01 M Ag
decorated Ti0,) (c) HRTEM image and (d) SAED pattern of Ag decorated Ti0, nanorods.

The morphological features of the samples were investigated by
analyzing FESEM images. TiO, nanorods on bare FTO substrate in figure
4.4 (a) show severe bundling, where each rods are closely packed. The
deposition of a thin layer of TiO, seed layer on FTO substrate made all
the nanorods well separated from each other which is clearly depicted in
figure 4.4 (b). The diameter of the nanorods was approximately 100 nm
and they are aligned slightly inclined to the substrate surface. This
misorientation of the rods will increase the number of Ag nanoparticles
adsorbed on the surface of each nanorod. On decreasing the volume of
titanium precursor from 1 ml to 0.6 ml, the diameter has reduced
noticeably and we got tetragonal nanorods having a diameter

approximately 50 nm with square top facets which is used for further
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studies. The cross-sectional images reveal the enhanced porosity of the
sample with a decrease in volume of the titanium precursor solution. For
all samples, the average length of the nanorods was approximately 1.5 pym
and no significant variation was observed on changing the experimental
conditions used in the present study. For a better gas sensor, the sample
should be porous enough to allow penetration of target gas deep into the
sample to achieve enhanced sensor parameters. We have observed that the
introduction of seed layer, as well as the decreased concentration of the
titanium precursor, has effectively improved the porosity and aspect ratio

of the nanorods.

Figure 4.4. FESEM images of Ti0, nanorods grown on (a) bare FTO substrate using 1ml TTIP for
hydrothermal and (b), (c) and (d) seed layer coated FTO substrate using 1, 0.8 and 0.6 ml TTIP
respectively. The inset shows the corresponding cross-sectional images.
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Figure 4.5. Absorption spectra of Ti0, and Ag nanoparticle decorated Ti0, nanorods.

The absorption spectra of TiO, and Ag decorated TiO, nanorod
arrays for various concentrations of Ag are shown in figure 4.5. The Ag
decorated TiO, possess absorbance in the visible region along with the
band edge emission of TiO,. The absorption edge of Ag decorated TiO,
nanorods shifted to visible region confirming the presence of Ag on the
surface of TiO, nanorods. With the increase in Ag concentration, the
absorption becomes stronger and more red shifted due to the increased

quantity and larger size of Ag nanoparticles.

Gas sensors were fabricated by depositing circular gold electrodes
on the top of nanorod array. The schematic of the device structure is
shown in figure 4.6 (i). The sensing measurements were carried out by

applying a constant voltage of 1 V to TiO, and 0.5 V to Ag-TiO;
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respectively. The room temperature ethanol sensing characteristics of
TiO; nanorods grown on bare and seed layer coated FTO substrates are
shown in figure 4.6 (ii) where the improved response is obviously seen
for nanorods grown on a substrate with the seed layer. The response value
for nanorods grown on seed layer coated substrate is almost 4 times
greater than that grown on the bare substrate because the former sample is
porous enough facilitating more gas molecules to penetrate into the film

resulting in enhanced sensing performance.*

Gold

TiO, nanorods

TiO, seed layer
coated FTO/glass

(ii)

—a—(b)
—Q—(a)

12 14

6
Time (Min).

Figure 4.6. (i) Schematic of the device structure and (ii) room temperature ethanol response
characteristics of Ti0, nanorods grown on (a) bare FTO substrate and (b) seed layer coated FTO

substrate.

Figure 4.7 displays the room temperature ethanol response curves

of TiO, and Ag decorated TiO,. The response curve clearly shows
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significant enhancement in Ag decorated TiO, nanorods for all the target
gas concentrations used in the present study. The better sensing
characteristics in Ag-TiO, samples can be attributed to the enhanced
surface area as well as the catalytic properties of Ag nanoparticles. The
attachment of Ag nanoparticles increases the specific surface area of the
sample which in turn increases the number of active sites for gas

. 147
adsorption.
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Figure 4.7. Room temperature response characteristics of Ti0, and Ag decorated TiO, nanorods for

various concentrations of ethanol.

Figure 4.8 compares the response of TiO, and Ag-TiO; sensors to
various concentrations of ethanol. Increase in concentration of the target
gas has resulted in improvement of the response of both the sensors; with
Ag-TiO; heterostructure response being much more enhanced compared
to that of pristine TiO,. The response values calculated for TiO, and Ag-
TiO, are 0.8 and 1.1 for 5 ppm and 8.15 and 11. 98 for 50 ppm ethanol

gas, respectively.
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Figure 4.8. Comparison of ethanol response of Ti0, and Ag-Ti0, sensors.
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Figure 4.9. (a) Response and (b) recovery time of Ti0, and Ag-Ti0, sensors.

The variation in response and recovery time of the sensors with

ethanol concentration is shown in figure 4.9. The response time decreases
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with increase in concentration whereas the recovery time increases with
increase in concentration. The response time of TiO, and Ag-TiO; sensors
to 5 ppm ethanol are 73 and 43 seconds and those to 50 ppm are 6 and 3

seconds, respectively.

(a) In air
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_________ -~
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e
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FTO/glass !

® Ag eEthanol - Electron Depletion
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Figure 4.10. Schematic representation of charge carrier density and depletion layer in Ag-Ti0, in (a)

ambient air and (b) ethanol gas. (Respective band diagrams are shown).

The dramatic improvement in the response time of Ag-TiO, for
detecting even low concentration of ethanol can be attributed to the
enhanced specific surface area contributed by the hierarchical structure
and the presence of catalytically active Ag nanoparticles. Similarly, an
obvious improvement in the recovery time is also observed for the

hierarchical sensor where the recovery time reduced to 73 seconds from
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213 seconds for 50 ppm ethanol. Thus, it can be concluded that Ag
decorated TiO; nanorod arrays exhibit excellent sensing characteristics at
room temperature and hence they can be used for potential gas sensor

applications.

The sensing properties are largely dependent on the charge
transport dynamics between target gas molecules and adsorbed oxygen
ions. The gas sensing mechanism of metal oxide nanostructures relies on
the redox reactions taking place between target gas molecules and

. 2,44
adsorbed oxygen on the semiconductor surface.’”

Depending on the
sensor operating temperature T, oxygen molecules can be adsorbed either
as 05 at T < 100°C or O~or 0%~ at T > 100°C*®. When the metal oxide
sensor is exposed to air the oxygen molecules trap electrons from the
conduction band of the sensing material due to its strong electronegativity
and form oxygen ions. In the present case, oxygen molecules from air
combines with surface electrons of TiO, and form "molecular ion" O, .
The oxygen adsorption reaction at room temperature can be represented

by the equation (4.1)
0,(ads) + e~ — 05 (ads) 4.1)

As a result, the free carrier concentration in the sensing material decreases
and a depletion region will be formed which in turn increases the
resistance of the sensing material. When the reductive ethanol is
introduced into the chamber chemical reactions take place between
ethanol molecules and adsorbed oxygen ions releasing electrons back to
the material decreasing the width of the depletion region and hence the

14
1,148

resistance of the sensing material. ™ All these processes are schematically
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illustrated in figure 4.10 and corresponding chemical reactions can be

written as

[CH;CH, 0](_ads) + OH(g45)

42
CH;CHO + H,0 + e~ (4.2)

CH3CH,0H(gy + 07 (444 —>{
Even without silver nanoparticles decoration, TiO, exhibited good ethanol
response characteristics at room temperature. This can be due to the direct
adsorption of a target gas by the semiconductor in addition to the
interaction with adsorbed oxygen ions.'*”'*" The addition of Ag
nanoparticles on the surface of TiO, nanorods markedly lowered the
response and response and recovery time of the sensor at room
temperature. The predominant mechanism responsible for the significant
improvement in the sensing performance of Ag decorated TiO, nanorods
at room temperature can be attributed to chemical sensitization via
"spillover effect" and exceptional catalytic properties of Ag nanoparticles

27,140,144,151-154 .
7140144151154 1 chemical

towards oxidation and reduction of gases.
sensitization, catalyst metal nanoparticles do not change the resistance of
the metal oxide leaving the sensing mechanism same as that without the
presence of metal nanoparticles. In spillover effect, metal nanoparticles
act as gas adsorption centers facilitating catalytic oxidation and reduction
processes leading to faster reactions between target gas molecules and
adsorbed oxygen ions. Rather than forming a continuous film, additive
nanoparticles must be dispersed on the surface of the metal oxide sensing
material so that both oxide material and additive will be exposed to the
surrounding ambient. Uniformly distributed Ag nanoparticles can act as
an efficient catalyst for adsorption-desorption reactions of both oxygen

and ethanol. Silver nanoparticles can effectively reduce the activation
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energy for gas adsorption, accelerating the electron exchange between
target gas and sensing material.'** The spillover effect promotes catalytic
oxidation and makes the reactions between target gas molecules and
adsorbed oxygen ions faster. An excessive amount of silver nanoparticles
effectively reduces the active surface area of the whole device thereby
decreasing the gas sensing performance. Also, the higher Ag
concentration forms a network of silver nanoparticles on the surface of
metal oxide nanorods and the material exhibit almost a metallic behavior.
At this condition, the oxygen molecules and target gas molecules are not
capable of appreciably altering the conductivity of the sensing material

144

with a consequent loss of sensor response. = The results in the present

work can be further explored for various potential applications.
4.4 Conclusions

Room temperature ethanol sensors were developed using TiO; and
Ag-TiO; nanostructures synthesized by simple solution methods. The
seed layer has a significant effect on the density, orientation, and gas
sensing properties of rutile TiO, nanorods. The remarkable increase in the
ethanol response characteristics was observed on modifying the surface of
the nanorods with Ag nanoparticles. The simple cost-effective processing
techniques and room temperature operation of the Ag-TiO, sensor make it

a potential candidate for future environment applications.
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Chapter 5

Fabrication of solution processed Ti0,/Cu0
heterojunction and its room temperature gas
sensing properties

In the previous chapter, we have seen the effects of Ag
nanoparticles on the room temperature ethanol sensing properties of TiO;
nanorods and have obtained excellent improvement in the response and
recovery time of the sensor. Still, there was not much enhancement in the
response value. The present chapter details the influence of CuO
nanoparticles on the ethanol sensing characteristics of TiO, nanorods.
With the incorporation of CuO nanoparticles, the response of TiO, has

been increased to 34 and response time has been reduced to 2 seconds for
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50 ppm concentration of ethanol. The corresponding response and
response time values for TiO, were 8 and 6 seconds respectively. Here the
recovery time was almost constant for both TiO, and TiO,/CuO. The
reasons for improved response characteristics can be attributed to the
higher surface area contributed by the hierarchical structure and the

formation of multiple p-n junctions at the interface of TiO, and CuO.

Solution-processed TiO,/CuO heterojunction for enhanced room
temperature ethanol sensing applications, P P Subha, L S Vikas, and M K
Jayaraj, Physica Scripta (under review).

5.1 Introduction

Metal oxide nanostructures are widely accepted for gas sensor
fabrication especially because of their inherent resistance change in
accordance with the changes in the surrounding atmosphere. Among the
inorganic metal oxides, TiO, has significant importance because of its
unique catalytic and electrical properties. TiO, in its rutile phase is the

most stable form which is extensively used in photovoltaics”’®, gas

144,1 - 156,1 L1381
sensors 415 catalysis 0157 patteries' 81

etc. Nanomaterials can be
used for improving the gas sensing properties especially because of their
high surface to volume ratio and other interesting properties.'""'®> Among
them, the directional mobility of charge carriers and high surface to
volume ratio of one-dimensional (1D) nanostructures such as nanorods,
nanowires, nanobelts, and nanotubes attract the intense attention of

- - - e 130,132
researchers to use them in a wide variety of applications. ™

Metal oxides such as SnO,, ZnO, TiO,, WOs etc. are widely used

for fabricating gas sensor devices. Most of the metal oxide based gas
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sensors operate at an elevated temperature generally above 150°C.
Reducing the operating temperature eventually reduces the power
consumption of the device making it useful for explosive environments
where high temperature is undesirable. In addition, the low values of
sensor parameters such as response, response and recovery time,
selectivity etc. inhibit the practical implementation of these devices.
Several techniques such as metal loading®’, forming hierarchical

structures'®', light activation'®?

etc. can be employed to overcome these
disadvantages. The use of hierarchical nanostructures constituting two or
more compounds always give excellent properties compared to their
individual counterpart and hence improve the properties of metal oxide

104,108

based devices. One-dimensional TiO, can form hierarchical

structures either with noble metals'®'®* (Ag, Au, Pt, Pd etc.) or metal

1037197 (Cu0, Zn0, Co30, etc.). In the present work, we have

oxides
successfully synthesized rutile TiO, nanorods decorated with CuO
nanoparticles by simple solution techniques. In addition to the unique
one-dimensional morphology of TiO; nanorods, the hierarchical structure
formed by the attachment of CuO nanoparticles provide plenty of active
sites for gas adsorption reactions. Generally, most of the p-type oxide
semiconductors have been widely used as catalysts to promote oxygen
dissociation.'®®"”° CuO nanoparticles accelerate the diffusion of oxygen
molecules into surface vacancies and capture electrons from the
conduction band of TiO, to become oxygen ions. Also the successful
integration of p-type CuO and n-type TiO, form p-n heterojunctions
resulting in better room temperature sensing characteristics. TiO;
nanorods were synthesized by seed-mediated hydrothermal method and

CuO nanoparticles were deposited by wet chemical method followed by
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annealing. Both hydrothermal, as well as wet chemical methods, are

already proven to be versatile, low-cost and environment-friendly.
5.2 Experimental
5.2.1 Materials

All the chemicals purchased were analytical grade and used
without further purification. Titanium tetra isopropoxide; TTIP (Acros
Organics), hydrochloric acid; HCI (Merck), and isopropyl alcohol; IPA
(Merck), and copper acetate hydrate; (Fisher Scientific) were used as the
precursors for the hydrothermal growth of TiO,/CuO samples nanorods.
Deionized water was obtained from an ultrafilter system. Fluorine-doped
tin oxide (FTO) coated glass substrate having surface resistivity 15-25
Q/sq (Solaronix) was used as the substrate and bottom electrode.

5.2.2 Growth of TiO, nanorods on FTO substrate

FTO substrates were ultrasonically cleaned sequentially in ethanol
and deionized water. Prior to hydrothermal growth, a thin layer of TiO,
was deposited on cleaned FTO substrates by immersing them in 0.03 M
TTIP solution prepared in isopropyl alcohol followed by annealing at
400°C in air for 1 hour. The precursor solution for hydrothermal growth
was prepared by adding 0.6 ml TTIP into a mixture of deionized water
and concentrated HCI took in a volume ratio of 1:1. The mixture was
stirred well at room temperature and transferred into a Teflon lined
autoclave. The solvothermal experiment was carried out at the optimized
conditions 180°C for 3 hours. After synthesis, the substrate was taken out,

rinsed with deionized water and dried in ambient air.
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5.2.3 Deposition of CuO nanoparticles on the surface of TiO,
nanorods

For depositing CuO nanoparticles on TiO, nanorods, as grown
Ti0, samples were immersed in copper acetate solution (0.05 M and 0.1
M) for 1 hour and annealed at the optimized temperature 250°C for 2

hours in air.
5.3 Results and discussion

The phase composition and crystal structure of the samples were
investigated by glancing angle X-ray diffraction technique. The X-ray
diffraction pattern of pristine TiO, exhibits peaks corresponding to
tetragonal rutile structure with prominent orientation along (101) plane
(ICDD No: 00-001-1292). In addition to TiO;, monoclinic CuO
diffraction peaks (ICDD No: 00-005-0661) were observed in the spectra
of 0.1 M CuO decorated TiO; nanorod array which can be clearly seen in
the inset magnified image of figure 5.1. No significant diffraction peaks
were obtained for CuO at lower copper acetate concentrations and above
0.1 M impurity peaks other than CuO were observed in the X-ray

diffraction pattern.

ﬁ
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Figure 5.1. Glancing angle X-ray diffraction pattern of (a) Ti0,, and Cu0 decorated TiO, nanorods by
immersing in (b) 0.05 M and () 0.1 M copper acetate solution. (Inset shows the magnified view of

the peaks corresponding to monoclinic Cu0).

The detailed structural analyses of TiO, and TiO,/CuO (0.1 M
Copper acetate) were done with transmission electron microscopy. Figure
5.2(a) shows pristine TiO, nanorod and in figure 5.2(b) uniform
distribution of CuO nanoparticles having approximately 10 nm size on the
surface of TiO, nanorods can be clearly seen, further confirming the
formation of CuO decorated TiO, nanorods. The HRTEM image and
SAED pattern of the heterostructure are shown in figure 5.2(c) and 5.2(d)
respectively. The marked 'd’ spacing values correspond to (101) plane of
rutile TiO, and (111) plane of monoclinic CuO respectively. The bright
spots in the SAED pattern confirm the polycrystalline nature of TiO,/CuO

heterostructure.
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Figure 5.2. TEM images of (a) Ti0, and (b) Ti0,/Cu0 (c) HRTEM image of Ti0,/Cu0 and (d) SAED pattern
of Ti0,/Cu0.

Micro Raman spectroscopy is a widely accepted technique used to
analyze the vibrational properties of nanostructures. Raman spectra of the
samples recorded at an excitation of 514 nm are displayed in figure 5.3.
The first order Raman spectrum of rutile TiO, shows four Raman active
fundamental modes such as B, (144 cm ), E, (446 cm V), A (610 cm )
and B, (826 cm™) along with secondary scattering features, the one at
238 cm™' being the most prominent.'”"'”? All the observed modes in the
spectra correspond to tetragonal rutile structure of TiO, nanorods. The

three Raman active modes exhibited by monoclinic CuO can be assigned
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at 278 cm™ (Ay), 333 em™ (By,) and 620 cm™ (By,).!'>'"® The A, and By,
vibrational modes are visible in figure 5.3 and the inset multi-peak fitting
curve shows the By, mode of CuO. Thus X-ray diffraction pattern, TEM
analysis, and Raman analysis confirmed the incorporation of CuO

nanoparticles on TiO, nanorods.

TiO,/Cu0

Intensity (a.u)

Second order scattering

*
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Raman shift (cm'1)

Figure 5.3. Micro Raman spectra of TiO, and Ti0, /Cu0 (Inset shows the multi-peak fitting curve of
Ti0,/Cu0 heterojunction).

The FESEM images of pristine TiO, and TiO,/CuO samples are
shown in figure 5.4. TiO, nanorods having square top facets inclined at an
angle with the substrate surface were grown on seed layer coated FTO
substrate. The average length and diameter of the rods are approximately
1.5 um and 50 nm respectively. No noticeable variation in morphology
was observed for TiO,/CuO in figure 5.4(d) which may be due to the very

small size of CuO nanoparticles.
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Figure 5.4. FESEM images of Ti02 nanorods (a) large area view (b) magnified view (c) cross-sectional
view and (d) Ti02/Cu0 heterojunction.
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Figure 5.5. Room temperature response characteristics of TiOz and TiO2/Cu0 heterojunction to various

concentrations of ethanol.
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The room temperature (29°C) ethanol response characteristics of
TiO; and TiO,/CuO heterojunction device are shown in figure 5.5. The
applied voltages to TiO, and TiO,/CuO were 1 and 5 V respectively. Both
pristine TiO, nanorod array and TiO,/CuO hetero-junction sensors exhibit
an appreciable response to various concentrations of ethanol at room
temperature. The measured current increased in the presence of ethanol
and it retains the initial resistance in ambient air. TiO,/CuO sensor shows
significant enhancement in the sensing characteristics compared to the
pristine sample. It can be seen that the response value gradually increases
with increase in the concentration of the target gas. Even for 5 ppm
concentration of ethanol both the sensors exhibit an obvious response at

room temperature.
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Figure 5.6. Comparison of ethanol response of Ti0, and Ti0,/Cu0 heterojunction.
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Figure 5.6 compares the room temperature ethanol response
characteristics of TiO, and TiO,/CuO sensors which clearly show the
excellent improvement in sensor response for heterojunction sensor. In
addition to the response, the response speed of the CuO decorated TiO;
nanorods also increased compared to the pristine sensor which can be
clearly seen in figure 5.7. The response time calculated for TiO,/CuO
sensor to 5 and 50 ppm ethanol is 12 and 2 seconds and for TiO, alone
these values are 73 and 6 seconds respectively. The dramatic
improvement in the response speed can be attributed to the formation of
multiple p- n junctions at the interface of CuO nanoparticles and TiO;
nanorods. Even though the response and response time of the
heterojunction sensor has been improved, the recovery time remained
almost same for both the sensors. This may be due to the low desorption

rate of ethanol at room temperature.''’
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Figure 5.7. (a) Response and (b) recovery time of TiOz and Ti02/Cu0 structures.
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The sensing mechanism of metal oxide based gas sensors is based
on the change in resistance caused by the interaction between adsorbed

: 132,132,173
oxygen ions and target gas molecules. "~ ”

The oxygen molecules
trap electrons from the conduction band of the metal oxide semiconductor
and form oxygen ions. This process leads to the formation of a depletion
region in the semiconductor with a consequent increase in the resistance
of the sensing material. Any reducing gas, like ethanol, on reacting with
these adsorbed oxygen ions release electrons back to the semiconductor
thereby reducing the width of the depletion layer as well as the resistance
of the sensing material. Depending on the operating temperature of the
sensor, oxygen molecules can form 0, (below 100°C), 0~ (100°C-400°C)
and 0% (above 400°C) by withdrawing electrons from the conduction
band.”**'™ The oxygen adsorption reactions at room temperature can be

represented by the following equations.
02(g) = 0,(ads) (5.1
0,(ads) + e~ = 0, (ads) (5.2)

The enhanced sensing performance of TiO,/CuO heterojunction at
room temperature is due to the following reasons. Firstly, the unique
structure consisting of one-dimensional TiO, nanorods modified with
CuO nanoparticles offer plenty of active sites for gas adsorption.'”>'"°
Most of the p-type oxide semiconductors like CuO, NiO, Co304 etc. are
good candidates for promoting oxygen dissociation. In the present case,
the catalytic properties of CuO make oxygen to diffuse faster into the
surface vacancies of TiO, nanorods capturing electrons from the

5

conduction band and form oxygen ions.'” The above-mentioned
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properties of CuO nanoparticles result in the adsorption of large quantities
of oxygen on the oxide surface within a short time leading to an increase
in resistance of the material. Since there are more adsorbed oxygen
molecules, more ethanol molecules can react with oxygen molecules and
reduce the resistance of the sensing material contributing to the enhanced
sensing performance. Secondly, the formation of p-n junctions at the
interface of n-Ti0, and p-CuO has a remarkable effect on the gas sensing
properties of the heterojunction sensor. Generally, oxygen deficient TiO,
exhibits n-type conductivity and oxygen excess CuO displays p-type
conductivity. The formation of p-n heterojunction at the interface of TiO,
and CuO results in band bending in the depletion layers and
correspondingly a built-in electric field is developed by the transfer of
electrons to p-type CuO and holes to n-type TiO, until the system obtains
an equalization of Fermi levels. The built-in field enhances the transfer
efficiency of interfacial charge to the oxygen molecules adsorbed on the
surface of the oxide semiconductor.'”” The resistance of the

heterojunction can be expressed by the equation
R « B exp (q@/kT) (5.3)

where B is a constant, k is the Boltzmann constant, T is the absolute
temperature and q@ is the effective potential energy barrier at the
heterojunction. Under exposure to air the, energy barrier g@ will be high
because of oxygen adsorption. Ethanol gas molecules react with these
adsorbed oxygen ions and the trapped electrons are released back to the
semiconductor leading to the decrease in energy barrier g@ formed at the

interface. From equations (1.1) and (5.3) it is obvious that the response
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magnitude of the heterojunction sensor is in direct proportion to the value
of exp (Aq®) and hence the marked changes in the energy barrier can
induce significant changes in the resistance and correspondingly in the
response magnitude of the heterojunction sensors, called as the synergistic
effect.!®1"17® The increase in the resistance of Ti0,/CuO heterojunction
is clear from the current-voltage (I-V) characteristics in figure 5.8. In
addition, the excellent -catalytic properties of TiO, and CuO
heterojunction promote the interaction between ethanol molecules and
adsorbed oxygen ions contributing to enhanced room temperature

s gl 156,179,1
response characteristics.>®'7*"1%
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Figure 5.8. I-V characteristics of Ti0,/CuO hetero-junction (Inset shows the I-V curve of pristine
Ti0,).

104 Department of Physics



Fabrication of solution processed TiO»/CuO heterojunction

Vacuum level Vacuum level
% (4.07 eV)
£ (4.07 eV) 1@ eV)
1 (4eV)
E. 260 R
E 090 seey F. Aqd
R I e R E; E [Eg (1.35 eV) E.
Eg(1.35¢ f 2= E;
B [20FY Eg3ev) B O0
E,. =00
Eg(3eV)
o' E, 3 E
p-CuO n-TiO, p-CuO n-TiO,

() (b)

Figure 5.9. Energy band diagram for Ti0,/Cu0 heterojunction (a) before equilibrium and (b) after

equilibrium.

Usually, alcohol molecules react with adsorbed oxygen ions
undergoing dehydrogenation and dehydration reactions to form CO; and
H,O respectively. Since the sensors in the present work operate at room
temperature, ethanol molecules undergo dehydrogenation reactions by
breaking € — 0 and O — H bonds due to their lower bond breaking
energies and form aldehyde and water represented by the equation
(5.4).120129

[CH3 CHZ 0](_ads) + OH_(ads)

5.4
CH5CHO + H,0 + e~ 54

CH3CH20H(g) + Oz_(ads) - {
The result demonstrated in the present work concludes that the fabrication
of heterojunctions is an effective way to improve the gas sensing

properties of metal oxide based gas sensors.
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5.4 Conclusion

Low-temperature solution processed gas sensors were fabricated
and its room temperature ethanol sensing characteristics were
investigated. We have demonstrated a simple, low-cost two-step process
for developing gas sensors based on metal oxide heterostructures. Both
TiO; and TiO,/CuO exhibit appreciable response to ethanol at room
temperature and the heterojunction sensor show remarkable improvement
in the response characteristics. The room temperature gas sensing
properties make the device suitable for several applications including that

in explosive environments.
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Synthesis and room temperature gas sensing
characteristics of Ti0,/Zn0 hierarchical
structure

In the previous chapters, room temperature ethanol response
characteristics of ZnO/CuO, Ag-TiO,, and TiO,/CuO were discussed.
Excellent improvements in the response and recovery time have been
observed for Ag-TiO, and high value of response has been obtained for
Ti0,/CuO hierarchical structures. With the use of TiO,/ZnO hierarchical
structures, the response value has been increased to 40 and response and
recovery times were decreased to 6 and 90 seconds respectively for 50
ppm ethanol, which is better than the performance of the devices
discussed in the previous chapters. Thus, all the sensor parameters could

be improved in a single device.
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6.1 Introduction

Greater surface area of hierarchical nanostructures is attracting people in
the field to fabricate high-performance gas sensors. Among the various
semiconducting oxide materials, TiO, and ZnO are two technologically
important materials due to their electrical and optical properties.
Compared to their individual counterpart, the combination of TiO, and
ZnO can further enhance the gas sensing properties making them suitable
for fabricating efficient devices. Titanium dioxide (TiO;) is one of the
most promising semiconducting materials for gas detection due to its
excellent physical and chemical properties, high environmental stability,
and catalytic properties.””'*! TiO, based hierarchical structures like
Ti02/Zn0*"°, Ti02/Sn0,>*'™, Ti0,/C030,4'°*'™ etc. with improved gas
sensing properties were already reported. The improved sensing
properties of hierarchical structures are due to its high surface to volume
ratio, the formation of heterojunctions at the interface and their catalytic
properties. The materials constituting the hierarchical structure should
have appropriate energy levels to form a potential barrier at the
heterojunction interface. The band gap, electron affinity and work
function of TiO, and ZnO are 3 eV, 4 eV, 4.9 ¢V and 3.37 eV, 4.35 ¢V,
5.3 eV respectively.'®*'® The difference in work function between TiO,
and ZnO facilitate migration of electrons across the junction forming an
accumulation layer in ZnO rather than a depletion region. This charge
transfer develops a potential barrier at the interface contributing to the
enhanced gas sensing performances.®”'® In the present work, we have
successfully developed TiO,/ZnO hierarchical structures and its ethanol

response characteristics were investigated at room temperature.
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6.2 Experimental
6.2.1 Materials

All the reagents were of analytical grade and used without further
purification. Titanium tetra isopropoxide; TTIP (Acros Organics),
hydrochloric acid; HCI (Merck), and Isopropyl alcohol; TPA (Merck)
were used as the precursors for the hydrothermal growth of TiO;
nanorods. zinc nitrate (Merck) and hexamethylenetetramine; HMTA (Alfa
Aesar) were used for the synthesis of ZnO nanorods. Deionized water was
obtained from an ultrafilter system. Fluorine-doped tin oxide (FTO)
coated glass substrate having surface resistivity 15-25 Q/sq (Solaronix)

was used as the substrate and bottom electrode.
6.2.2 Synthesis of rutile TiO, nanorods on FTO/glass substrate

Rutile titanium dioxide nanorods were synthesized by a seed-
mediated low-temperature hydrothermal method. Prior to hydrothermal, a
thin layer of TiO, was deposited on cleaned FTO/glass substrate by
immersing FTO in 0.03 M TTIP solution prepared in isopropyl alcohol
followed by annealing at 400°C in air for 1 hour. The precursor solution
for solvothermal experiment was prepared by adding 0.6 ml TTIP into a
mixture of deionized water and concentrated HCI taken in a volume ratio
of 1:1. Hydrothermal experiment was carried out at 180°C for 3 hours to

form well aligned rutile TiO, nanorods.
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6.2.3 Growth of ZnO nanorods over TiO, nanorods

ZnO nanorods were grown over TiO; nanorods by a second
hydrothermal process in which TiO, nanorods were used as the substrate
and the precursor solution contains 0.1 M zinc nitrate and 0.1 M
hexamethylenetetramine. Hydrothermal experiments were carried out at
100°C for 2 hours. After hydrothermal, the samples were taken out and

dried in ambient air.

6.3 Results and discussion
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Figure 6.1. Glancing angle X-ray diffraction pattern of TiO2/Zn0 hierarchical structures.

The crystal structure of the samples was analyzed using glancing
angle X-ray diffraction analysis. All the diffraction peaks in figure 6.1 can
be indexed to (110), (101), (211) and (301) planes of tetragonal rutile
TiO, (Card No: 00-001-1292) and (100), (002), (101) and (110) planes of
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wurtzite hexagonal ZnO (Card No: 00-001-1136) of the composite
structure.

o G/ ZnO (002)
®

s

TiO (110)

Figure 6.2. SAED pattern of Ti0,/Zn0 hierarchical structure.

The detailed structural investigations of the samples were done
using SAED analysis. The SAED pattern in figure 6.2 shows the (002)
plane of ZnO and (110) plane of TiO,. The presence of bright spots in the
SAED pattern confirms the crystalline nature of the samples.

Micro Raman spectroscopy is a useful technique to analyze the
vibrational properties of nanomaterials. Raman spectra of the samples
recorded at an excitation of 514 nm are displayed in figure 6.3. The first
order Raman spectrum of rutile TiO, shows four Raman active
fundamental modes such as By, (144 cm ), E, (446 cm ), A (610 cm )

and B, (826 cm”) along with secondary scattering features, most
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prominent one being at 238 cm™.'”"!'"* All the modes except By, are

present in the spectra of TiO,. In addition to the vibrations of TiO,, the
vibrational modes Ey. (98 cm™) and E,y (437 cm™) corresponding to
wurtzite hexagonal structure of ZnO are also present in the Raman spectra
of Ti0»/ZnO hierarchical structure.'®

E,(high

E,(low) —Ti0,/Zn0O

Intensity (a.u.)

—TiOz

*
Second order scattering

*

1 T 1 T I T T T I T 1 T 1 T
100 200 300 400 500 600 700 800
Raman shift (cm™)

Figure 6.3. Micro Raman spectra of Ti0,/Zn0 hierarchical structures.

The morphology of the samples was analyzed using FESEM
analysis. The growth of vertically aligned tetragonal rod shaped TiO,
nanorods with a diameter approximately 50 nm is clear from figure
6.4(b). In the FESEM image of TiO,/ZnO structures shown in figure
6.4(d), the growth of hexagonal shaped of ZnO nanorods (yellow circle)
over TiO, nanorods (red circle) are seen. The diameter of ZnO nanorods
is approximately 70 nm. The EDX elemental mapping shows the presence

of the elements Ti, Zn and O in the sample.
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Figure 6.4. FESEM images of (a) and (b) TiO, nanorods and (c) and (d) Ti0,/Zn0 hierarchical structures
(vellow and red circles represent Zn0 and Ti0, nanorods respectively). (e), (f) and (g) are EDX

elemental mapping of Ti, Zn, and 0 respectively.

The basic gas sensing mechanism of metal oxide semiconductors
relies on the interaction between target gas molecules and adsorbed

: - 2,130
oxygen ions on the surface of the semiconductor.”

The adsorption of
oxygen ions depends on the operating temperature of the sensor. At
temperatures lower than 100°C (T<100°C), oxygen molecules will be
adsorbed as O, ions and above 100°C, oxygen will be adsorbed as O~ or
02~ ions."™'™ In ambient air, oxygen molecules trap electrons from the
conduction band forming a depletion region and a potential barrier in the
material. Reducing gases like ethanol or ammonia react with these
adsorbed oxygen ions releasing the trapped electrons back to the material.
As a result, the width of the depletion region and hence the height of the

potential barrier decreases.
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Figure 6.5. Room temperature response of Ti0, and Ti0,/Zn0 to various concentrations of ethanol.

The response characteristics of the samples were investigated by
applying 1 V and 3.3 V to TiO, and TiO,/ZnO respectively. The room
temperature response of TiO; and TiO,/ZnO to various concentrations of
ethanol is shown in figure 6.5. TiO,/ZnO hierarchical structure show
enhanced response to all the concentrations of ethanol used in the present
study. The enhanced response of TiO»/ZnO to 50 ppm ethanol is 40,
whereas the response was 8 for TiO; alone. As shown in figure 6.6, the
response of both TiO, and TiO,/ZnO increases with increase in the
concentration of ethanol due to the increased number of gas molecules at

high concentrations.
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Figure 6.6. Comparison of ethanol response of Ti0, and Ti0,/Zn0 hierarchical structures.
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Figure 6.7. (a) Response time and (b) recovery time of Ti0, and Ti0,/Zn0 with various

concentrations of ethanol.
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Figure 6.7 shows the variation in response time and recovery
times of the fabricated sensors with various concentrations of ethanol.
The response time decreases and recovery time increases with increase in
the concentration of ethanol. The increase in recovery time is due to the
slow desorption rate of ethanol at room temperature. For 50 ppm
concentration of ethanol, the response time of TiO, and TiO,/ZnO are 6
seconds and recovery time has been reduced from 213 seconds to 90
seconds. The high value of response and low value of response and
recovery time can be attributed to the increased surface to volume ratio as
well as due to the formation of n-n heterojunctions at the interface of TiO,
and ZnO.

Nanomaterials with high surface to volume ratio are more suitable
for fabricating high-performance gas sensors. Hierarchical structures
enhance the gas sensing parameters of a semiconductor gas sensor due to
the formation of multiple junctions at the interface of the materials
constituting the structure.'®*'*'* Figure 6.9 shows the band diagram of
Ti0,/ZnO before and after thermal equilibrium. Due to the difference in
work function of TiO; (4.9 eV) and ZnO (5.3 eV), electrons flow from the
conduction band of TiO, to the conduction band of ZnO until thermal
equilibrium is reached.”'** The migration of electrons from TiO, to ZnO
leads to the formation of an accumulation layer on ZnO and a depletion
layer on TiO,. The accumulation layer is further depleted by additional
oxygen adsorption leading to enhanced gas sensing performance of
TiO,/ZnO hierarchical structure.’*"
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Figure 6.8. Band diagram of Ti0,/Zn0 hierarchical structure at (a) before equilibrium and (b) after

equilibrium.

Usually, alcohol molecules react with adsorbed oxygen ions and
undergo dehydrogenation and dehydration reactions to form CO, and H,O
respectively depending on the operating temperature of the sensor. Since
sensors in the present work operate at room temperature, ethanol
molecules undergo dehydrogenation reactions by breaking C — O and
O — H bonds due to their lower bond breaking energies and form

aldehyde and water represented by the equation (5. 1).120’129

[CH3CH20]_(adS) + OH_(ads)

) (5.1)
CH;CHO + H,0 + e

6.4 Conclusion

TiO2/ZnO hierarchical structures were grown by two-step
hydrothermal method and its room temperature ethanol sensing
characteristics were investigated. Both TiO; and TiO,/ZnO show a good

response to ethanol at room temperature and the heterojunction sensor
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show improved response characteristics. The room temperature operation
makes the fabricated device a potential candidate for future gas sensing

applications.
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Conclusions and scope for future works

This chapter summarizes the results presented in the thesis and
future prospects of hierarchical metal oxide semiconductor nanostructure

gas sensors operating at room temperature.
7.1 Conclusions

In recent years, tremendous efforts have been directed towards the
development of low- cost, portable, efficient gas sensors with good
response, fast response and recovery times, and low power consumption
for practical applications. In the present investigation, we have fabricated
room temperature gas sensors based on various metal oxide hierarchical

nanostructures.
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ZnO based gas sensors are well established in the gas sensor
research field. We have developed ZnO/CuO heterojunction sensors using
low-temperature solution methods and demonstrated its capability to
detect gases like ethanol, hydrogen sulfide, and ammonia. The p-n
heterojunction formed at the interface of ZnO and CuO as well as the
increased surface area provided by the one dimensional ZnO nanorods
and its surface modification by CuO nanoparticles improved the gas
sensing properties of ZnO/CuO device compared to that of pristine ZnO.

Metal nanoparticles are attractive for their inherent catalytic
properties which can enhance the performance of various devices. Ag
nanoparticle decorated TiO, nanorods fabricated in the present study
significantly improved the room temperature gas sensing properties
especially the response and recovery time. The well separated one-
dimensional morphology of TiO, nanorods and the exceptional catalytic
properties of Ag nanoparticles are the reasons for the better performance

of Ag-TiO; structure compared to that of TiO,.

A better gas sensor should have a high value of response and low
values for response and recovery time. With the addition of Ag
nanoparticles on TiO, nanorods, we were able to fabricate room
temperature gas sensors with fast response fast recovery. Still, the
response value was not much enhanced. The fabrication of p-CuO/n-TiO,
heterojunction markedly improved the room temperature response of the
sensor. Also, the presence of CuO nanoparticles lowered the response
time making it suitable for practical device applications. But the recovery

time was almost constant for both TiO; and TiO,/CuO. The p-n junction
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formation and the increased number of gas adsorption sites enhanced the

response and lowered the response time of the heterojunction sensor.

In the present study, it has been observed that the addition of CuO
and Ag nanoparticles on TiO, nanorods enhanced the room temperature
response and lowered the response and recovery time of the sensors
respectively. In order to get all the sensing parameters improved together
in a single device, we have grown TiO,/ZnO hierarchical structure and its
room temperature response characteristics were investigated. The
migration of electrons across the interface of TiO, and ZnO form an
accumulation layer in ZnO which is further depleted by additional oxygen
adsorption thereby improving all the response characteristics of the
hierarchical sensor at room temperature. The simple processing
techniques and room temperature response of all the fabricated sensors
make them potential candidates for future sensing applications. The table

below compares the ethanol response characteristics of some gas sensors.

Table 7.1. Comparison of ethanol response of some metal oxide based gas sensors.

. Ethanol ) Response-
sl . Synthesis . Operating
Material concentration Response | recovery Ref.
No. method temperature .
(ppm) times (S)
1 In0 D 40 RT 25 60/20 [192]
) Anodization/ o
2 | C0304/Ti0y 100 260°C 40 1.4/1.2 [183]
hydrothermal
3 In0/Cu0 | Hydrothermal 150 RT 23 70/88 [193]
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Ti0y/ Electro o
4 o 100 350°C 15 7/8 [178]
Ago3sV20s spinning
5 Ag-Sn0is | Aerosol route 1000 400°C 45 2/45 [194]
6 Ag-In0 Hydrothermal 20 370°C 20 15/20 [195]
7 Ti02/Sn02 | Hydrothermal 10 43°C 1 2400/300 [182]
8 Al-Zn0 Sol gel 160 RT 0.82 68/50 [138]
9 Au-In0 Hydrothermal 50 325 7 5/20 [196]
Present
10 In0 Hydrothermal 50 RT 2 98/508
work
) Present
11 Ti0s Hydrothermal 50 RT 8 6/213
work
Hydrothermal Present
12 In0/Cu0 ) 50 RT 5 9/420
/wet chemical work
) Hydrothermal Present
13 Ag-Ti0: ) 50 RT 1 3/73
/wet chemical work
) Hydrothermal Present
14 Ti02/Cu0 ) 50 RT 34 2/228
/wet chemical work
Present
15 Ti02/Zn0 | Hydrothermal 50 RT 40 6/90
work
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7.2 Future scope

The thesis covers the room temperature ethanol sensing
characteristics of TiO, and ZnO based hierarchical structures. The gas
sensing is solely a surface phenomenon which involves the interaction
between target gas molecules and adsorbed oxygen ions on the surface of
the metal oxide semiconductor. Therefore all the devices developed can
be used for the detection of other poisonous gases like NO,, CO, volatile
organic compounds (VOCs) etc. Even at room temperature, the fabricated
devices show good response characteristics, hence can be used for the

detection of explosive gases where high temperature is undesirable.

Nowadays one of the most important applications of gas sensors is
in breath analysis. The presence of component gases like ammonia,
hydrogen sulfide, acetone, toluene etc. in the exhaled breath is in
correlation with specific diseases such as kidney malfunction, halitosis,
diabetes, lung cancer and so on. Metal oxide nanostructure-based breath
sensing is an emerging technique for early disease diagnosis due to their
portability, real-time analysis, low-cost etc. In this thesis, as an example,
we have shown the response characteristics of some metal oxide
heterojunction sensors to ethanol, hydrogen sulfide and ammonia and the
lowest concentration detected was 5 ppm. The results show that the
heterojunction sensors can also be wused for clinical diagnostic

applications.

We have seen that the sensor response of nanostructures is in
direct relationship with the size of the nanomaterial. Equation (1.19)

shows that if the size of the nanomaterial is of the order of its Debye
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length, a high value of sensor parameters can be obtained. Also, poor
selectivity, which is the major drawback of metal oxide gas sensors, can

be improved by fabricating an array of various metal oxide sensors in a

single device.
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Appendix

Abbreviations used in the thesis

Abbreviation Expansion

Ag Silver

Au Gold

CuO Copper Oxide

EDX Energy-dispersive X-ray spectroscopy
FESEM Field Emission Scanning Electron Microscopy
FTO Fluorine doped Tin Oxide

HCI Hydro Chloric Acid

H,S Hydrogen Sulfide

H,O Water

HRXRD High resolution X-ray diffraction
HRTEM il/[iilrlo}:s(s)g;ltion Transmission Electron
I-v Current-Voltage

ITO Tin doped Indium Oxide

[UPAC glﬁzrmn?s‘[if;al Union of Pure and Applied
MO Metal Oxide

SnO, Tin Dioxide
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SAED Selected Area Electron Diffraction

TiO, Titanium Dioxide

TTIP Titanium Tetra Iso Propoxide

uv Ultra Violet

VOC Volatile Organic Compounds

ZnO Zinc Oxide
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