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CHAPTER 1

INTRODUCTION

1.1 Motivation

Nanotechnology is a combination of science, engineering, and technology which
involves the tiny things in nanoscale, approximately 1 to 100 nanometers. The usage
of the knowledge from interdisciplinary subjects consisting of physics, chemistry,
biology, material science and engineering to optimize the properties of nanomaterials
and develop the performance of its applications fabricated from nanoscale matters
which can be called as “Nanoscience and Nanotechnology”. Professor Richard
Feynman discoursed the plenary speech entitled “There’s plenty of room at the
bottom” giving inspirations and concepts about the nanoscience and
nanotechnology [1]. In this speech, Prof. Feynman represented the operation which
researchers able to manipulate and control the independent atoms and molecules.
Over a 10 years later, the phrase “nanotechnology” was designated in the
exploration of ultra-precision machine’s Professor Norio Taniguchi. The development
of the scanning tunneling microscope had been continually improved the
performance for many years until it could be seen the individual atoms, that the
modern nanotechnology began [2]. Nowadays, scientists and engineers are looking
for the variety of routes to intentionally create nanomaterials to take the enhanced
properties such as self-cleaning, higher strength, lishter weight, increase the specific

surface area, and increase the electrical conductivity.

The quantity of water vapor which held in the air called as “humidity”.
Humidity is a gasified state. The sudden change of humidity level can affect the
hazardousness to the living organism. For instance, the combination of high-level
humidity in hot zone that affects un-wellness, particularly for the youngster and
elder [3]. The sensor which can find out the detection of water vapor level, it can be
called as the humidity sensor. The humidity sensor is used for detecting the amount
of humidity level in numerous areas of human life which have become fascinating

research fields.

The Humidity sensor is an important electronic device for numerous application
fields including food storage, medical application, meteorology, agriculture,
electronic manufacturing and so on [4]. The quantitative determination of humidity

level has been attention during last three decades. High sensitivity, sood selectivity,



short recovery and response time are preferable humidity sensor device
characteristics [5]. The ratio of the actual vapor amount to the saturated vapor
amount at granted temperature called as “relative humidity”. Relative humidity is
the most oftentimes utilized parameter to stipulate the humidity. Numerous
concerning consequent the design of humidity sensor device is because of the
restriction in the selection of sensing materials and the compatibility with fabricating
technologies. There are two common ways to enhance the properties of the sensing
material for humidity sensor: exploring novel material and optimization in the
property of an original material. The common fabrication of the humidity sensor
contains a glass substrate coating with gold inter-digital type electrodes and then
coated with humidity sensing material. Response and recovery time mean the time
which sensor gauged value at minimum state to maximum state in case of
adsorption and reversely in a case of desorption, respectively. Hysteresis is the time
delay in the adsorption and desorption which is commonly utilized to evaluate the
reliability of humidity sensor. Good reliability of humidity sensor should have
hysteresis value less than 4 % RH [6]. Sensing materials comprise ceramic, polymer
material and composite materials have been attractive fascinating to fabricate the

sensing layer for the humidity sensor.

The humidity sensors were successfully fabricated from inorganic metal oxide
nanomaterials like titanium oxide [7] and tin oxide [8] which have emerged as
commercial humidity sensors in recent years. Material based on ZnO and CuO are
well studied individually for humidity sensing application. Because of ZnO has the
limitation in the electrical conductivity for using in the electronic device. Therefore,
CuO has higher electrical conductivity compared with ZnO, so it can be used to
enhance the superior performance of the sensor. There are many ways to enhance
the superior performance of humidity sensor based on semiconducting materials

such as doping, mixing or modifying the material.

In this dissertation, the authors have examined the effect of sintering
temperature and mix the copper content into the ZnO structure while the
preparation via co-precipitation process. Co-precipitation method is used to prepare
CuO-ZnO nanoparticles because it is an easy method and inexpensive when
compared with another preparation methods. Sintering process can be used to
decompose the impurity and increase the crystal quality of the material. After that,
the authors used CuO-ZnO nanoparticles to fabricate the sensing material onto ITO
coated on the glass substrate via electrostatic spray deposition (ESD) technique. ESD
technique is an unsophisticated process, not complicated and not necessary work in

the vacuum system. Sensor characteristic of the humidity sensor is the study about



adsorption and desorption processes of water vapor at sensing material film which

change the value of electrical conductivity.
1.2 Objective of the study

1.2.1 To study the prepared conditions while the synthesis of CuO-ZnO

nanostructure via co-precipitation process.

1.2.2 To characterize the properties of prepared nanoparticles using the X-ray
diffraction technique, transmission and scanning electron microscopy, energy
dispersive X-ray spectroscopy, Fourier transform infrared spectroscopy and X-ray

photoelectron spectroscopy.

1.2.3 To fabricate sensing layer of CuO-ZnO nanoparticles film onto ITO coated

on the glass slide using ESD technique for humidity sensor device.

1.2.4 To measure the electrical characteristics of CuO-ZnO humidity sensor.
1.3 Scope of the study

1.3.1 Study the influence of prepared conditions while the synthesis of CuO-

Zn0O nanoparticles via co-precipitation process.

1.3.2 Fabricate sensing films of CuO-ZnO by ESD technique for humidity sensor

application.

1.3.3 Study the electrical characteristic of CuO-ZnO humidity sensor device.
1.4 Expected benefit of the study

1.4.1 Understand the principle and method of co-precipitation process to

synthesize the CuO-ZnO nanostructure.

1.4.2 Understand the preparation parameters that affect to the structural

property of CuO-ZnO nanostructure via co-precipitation technique.

1.4.3 Understand the thin film fabrication technique to prepare CuO-ZnO film as

sensing layer of the humidity sensor.

1.4.4 Understand the sensing mechanism of CuO-ZnO humidity sensor device.



CHAPTER 2

THEORECTICAL BACKGROUND

Zinc oxide (ZnO) is a very broad energy gap material exhibiting numerousness
fascinating properties which have obtained a lot of research interests in various
backgrounds of material science covering the development of technology in
electronic devices. Likewise, Copper oxide (CuO) can be utilized for numerous
applications, for instance, sensing material, field emission and photovoltaic cells [9].
In this chapter, the authors demonstrate extensive description of the properties of

these materials.
2.1 Zinc oxide material

Zn0 is a special semiconducting material which has piezoelectric properties.
From these, ZnO has become the attractive material for applications in the future.
The general properties of ZnO will be represented followed the crystal structure,

optical and electronic properties in this section.
2.1.1 Generally Crystal Properties of ZnO

ZnO material is ordered with wurtzite mode of crystalizing structure which it is
an II-VI group compound semiconducting material. For wurtzite form, it ordered zinc
atom and oxygen atom into a hexagonal lattice structure which permeates into the
crystal structure where Zn?" ion is interconnected with O% ions. Even though ZnO
material bonding with covalent, it possesses essential the personality of ionic well
[10]. The ZnO crystal structure of ZnO is configured into a space group P6smc of
wurtzite crystal structure. Wurtzite structure of ZnO has polar of surface (0001) plane
which is illustrated in Figure 2.1. Because of the polar of ZnO crystal has the meta-
stable state, these surfaces display numerous fascinating properties such as
piezoelectricity, stability in physical and chemical fields and show high sensitivity in
the sensor device. The calculated lattice constants of ZnO crystal unit cell from raw
data collected by x-ray diffraction technique have values of a = 3.2490 A, and c =
5.2069 A, with c/a ratio approximately 1.6018 [11]. The hexagonal wurtzite of ZnO
crystal structure will be confirmed by using scientific characterization techniques for

discussing in this dissertation.



Fig. 2.1 The hexagonal wurtzite of ZnO crystal structure [12].

2.1.2 Electron Band Structure of ZnO

Understanding the electron band structure of used semiconducting compound
is the necessary things when this material is considered for device applications. ZnO
has the difference between conduction band and valence band approximately 3.37
eV at ambient condition. Because of ZnO has ionic bonding, the lowermost of the
conduction band is principally established by ds-orbital of Zn**or the antibonding of
sp” hybridization states, while the valence band is created by the 2p-orbital of O* or
the bonding of sp® orbital.

The wide bandgap of ZnO has many important implications in the electronic
and optoelectronic fields. For example, ZnO can operate at high power, sustain high
breakdown voltages, with maximum electronic noise. Additionally, its wide bandgap
can accommodate intrinsic defects that emit various light wavelengths. Also, among
other lI-VI semiconductors, ZnO possesses a relatively high and stable binding energy
of electron-hole pair approximately 60 meV at ambient condition [13]. The large
excitonic binding energy of a material ensures that the excitons will recombine

radiatively at higher probability.
2.1.3 Optical Properties

As discussed above, ZnO is an optically direct wide energy gap semiconductor,
it has numerous of optical characteristics of ZnO which suitable for short wavelength
applications. The electron band structure affected directly to the optical properties



of ZnO. Generally, high purity of ZnO is transparent in the visible range of the optical
spectrum, with a typical refractive index of 2.008 [12]. Defects were used to modify
the energy level of defects within the optical energy band structure of ZnO. These
defects including oxygen and zinc vacancies, interstitial of zinc and oxygen and

impurities such as Al, Cu and H.

Numerous of researchers on the photoemission of ZnO material have proposed
which is inside of the optical energy gap of pure ZnO, there are any defects that are
liable for green emission, which has been marked as V.. While for red emission, it is
depicted to interstitial of zinc in ZnO. In addition, the blue emission was attributed to
interstitial of zinc and vacancy of zinc, respectively [ 14] . Understanding the
knowledge in defect emissions of ZnO is necessary for modifying energy level of

defects within energy bandgap of ZnO in a variety of potential optical applications.
2.1.4 Overview of ZnO properties

In addition, the electronic and optical properties of ZnO material, there are
numerous propitious characteristics in this fascinating material, for instance,
inexpensive production cost, superabundant sources material and stable in the
chemical environment. Besides, ZnO exhibits that it has potential in various
electronic device applications such as chemical sensing device, humidity sensing
device, photovoltaic cells, and piezoelectric nanodevices. Ordinary details of wurtzite
ZnO are concluded at below of Table 2.1.

Table 2.1 Common details about ZnO material [15].

Parameter Value
Stable phase at 300K Wurtzite structure
Lattice parametric quantity a=b=3.2495 A

c=5.2069 A
c/a=1.594-1.6034

Melting temperature 2248 K
Index of refraction 2.008
Band energy width 3.37 electron volt

Excitonic binding energy 60 milli-electron volts




2.2 Copper oxide material

As mentioned earlier [16], Cuprous oxide (Cu,O) and cupric oxide (CuO) are
generally types of copper oxide. They are p-type semiconducting materials which
have narrow energy gap. In additions, they can be utilized in numerous applications.
Their potential applications including humidity sensor, photovoltaic cells [ 17],
lithium-ion battery [18], superconductor [19], gas sensors [20] and photoconductive
systems [21]. Due to its fantastical properties, CuO has been chosen in this thesis
work to profit from the unique properties of CuO-ZnO in humidity sensing

application.
2.2.1 Cupric Oxide

Cupric oxide (CuO) has a bandgap in the range of approximately 1.21-1.85 eV.
The crystal structure of CuO is space group C2/c of monoclinic phase. CuO unit cell
consists of Cu** ions interconnected with four O ions in the form of square planar

configuration.

The advantages of copper source material are inexpensive manufacturing, high
thermal and chemical stability which make CuO a potential material in numerous
usages. Therefore, CuO nanomaterials are the fascinating material for various
applications such as gas sensing device, the catalyst for environmental fields. Also,
the synthesis of CuO-ZnO and their application as good performances of humidity
sensor was accomplished. Some of the important properties of CuO material are

given in Table 2.2.
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Fig. 2.2 Monoclinic crystal structure of cupric oxide (CuO). [22].



Table 2.2 Common details about CuO material [23].

Parameter Value

Stable phase at 300K Monoclinic structure

Lattice parametric quantity a=4.68 A

b=3.42 A
c=5.13 A
Melting point 2248 K
Band energy width 1.21-1.85 eV, direct

2.3 Synthesis and Processing of CuO-ZnO nanostructure

Semiconducting nanomaterial can be prepared by either composing atoms to
nanomaterials or breaking down bulk material smaller in size. Numerous preparation
methods have been developed and utilized for the nanomaterial preparation
techniques. In the Top-down, it represents the bulk material is minimized to get the
nanoparticles. The common examples of the top-down technique are milling and
attrition, lithography. The major disadvantage of the Top-down is non-perfection of
the structure. The product from attrition technique has very broad size distribution
and numerous geometries of the particle. Besides, it may concern the number of
contaminants. In the Bottom-up, the independent atoms or molecules are precisely
self-assembly. So, bottom-up techniques are more convenient for the preparation of

nanostructure and numerous techniques of Bottom-up have been greatly evolved.

CuO-ZnO nanostructures can be prepared by many routes, for instance,
chemical vapor deposition process (CVD), sol-gel technique, hydrothermal process
and chemical precipitation method.
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Fig. 2.3 Schematic represents the Bottom-up and Top-down techniques.



2.3.1 Chemical Vapor Deposition

Chemical vapour deposition is a common route for the fabrication of
nanostructure on the deposited area with the chemical reaction from vapor phase to
deposit solid material such as nanoparticles, thin film, nanotubes, nanowire and so

n [24]. The system of general CVD is illustrated in figure 2.4. The CVD reactor
provides the preparation of mixing or doped nanoparticles by feeding another

precursor at the second stage.

Hong Wan and Harry E. Ruda [25] have prepared ZnO nanowires via CVD route
using zinc powder and a combination of ZnO and graphite as precursors. SEM

micrographs of fabricated ZnO nanostructure via CVD route is illustrated in figure 2.5.

e
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Fig. 2.4 Typical CVD reactor [26].

Fig. 2.5 SEM images of fabricated ZnO nanowires via CVD process [25].



10

2.3.2 Sol-gel

Sol-gel is @ common route for synthesizing of low-dimensional materials. It
involves the growth of the networks by the establishing of colloidal to connect the
network in the liquid state. The main advantage of this route is the modification of
the microstructure of product by adjusting the parameters in the chemical reaction.
This method is generally used for the preparation of nanomaterials in numerous
research groups. The catalyst is utilized for starting the reaction and controlling the

value of pH. The schematic of this system is illustrated in figure 2.6.

Riyadh M. Alwan, et. al. [27] prepared ZnO nanoparticles by sol-gel method
using zinc acetate as a precursor. The SEM image shows that prepared ZnO
nanoparticles in this study are spherical in shape with the smooth surface as shown

in figure 2.7.
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Fig. 2.6 Sol-gel process [28]
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Fig. 2.7 SEM image of ZnO nanoparticles grown by sol-gel method [27].

2.3.3 Hydrothermal

Hydrothermal route is a growth of crystal under high pressure and temperature

in water which substances are not soluble under regular temperature and pressure

conditions (<100°C, <1 atm) [29].

Kai-Chen et al. [30] synthesized ZnO nanostructures by hydrothermal synthesis
on patterned aluminum substrate prepared by colloidal lithography. The nanowires

and nanosheets were well-defined as shown in figure 2.8.

Fig. 2.8 SEM image of ZnO nanowires/nanosheets prepared by hydrothermal process.

The scale bar is 2 ym in length [30].
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2.3.4 Chemical precipitation

Chemical precipitation route is an uncontrolled process in the kinetics, the
nucleation of solid phase and crystal growth process. Thus, collected powders via
precipitation route have a broad size distribution, uncontrolled morphologically
shape and aggregation of solids. To collect the nanostructures with narrow size
distribution, the appropriate concentration of precursor and suitable reaction time

are the necessary requirements.

Multi ceramic oxide which generally utilized for the synthesis of nanomaterials
called the co-precipitation technique. The solution has then adjusted the value of
pH or heat treatment to induce those salts of precursors to be the precipitate. The
crystal growth of nanomaterial is depending on the concentration of precursor,
reaction temperature and the value of pH. After precipitation process finished, the
powder is collected, washed several times and then slowly dried. The applied
washing and drying processes affect to the agglomeration of the final product. The
dopant is added to the solution of precursor while precipitation reaction. A stabilizer
is used to prevent the formed particles. Normally, a step of the annealing process is
essential to transform hydroxide into the high crystal quality of metal oxides. The
advantages of co-precipitation routes are low operating temperature, inexpensive,

fine and uniform product.

Zeljca Petrovic et al. [31] prepared ZnO microstructure via precipitation method
using zinc acetylacetonate as the precursor. Figure 2.9 shows the formation of ZnO

particles consisting of hexagonal pyramids.

Fig 2.9 SEM image of ZnO microstructure prepared by precipitation method [31].
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As mentioned above, the co-precipitation method is chosen for preparing the
CuO-ZnO nanostructure in this dissertation because it is simple, inexpensive, prepare
in low reaction temperature, not need to prepare under the vacuum system and so

on.
2.4 Mixing of Metal oxide nanomaterial

Morphological, structural, luminescence and sensing properties of the
nanostructures can be adjusted by mixing of metal oxide atom. The addition of the
small amount of mixing material into major material serves different purposes under
different desires [32].

Many physical properties of ZnO, such as piezoelectricity, electrical conductivity,
and defect structure are much influenced by the presence of the impurity. The
mixing of metal oxide has been attracted for researching new special properties from

each original metal oxide.

CuO-ZnO has been previously used as active layer in varistor [33], phosphor [34]
and surface acoustic wave [35]. The emission spectra of CuO-ZnO extend from
ultraviolet to the infrared region depending on the concentration of CuO, defect in
ZnO and excitation conditions [36]. Cu®" is the best-chosen impurity because it can
form the lowest formation energy due to the smallest ionic size mismatch between
Cu®** and Zn?* ions. The structural deformation can be happened by Cu when it

replaces or substitutes or interstitial zinc atoms in the lattice of ZnO [37].
2.5 Characterization testing for nanomaterials

In this dissertation, numerous techniques have been exploited to examine the
synthesized metal oxide nanoparticles. The analysis of purity of crystal phase,
morphological surface and elemental analysis of chemical composition was
experimented by X-ray diffractometer (XRD), transmission and scanning electron
microscope, X-ray photoelectron testing and Fourier transform-infrared testing

respectively.
2.5.1 X-ray Diffractometer

X-ray Diffractometer is the effective testing utilized to measure the orientation
of crystal structure occurs in nanomaterials and phase composition, preferred

orientation, grain size, microstrain in the structure of these phases.

X-ray beam is directed to crystal structure at angle 8 to the atomic planes. X-

rays interact with the electrons of atoms which the X-ray reflection process is
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appeared by the atomic planes. Part of the X-ray beam can pass through and some
of them reflect another direction. Referring to figure 2.10, there is a different path

between reflected rays of plane 1 and plane 2 within the crystal structure.
2d sin 6= ni (2.1)
Where n is the integer number
A is the X-ray wavelength
d is the spacing of each layer of atoms
6 is the diffracted angle

A general approach of powder Diffractometer is given as follows: The
characteristic X-rays from an X-ray generator are rushed to the surface of the sample.
The intensity of the signal is collected and convert from analog to appear on the
monitor of a personal computer. The machine utilized to maintain the angle and
rotate the sample is controlled with a goniometer. XRD pattern was collected by a
BRUKER AXS: D8DISCOVER (Figure 2.11) with Ni-filtered Cu-KQL radiation (1 =1.5406 A).

ACB=2dsin®

Fig. 2.10 Bragg’s law of diffraction.
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Fig. 2.11 BRUKER AXS: D8DISCOVER Powder Diffractometer [38].

2.5.2 Transmission Electron Microscope

Transmission electron microscope (TEM) is a machine for carrying out the
morphological characteristics of nanomaterials. TEM image offers the morphological
information such as size, topography, and crystallographic details. The determination
the positions of atoms inside nanomaterials has made by TEM. In this dissertation, a
PHILIPS (TECNAI 20) is used to study the morphology of the nanoparticles with a
resolution of 1.4-2.7 A. The samples were examined under the TEM after dispersing
them in ethanol and placing a few drops of the mixture in the Cu g¢rid. The
photographic image of used transmission electron microscope in this dissertation is
shown in Figure 2.12.
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Fig. 2.12 Photograph of TEM machine [39].

2.5.3 Scanning Electron Microscope

The scanning electron microscope (SEM) can create high-resolution micrographs
of the sample. The SEM micrographs are helpful for considering the morphology of
the sample. In a generally SEM, an electron is emitted from tungsten wire or
Lanthanum Hexaboride (LaBg). The typical setup is maintained under high vacuum
ambient. The electron beam which has few hundred electron volts to 50
kiloelectronvolt of energy range is condensed by condenser lenses into a beam with

very fine spot sized approximately ranging from 1 nm to 5 nm.

The typical produced photographs from SEM machine divided into three types:
secondary electron micrograph, backscattered electron micrograph, and X-ray
elemental mapping. Secondary and backscattered electrons are generally sorted by
the energy of emitted electron. Generally, the secondary electron (SE) has energy
not much than 50 eV. Most of the secondary electrons are produced from few
nanometers of the surface and provide the information of surface. In this experiment,
the SEM micrographs were carried out using the scanning electron microscope with
field emission type (Japan Electron Optics Laboratory) JEOL JSM-7001F machine
(Figure 2.13).
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Fig. 2.13 Photograph of SEM machine [40].

2.5.4 Fourier Transform Infrared Spectrometer

Fourier transform infrared spectrometer (FTIR) serves the details of chemical
bonding within nanomaterial. It is especially profitable for the analysis of
nanomaterials. The basically of infrared testing is to measure the intensity changing
of infrared signals after it interacts with the sample. The frequencies of vibrational
motion are the fingerprint of the compounds material and are utilized for the
analysis of nanomaterials. The typical infrared spectrometer is developed by adding
the Fourier transform technique to the modern FTIR instrument. The pattern
collected from two beam interferometers as the difference of path is varied when
Fourier transformed. The transformation of the infrared beams is carried out

mathematically with computer shown in Figure 2.14.

In our experiment, the infrared pattern was determined using a Perkin Elmer
Spectrum One FT-IR by using potassium bromide (KBr) pellet technique. In each
preparation for measuring, the sample grind with KBr to form a mixture, and then was
made the pellet by compressed technique. This pellet was measured from the

wavenumber in the range between 4000-450 cm’™,
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Fig. 2.14 Photograph of FT-IR Spectrometer [41].

2.5.5 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is the characterization of the chemical
composition. It is the technique for the analysis of surface with a depth of
approximately 50-100 A. XPS is a chemical composition technique that provides the
details of chemical state for digesting the chemical elements. This technique used
monochromatic X-rays for radiation to the sample, collected the emitted electrons
which the energy of the electron is the fingerprint of elements [42]. The schematic of
XPS system is illustrated in figure 2.15. The chemical state is related to the binding
energy (BE) of an electron which results to the changing in the value of kinetic energy
(KE). The value of BE is the function depending on the value of KE with the equation;
BE = hV - KE, where hV is the energy of photon [43]. The chemical bonding of
elements is checked from the shifts of chemical energy. X-ray photoelectron

spectroscopy (AXIS Ultra DLD) is utilized in this dissertation as shown in figure 2.16.

e,

Fig. 2.15 Basically system of X-ray photoelectron spectroscopy [44]
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Fig. 2.16 Photograph of XPS machine [45]

2.6 Thin film fabrication

There are many techniques to fabricate thin film layer both physical and
chemical processes. In this work, we used the electrostatic spray deposition
technique (ESD) to prepare sensing material for humidity sensor application because
the ESD technique is a simple method that can be operated at low temperature and
without vacuum system, easily adjust preparation parameters such as distance
between tip and substrate, substrate temperature, voltage between tip and
substrate, flow rate of mixture solution and coating time. Schematic of ESD system is
shown in Figure 2.17. On the top part of ESD system is the part of the capillary tube
which combines with pump, capillary tube, and metal tip. This part connected with a
positive electrode of the high voltage source. The substrate part consists of a metal
plate, thermocouple, and heater. A metal plate is used as substrate holder which
connected with a negative electrode of high-voltage source. The heater is controlled
by a temperature controller.
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Fig. 2.17 Schematic of ESD system [46]

2.7 Humidity Sensor Device

Humidity is a principal factor in physical, chemical and biological processes.
Humidity sensor is widely used in environmental, agricultural, industrial, food storage
applications. In the semiconductor industry, humidity is observed in the processing of
wafer manufacturer. There are numerous applications, for instance, smart
environmental control in building, cooking control in a microwave, laundry and so
on. In the industry for automobile, the humidity sensor is utilized in a window for the
defogger and assembly of motor lines. In the medical, humidity sensor is utilized in
respiratory equipment, incubator, and processing in pharmaceutical. In agricultural,
the humidity sensor is utilized for the protection of plantation, monitoring of
moisture in the soil, and storage of cereal. In typical industry, the humidity sensor is
utilized for the control of humidity level in oven, paper and textile production and
food processing.

Science and technology play a significant role in the lives of humans. They
can improve the quality of the better human life. There are many innovations made
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from knowledge of science and technology. Nanoscience and nanotechnology have
been studied and interested in many decades. For example, silver nanoparticles
have special optical properties of surface plasmon effect and antimicrobial activity
for inhibiting the growth of E. coli bacteria. Metal oxide nanoparticles such as zinc
oxide nanoparticles were studied both physical and chemical properties for use as
smart material in many applications such as zinc oxide nanomaterial was used as the
photocatalytic degradation for managing environmental pollution, gas sensing
material, bistable memory device. Sometimes pure nanomaterial has limitation for
some applications. Therefore, the pure nanomaterial is necessary to develop and
modify by mixing with some potential material for improve performance for those
applications. Mixing nanomaterial is @ major challenge in the future applications of
nanomaterial. The copper oxide - zinc oxide (CuO-ZnO) has been an interesting
research in the last few years, due to the attraction properties of both CuO and ZnO

[4].

In this dissertation, the authors have experimented the influence of sintering
temperatures and added the copper concentration of CuO-ZnO nanoparticles
prepared via co-precipitation process. The co-precipitation process was used for
preparing CuO-ZnO nanoparticles because it is a simple method and inexpensive.
After that, electrostatic spray deposition technique was used to fabricate the layer of

CuO-ZnO as sensing material for humidity sensor application.



CHAPTER 3

EXPERIMENTS

3.1 Experimental outline.

In this chapter, the briefly basic and details of the experimental process used to
synthesize uniform and high-quality CuO-ZnO nanostructure are described. The
process of an experiment is followed by outline as shown in Fig. 3.1. Initially,
preparation of CuO-ZnO nanostructure was studied by using co-precipitation process,
and then all prepared conditions of CuO-ZnO nanostructure were characterized by
using scientific instruments. Then, the humidity sensor made from CuO-ZnO
nanostructure is fabricated by using electrostatic spray deposition technique. Finally,
characteristic of the humidity sensor is measured for explaining the working

mechanism of humidity sensor device.

Prepare of CuO-ZnO via co-precipitation process

Characterize the properties of prepared CuO-ZnO

Fabricate CuO-ZnO humidity sensor

Measure the properties of CuO-ZnO humidity sensor

Fig. 3.1 Outline of experimental process.
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3.2 Preparation of CuO-ZnO nanostructures via co-precipitation

process.

All chemical reagents are analytical chemical grade. Zinc nitrate hexahydrate
(Fig.3.2 (a)) and copper nitrate hexahydrate (Fig.3.2 (b)) were bought from Sigma-
Aldrich and potassium hydroxide (Fig.3.2 (c)) was bought from UNIVAR. CuO-ZnO
nanostructures were synthesized by co-precipitation process using zinc nitrate
hexahydrate (Zn(NQOs),), copper nitrate hexahydrate (Cu(NOs),) and potassium
hydroxide (KOH) as zinc, copper and hydroxide precursor, respectively. Firstly, a
mixture of the amount of Zn(NOs), and Cu(NOs), at different Cu : Zn molar ratio from
0:100 to 10:90 follow by Table 3.1 with 200 ml of deionized water in a beaker.
Secondly, 1 molar of KOH was mixed with deionized water in separately beaker. After
that, KOH solution was slowly dropped into the mixture solution under stirring with a
magnetic stirrer until pH value till 14. The precipitate occurred in the solution. The
precipitate was washed twice times with deionized water until pH value was neutral
to remove the impurities in solution. The as-prepared precipitate was dried in an

oven at 120 °C for 12 hours and then sintered for 2 hours at various temperatures of

500, 600, 700 and 800 OC, respectively followed by Table 3.2.

] . t ) Zn2+ ] . t ] Cu2+ K - O - H
O 0 O O

2 2

(@) (b) (0

Fig. 3.2 Chemical structure of (a) zinc nitrate hexahydrate, (b) copper nitrate

Q ?
N N

hexahydrate and (c) potassium hydroxide.

The characterization techniques in this dissertation for measuring the properties
of synthesized CuO-ZnO nanostructures consist of X-ray Diffractometer (XRD: Bruker
AXS D8 Discovery), field emission scanning electron microscopy (FE-SEM: JSM-7001F)
with energy dispersive x-ray spectroscopy (EDX), transmission electron microscopy
(TEM: Philips TECNAI 20), Fourier transform infrared spectrophotometer (FT-IR: Perkin-
Elmer Spectrum One) and X-ray photoelectron spectroscopy (XPS: AXIS Ultra DLD).
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Table 3.1 Synthesized condition of CuO-ZnO nanostructures via co-precipitation

process.
Cu : Zn molar ratio | Amount of Zn(NQOs); (g) |  Amount of Cu(NOs); (g)
0:100 5.9498 0.0000
1:99 5.8903 0.0483
2:98 5.8308 0.0966
4:96 5.7118 0.1933
6:94 5.5928 0.2899
8:92 5.4738 0.3688
10:90 5.3548 0.4832

Table 3.2 Sintered conditions of CuO-ZnO nanostructures via co-precipitation

process.
, Post-sintering temperature [°C]
Cu : Zn molar ratio | As-prepared
500 600 700 800
0: 100 v v v v 4
1:99 v
5 o3 v v v v v
q:96 v v
6:94 v v
8:92 v v
10 : 90 v v

The preparation of the sample for characterizing with scientific instruments is
essential to prepare a sample with the suitable method for each technique. In this
dissertation, For XRD technique, the powder sample was packed to a flat surface
onto the sample holder. For XPS, SEM and EDX analysis, all samples are not good in
electrical conductivity. Therefore, samples should be coated with the gold
conductive metal or mounted with carbon tape for reducing charge effect which it
will cause images distortion of drift. For the analysis with TEM machine, 20 mg of
powder was dispersed with 10 ml of ethanol under ultrasonicate ambient. The
droplet of mixture suspension is dropped onto a carbon coated holey film on a
copper  grid. For the measurement using Fourier transform infrared
spectrophotometer, the potassium bromide is the commonly utilized for packing

with powder sample due to it can transparent in the infrared region. Thus, it will not
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be detected in the infrared spectra. After mixing process, pressure approximately 8

tons is applied to pack the transparent pellet under vacuum ambient for 3 minutes.

3.3 Fabrication of CuO-ZnO humidity sensor via electrostatic spray

deposition technique.

In this dissertation, electrostatic spray deposition technique is one of the good
choices for the fabrication of CuO-ZnO humidity sensor because this technique can
be operated at low temperature and easy to the fabrication setup. A substrate in this
study is H-shape structure (Fig. 3.3). H-shape is the simple electrode. Firstly, the
Indium doped Tin Oxide (ITO) coated on the glass is wetly etched as H-shape
structure using aqua-regia solution. The Aqua-regia is a mixture of nitric acid and
hydrochloric acid with 1:3 molar ratio. Secondly, the substrate was cleaned by
alcohol process followed by deionized water ( DI), acetone, methanol, and
isopropanol under ultrasonicated for 15 minutes, respectively. Then, the substrate
was stuck with plastic tape to protect the area of a conductive electrode. Mixing
solutions were prepared by the mixture of 20 mg of sample powder and 10 ml of
ethanol under ultrasonication for 15 minutes. After that, the CuO-ZnO layer was

fabricated on the substrate with conditions of voltage between tip and substrate of 8

kV, substrate temperature of 80 °C to evaporate the alcohol solvent while the
fabrication process, distance between tip and nozzle of 40 mm, flow rate = 3 ml/h
and fabrication time of 15 minutes. The electrostatic spray deposition (ESD) was used
to fabricate the layer of CuO-ZnO as sensing material of humidity sensor in this
study. ESD technique is very simple and not necessary used in a vacuum system. The
photograph of ESD system is shown in Fig. 3.4.

15cm
0.4 cm 0.4 cm
lcm
lcm
lcm
0.4cm 0.4 cmj

Fig. 3.3 H-shape type.
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Fig. 3.4 ESD system at ECSN Lab.

3.4 Experiment setup for the measurement of electrical characteristics
of CuO-ZnO humidity sensor.

The sensor characteristic was measured by using LCR meter (Fig 3.5) to collect
the electrical conductivity of sensor in each value of relative humidity in CuO-ZnO
humidity sensor. The general methods for controlling the accurately relative
humidity level use either humidity generator or equilibrium of closed space with a
salt solution which provides the desired humidity level. Due to humidity generator is
expensive and complex. The salt solution system becomes the useful method to

provide desired humidity level in closed space or chamber. Each value of relative
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humidity was set by the mixture of saturated salt which each saturated salt gives
only one value of relative humidity level depending on temperature. The saturated
salt solutions were shown in Fig 3.6. The saturated salt solution mixed with
potassium acetate, magnesium chloride, magnesium nitrate, sodium chloride,
potassium chloride and potassium nitrate, it provides the relative humidity level of
23, 32.75, 52.89, 75.29, 84.34 and 93 %RH, respectively.

Fig. 3.6 Photograph of saturated salt solution at various level of relative humidity.



CHAPTER 4

RESULTS AND DISCUSSION

In this chapter, it can be divided into 2 parts; Part | study the effect of sintering
temperature at the molar ratios of the Cu : Zn content of 0 : 100 and 2 : 98,
respectively. Part Il is the study of the effect of Cu : Zn molar ratio at as-prepared
and post-sintered at temperature of 500 °C for 2 hours, respectively. The condition

in this work showed in Table 4.1.

Table 4.1 Prepared conditions of CuO-ZnO nanostructures via co-precipitation

process.
, Post-sintering temperature [°C]
Cu : Zn molar ratio | As-prepared

500 600 700 800
0: 100 v v v v v

1:99 v
5 o3 v v v v v

q:96 v v

6:94 v v

8:92 v v

10 : 90 v v

4.1 The influence of sintering temperature of pure ZnO
4.1.1 Crystal structure properties

The X-ray diffractograms of the pure ZnO powder as-prepared and sintered at

the temperature of 500, 600, 700 and 800 °C for 2 hours are shown in figure 4.1. All
samples, there are 9 crystallographic planes indicating to (100), (002), (101), (102),
(110), (103), (200), (112) and (201) and these all hkl Bragg diffraction peaks can be
indexed to the hexagonal wurtzite structure of ZnO polycrystalline followed The
Joint Committee on Powder Diffraction Standards (JCPDS) card no. 36-1451. The
influence of the sintering temperature in XRD pattern of the samples can be
observed in the variations of intensity and full-width at half maximum (FWHM) of the
diffraction peaks of ZnO. When the sintering temperature increases, the intensity of
diffraction peak is also increasing due to the high quality of crystallinity. There are no

any impurities occur in the XRD pattern of all samples. The crystallite size was
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determined from the broadening of X-ray peak using Scherrer equation. The results
show the size of crystal increased with the sintering temperature. Crystal size is an
estimation of the size of a diffracted domain, and the crystal size is not commonly
the same with the particle size due to the occurrence of the aggregate of
polycrystalline. Numerous techniques utilized for the estimation of particle size are
light scattering testing, scanning electron microscopy (SEM) and transmission electron
microscopy (TEM), which in this experiment, the authors used SEM and TEM result to
measure the morphology shape and particle size which will be described later [47].

The value of crystallite size is shown in Table. 4.2 which is about 17-28 nm. The
temperature increases reach to 700 °C, the size of crystal become bigger and

perfectly crystal due to the thermal energy. At a temperature of 800 °C, the thermal
energy is excessing for the formation of crystal which results to the size become

smaller due to the recrystallization.

S o 800°C
ML [ :
3 |
L
> M 700°C
[
=
600°C
A A A ]
w as—prepared
30 40 50 60 70

2 theta (degree)

Fig.4.1 XRD diffractograms of pure zinc oxide at different sintering temperatures.
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Table 4.2 Calculated crystallite size of pure zinc oxide at different sintering

temperatures.
Temperature (°C) Crystallite size (nm)
As-prepared 17.83
500 23.76
600 26.09
700 28.20
800 27.30

4.1.2 Scanning electron micrograph

All samples are the form of powder. Each sample was mounted onto the
carbon tape and then the sample was coated with gold nanoparticles by a sputtering
technique for increases the electrical conductivity which is a good benefit for the
measurement of SEM images. In this experiment, the used electron gun is the field
emission gun. Field emission gun is sharply Muller type which held at several
kilovolts. An emitter is made by coating tungsten tip with zirconium oxide which the
electrical conductivity is increasing at the higher temperature. Thus, the field
emission type is the best type in present for measuring at high magnification. Figure
4.2 shows the SEM images of pure zinc oxide at as-prepared and with various
sintering temperatures of 500, 600, 700 and 800 °C. The morphological shape is little
changed from petal-like structure to spherical-like structure and become larger by
the influence of thermal energy which is consistent with XRD analysis. From the
result, when thermal energy was applied to an as-prepared sample, the particles are
break unstable form and reformed it to the bigger size when the supplied thermal

energy is increased.
4.1.3 Fourier transform infrared spectrum

The structural characteristics of the pure ZnO at various sintering temperatures
were evaluated by Fourier transform infrared spectroscopy (FTIR) using KBr pellet.
The FTIR spectra of the pure ZnO at various sintering temperatures are shown in
Figure 4.3. The bands at 410-438 cm™ can be assigned to Zn-O stretching mode. The
band at 836 cm™ is due to V, vibration mode of the interlayer anion (nitrate). The
weak band around 1,638 cm™ and broad band around 3,440 cm™ are attributed to

moisture water molecules. It is known that nitrate group is an evaporable anion and

decomposed completely at the temperature as high as 400 °C. For the sintered
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sample from 500 to 800 °C, the band at nitrate group does not appeared in FTIR

spectra.

Fig. 4.2 SEM photographs of pure zinc oxide at various sintering temperatures (a) as-
prepared, (b) 500 °C, (c) 600 °C, (d) 700 °C and (e) 800 °C.
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Fig. 4.3 FTIR spectra for pure zinc oxide at different sintering temperatures (a) as-

prepared, (b) 500 °C, (c) 600 °C, (d) 700 °C and (e) 800 °C.

4.2 The influence of sintering temperature of added Cu content at

molar ratio of Cu: Zn at 2: 98
4.2.1 Crystal structure properties

The X-ray diffractogram of the CuO-ZnO at a molar ratio of Cu: Zn = 2: 98 at
various post-sintering temperatures is illustrated in figure 4. 4. All peaks in
diffractograms are indexed by JCPDS card no. 36-1451 with hexagonal ZnO with
wurtzite structure. There are no any diffraction peaks indicating to the crystal of CuO
due to the molar ratio of Cu : Zn is a small quantity. There are no any impurities
appear in all samples. The value of crystallite size is shown in Table 4.3 which is
about 16-39 nm. The increasing in crystallite size at the sintering temperature means

that the thermal energy to form bigger and perfectly crystal. The results in this part
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are consistent with the results from a previous part which both studies are the

influence of thermal energy on the properties of CuO-ZnO nanoparticles.
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Fig.4.4 X-ray diffractograms of CuO-ZnO at molar ratio of Cu : Zn = 2 : 98 at various

sintering temperatures.

Table 4.3 Calculated crystallite size of CuO-ZnO at molar ratio of Cu: Zn = 2: 98 at

various sintering temperatures.

Temperature (°C) Crystallite size (nm)
As-prepared 16.28
500 19.85
600 24.26
700 27.29
800 39.25
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4.2.2 Scanning electron micrograph

The SEM images of CuO-ZnO at a molar ratio of Cu : Zn = 2 : 98 at various
sintering temperatures are shown in Figure 4.5 and 4.6, respectively. The shape of
particles is a little changed from petal-like structure to the spherical-like structure by
the influence of thermal energy. The size of particles in each condition will be
described in the part of TEM because it can precisely measure the size more
accurately. From the result, when thermal energy was applied to an as-prepared
sample, the particles become larger size when the supplied thermal energy is

increased.

Fig. 4.5 SEM micrographs of CuO-ZnO at molar ratio of Cu : Zn = 2 : 98 at various
sintering temperatures (a) as-prepared, (b) 500 °C, (c) 600 °C, (d) 700 °C and (e)
800 °C.
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Fig. 4.5 (continued) SEM micrographs of CuO-ZnO at molar ratio of Cu: Zn = 2: 98 at
various sintering temperatures (a) as-prepared, (b) 500 °C, (c) 600 °C, (d) 700 °C and
(e) 800 °C.

4.2.3 Transmission electron micrograph

Powder sample was dispersed in ethanol solvent under ultrasonic energy and
then dropped onto the carbon coated onto a copper grid and heated to remove the
solvent. TEM images of CuO-ZnO at a molar ratio of Cu : Zn = 2 : 98 at various
sintering temperatures are shown in Figure 4.6. The average particle sizes of CuO-ZnO
are measured with ImageJ software. The average sizes of particles are 28 nm, 49 nm,
117 nm, 156 nm and 272 nm at as-prepared and sintering temperature of 500, 600,
700 and 800 °C, respectively. The particle size is larger with increasing the supplied
thermal energy. The shape of particle size was changed from petal-like structure to
spherical-like structure with increasing the supplied sintering temperature. Due to the
thermal energy can help the forming crystallization, the shape of the nanostructure
is transformed to be the shape to decrease the surface energy within a structure for
the stable state.

Table 4.4 Average particle sizes of CuO-ZnO at molar ratio of Cu : Zn = 2: 98 at

various temperature. (N=10)

Conditions Average particle size (nm)
As-prepared 19+5

500 °C 57+ 11

600 °C 105 + 20

700 °C 152 + 21

800 °C 314 + 37
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Fig. 4.6 TEM micrographs of CuO-ZnO at molar ratio of Cu : Zn = 2 : 98 at various
sintering temperatures (a) as-prepared, (b) 500 °C, (c) 600 °C, (d) 700 °C and (e)
800 °C.
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4.2.4 Fourier transform infrared spectrum

Figure 4.7 shows the FTIR spectra of CuO-ZnO at a molar ratio of Cu: Zn = 2:
98 at various post-sintering temperatures. The bands at 400-600 cm™ centered at 436
cm can be assigned to Zn-O and Cu-O stretching mode. The band at 836 cm™ is due
to V,vibration mode of nitrate mode. The weak band around 1,638 cm™ and broad
band around 3,440 cm™ are attributed to adsorbed water molecules. For the
sintered sample from 500 to 800 °C, the band at nitrate group does not appeared
in FTIR spectra. At the higher sintering temperature, the water molecules were

released by the supplied thermal energy.
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Fig. 4.7 FTIR spectrum of CuO-ZnO at molar ratio of Cu : Zn = 2 : 98 at various

sintering temperatures.
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4.3 The influence of molar ratio of Cu : Zn of as-prepared CuO-ZnO
4.3.1 Crystal structure properties

XRD diffractogram of as-prepared CuO-ZnO at the various molar ratio of Cu : Zn
is shown in Fig. 4.8. All diffraction peaks are indexed by JCPDS card no. 36-1451 with
hexagonal ZnO with wurtzite structure. There is a little peak indicating to the crystal
of CuO marked with an asterisk. In this part, the authors have studied the influence
of the molar ratios of Cu : Zn. At higher ratio of Cu : Zn, XRD technique can collect
the CuO crystal on the surface of samples. Therefore, the authors confirm that
samples at higher conditions are CuO-ZnO nanostructure. The change in intensity of
each diffraction peaks are featured due to the substitution of the copper atom in
CuO-ZnO structure because of copper radii and zinc radii have closed size which

easily to penetrate together.
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Fig. 4.8 X-ray diffractogram of as-prepared CuO-ZnO at various molar ratio of Cu : Zn.
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4.3.2 Scanning electron micrograph and energy dispersive X-ray analysis

Figure 4.9 shows the SEM micrographs of as-prepared CuO-ZnO at various molar
ratio of Cu : Zn. The morphological shape of the sample was changed from pure
petal-like structure to mixed petal-like structure and needle-like structure of CuO-
Zn0O at the molar ratio of 0 to 10. In figure 4.10(a) for a pure sample, there are only
Zn and O in EDX spectrum. In figure 4.10(b) for CuO-ZnO at a molar ratio of Cu : Zn
of 10 : 90, there are only Zn, Cu and O in EDX spectrum. The quantitative values of
each spectrum in EDX spectrum result are shown in Table 4.5. From these results, it
represents that when the Cu content was added into the CuO-ZnO structure, some
added Cu was attached on the nanomaterial which confirmed with EDX spectrum

and consistent with the XRD results.

Fig. 4.9 SEM micrographs of as-prepared CuO-ZnO at (a) pure, and various molar ratio
of Cu:Zn(b)1:99,(c)2:98,(d)4:96,(e)6:94,(f) 8:92 and (g) 10 : 90.
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Fig. 4.9 (continued) SEM micrographs of as-prepared CuO-ZnO at (a) pure, and various
molar ratio of Cu: Zn(b) 1:99,(c) 2:98,(d) 4 : 96, (e) 6 : 94, (f) 8 : 92 and (g)
10 : 90.

Full Scale 7327 cts Cursor: 0.000 ke’ Full Scale 3733 cts Cursor: 0.000 ke’

Fig. 4.10 EDX analysis of as-prepared zinc oxide (a) pure and (b) added Cu content at
molar ratio Cu : Zn of 10 : 90.
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Table 4.5 Quantitative value of EDX spectrum.

Conditions Atomic percentage (%)
Zn Cu O
0:100 47.83 - 52.17
10:90 42.78 5.63 51.58

4.3.3 Transmission electron micrograph

TEM images of as-prepared CuO-ZnO at different molar ratio of Cu : Zn are
shown in Figure 4.11. The shape and particle size of all samples are related in the
same direction with SEM result which shape was changed from pure petal-like
structure to mix phase between petal-like structure and needle-like structure. The
morphological shape was changed due to it might be the result from surface energy
of the material. From SEM result, it can confirm the morphological shape of
nanomaterial. TEM result can be used to measure the size of particle more accuracy.
The average particle sizes of nanomaterial were measured by the ImageJ software.
These average particle sizes of each condition are shown in Table 4.5. At higher
molar ratio of Cu : Zn, there are many needle-like structures compared with the
lower molar ratio of Cu : Zn due to the probability of the formation of copper

including copper oxide while the preparation process.

Fig. 4.11 TEM photographs of as-prepared CuO-ZnO at (a) pure, and various molar
ratio (b) 1: 99, (c) 2: 98, (d) 4: 96, (e) 6 : 94, (f) 8 : 92 and (g) 10 : 90.
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Fig. 4.11 (continued) TEM photographs of as-prepared CuO-ZnO at (a) pure, and
various molar ratio (b) 1:99, (c) 2: 98, (d) 4: 96, (e) 6 : 94, (f) 8 : 92 and (g) 10 : 90.
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Table 4.6 Average particle sizes of as-prepared CuO-ZnO at various molar ratio of
Cu: Zn. (N=10)

Molar ratio of Cu : Zn Average particle size (nm)
0:100 (Pure) 26+ 8
1:99 23+6
2:98 28+ 3
4:96 35+ 11
6:94 29+ 7
8:92 21+ 7
10:90 30+ 38

Intensity (a.u.)
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Fig. 4.12 FTIR spectrum of as-prepared CuO-ZnO at various molar ratio of Cu : Zn.
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4.3.4 Fourier transform infrared spectrum

Figure 4.12 shows the FTIR spectra of as-prepared CuO-ZnO at the different
molar ratios. The Zn-O and Cu-O stretching modes are indicated that the bands
around 400-600 cm™ centered at 436 cm™. The V, vibration mode of nitrate mode
band at 836 cm is shown in all samples due to without sintering condition. The
weak band around 1,638 cm™ and broad band around 3,440 cm™ are attributed to

adsorbed water molecules.
4.3.5 X-ray photoelectron spectrum

The as-prepared CuO-ZnO at various molar ratios of Cu : Zn content (a) 0 : 100,
(b)) 1:99,(c)2:98,(d)4:96,(e)6:94,(f) 8:92and (¢) 10 : 90 were measured by
XPS machine. Fig. 4.13 shows the typical XPS wide survey spectra of as-prepared
CuO-Zn0O at various molar ratios. Carbon, zinc, and oxygen peaks occurred as shown
in the survey spectra in Fig. 4.13, there is Cu 2p region because of the Cu content

added to CuO-ZnO structure is enough to detect with XPS machine.

~-C 1s

Intensity (a.u.)

P | ) ] i ] ; ] i

0 200 400 600 800 1000 1200

Binding energy (eV)

Fig. 4.13 XPS survey spectra of as-prepared CuO-ZnO at various molar ratio of Cu :
Zn.
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Fig. 4.14 XPS spectra of Zn 2p core-level of as-prepared CuO-ZnO at (a) pure, and
various molar ratio of Cu: Zn(b) 1:99, (c) 2:98, (d) 4 : 96, (e) 6 : 94, (f) 8 : 92 and

(g) 10 : 90.
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Fig. 4.14 (continued) XPS spectra of Zn 2p core-level of as-prepared CuO-ZnO at (a)
pure, and various molar ratio of Cu : Zn (b) 1: 99, (c) 2: 98, (d) 4 : 96, (e) 6 : 94, (f)

8:92and (g) 10 : 90.



a7

Zn2p,, Znzp
e @
ji “\\\\
1, Zn0
.*? o - Zn 2pw2
% - Cu0-Zn0 T
- <
: PN
= 1 Impurities N

’//:/’/_ Zn(OH)Q"'-—xX‘

1015 1020 1025 1030 1035 1040 1045
Binding energy (eV)

Fig. 4.14 (continued) XPS spectra of Zn 2p core-level of as-prepared CuO-ZnO at (a)
pure, and various molar ratio of Cu : Zn (b) 1: 99, (c) 2: 98, (d) 4 : 96, (e) 6 : 94, (f)
8:92 and (g) 10 : 90.

Fig. 4.14 and Fig. 4.15 demonstrate the comparisons of high-resolution XPS
spectra of the Zn 2p and O 1s regions of as-prepared CuO-ZnO at various molar
ratios of Cu content. The core level Zn 2p of as-prepared CuO-ZnO at various molar
ratios has fitting peaks appeared at approximately 1044.5 and 1021.4 eV depicted to
Zn 2p1s; and Zn 2psy,, respectively. The core level Cu 2p of as-prepared CuO-ZnO at
various molar ratio depicted to Cu2pi/2 and Cu 2ps/, respectively, and these values
are consistent with the standard XPS database. The difference of binding energy
between the Zn 2py/, and Zn 2ps/, is 23.1 eV confirmed to highly quality ZnO

nanostructure which consistent with the standard database [48].

After de-convolution the peak of Zn2ps; , of pure ZnO, we observed the
occurrence of three peaks at 1019.8, 1021.3, and 1023.0 eV. An occurrence of a
prominent peak at 1021.3 eV is represented the common of ZnO crystal. In the
hexagonal crystal of ZnO, zinc cation is arranged with four atoms of oxygen and
shows peak located at 1021.3 eV. Peak locates at 1023.0 eV is the peak which
indicated that is hydroxyl group of nanostructures. For the ideal, there are no any
oxygen deficiencies in the structure. However, when the tetrahedrally of oxygen
coordinated with ZnO, deficient of oxygen atoms such as hydroxyl group which
produce a new peak of binding energy at 1019.8 eV. At higher molar ratio of Cu : Zn
content, there is new binding energy peaks appearance at a lower binding energy
compared with pure ZnO in the XPS spectra indicating to oxygen deficiency defect in
CuO-ZnO structure [49].
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Fig 4.15 displays the XPS spectra of O 1s region of as-prepared CuO-ZnO at
various molar ratios of Cu : Zn. It is demonstrated in Fig. 4.15 that the O 1s core level
spectrum of as-prepared CuO-ZnO at various molar ratio of Cu : Zn has different
forms of oxygen. For pure ZnO, the peaks in O 1s region spectra were deconvoluted
into five peaks at 530.1, 531.1, 532.0, 532.8 and 533.6 eV by using the Gaussian fitting.
The peaks located at 530.1 and 531.1 eV are depicted to the atom of oxygen in the
lattice without and with deficiencies oxygen, respectively. The peak located at 532.0
eV is usually attributed to chemisorbed atom of oxygen onto the ZnO nanoparticles,
for instance, carbonyl and hydroxyl groups [50]. The peaks at 532.8 and 533.6 eV are
high probability corresponding to the adsorbed of water molecules [51]. At higher
molar ratio of Cu : Zn content more than 4 : 96, the peak at lower binding energy
centered at 529.0 eV indicate that CuO [52]. Because of all samples were not thermal
treatment, therefore peak represents the water molecules at the binding energy
around 532.8 and 533.6 eV appear in all samples [48,53].
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Fig. 4.15 XPS spectra of O 1s core-level of as-prepared CuO-ZnO at various molar
ratio of Cu: Zn of (a) 0: 100, (b) 1: 99, (c) 2: 98, (d) 4 : 96, (e) 6 : 94, (f) 8 : 92 and (g)
10 : 90.
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Fig. 4.15 (continued) XPS spectra of O 1s core-level of as-prepared CuO-ZnO at
various molar ratio of Cu : Zn of (a) 0 : 100, (b) 1:99, (c) 2: 98, (d) 4 : 96, (e) 6 : 94,

() 8:92 and (g) 10 : 90.
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Fig. 4.15 (continued) XPS spectra of O 1s core-level of as-prepared CuO-ZnO at
various molar ratio of Cu: Zn of (a) 0 : 100, (b) 1:99, (c) 2: 98, (d) 4 : 96, (e) 6 : 94,
() 8:92 and (g) 10 : 90.
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Fig. 4.16 shows the deconvoluted XPS spectra of high-resolution Cu 2p core-
level of as-prepared CuO-ZnO at various molar ratio of Cu : Zn depicted to Cu 2py,»
and Cu 2ps,, respectively [53]. The peaks at 932.0 and 952.0 eV are attributed to Cu
2ps/2 and Cu 2py,,, respectively, indicating that the existence of CuO nanoparticles in
the CuO-ZnO nanostructures [54]. There are three peaks at 931.3, 932.5, and 933.5
eV which indicating to the mixture of CuO and ZnO nanostructure, the lattice of CuO
crystal, and copper hydroxide, respectively [54]. At higher molar ratio of Cu : Zn
content, the intensity of Cu 2p peaks become sharper which confirmed that there is
much mixing phase between CuO and ZnO in CuO-ZnO nanostructure [55]. In
additions, there is more peaks at 930.9 eV which occurs only in the sample at
condition of molar ratio of Cu : Zn of 10 : 90 indicating to excess of copper in the

nanostructure.
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Fig. 4.16 XPS spectra of Cu 2p core-level of as-prepared CuO-ZnO at various molar
ratio of Cu: Zn of (a) 4 : 96, (b) 6 : 94, (c) 8 : 92 and (d) 10 : 90.
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Fig. 4.16 (continued) XPS spectra of Cu 2p core-level of as-prepared CuO-ZnO at
various molar ratio of Cu: Zn of (a) 4 : 96, (b) 6 : 94, (c) 8 : 92 and (d) 10 : 90.
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4.4 The influence of molar ratios of Cu : Zn in the CuO-ZnO

nanoparticles sintered at temperature of 500 °C for 2 hours.
4.4.1 Crystal structure properties

Figure 4.17 shows the X-ray diffractogram of CuO-ZnO at various molar ratios of
Cu : Zn content sintered at 500 °C. All diffraction peaks are indexed by JCPDS card
no. 36-1451 with hexagonal ZnO with wurtzite structure. There is a little peak
indicating to the crystal of CuO in the sample which has the molar ratio of Cu : Zn

much than 6 : 94. There are no any impurities appear in all samples.
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Fig. 4.17 X-ray diffractogram of CuO-ZnO at various molar ratios of Cu : Zn sintered at
500 °C.
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4.4.2 Scanning electron micrograph

SEM micrographs of CuO-ZnO at various molar ratios of Cu : Zn content sintered

at a temperature of 500 °C for 2 hours are shown in Figure 4.18. The shape was not
changed in few molar ratios of Cu : Zn content into zinc oxide and changed to mix
phase between spherical-like structure and needle-like structure in the added
copper condition at a molar ratio of Cu : Zn at 10 : 90. The comparison of particles
size of each molar ratios of Cu : Zn contents, the size of particles is not significantly

changed for all samples

Fig. 4.18 SEM micrographs of CuO-ZnO at various molar ratios of Cu : Zn content
sintered at 500 °C (a) 0 : 100, (b) 1: 99, (c) 2 : 98, (d) 4 : 96, (e) 6 : 94, (f) 8 : 92 and
(g) 10 : 90.
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Fig. 4.18 (continued) SEM micrographs of CuO-ZnO at various molar ratios of Cu : Zn
content sintered at 500 °C (a) 0: 100, (b) 1: 99, (c) 2: 98, (d) 4 : 96, (e) 6 : 94, () 8 :
92 and (g) 10 : 90.

4.4.3 Fourier transform infrared spectrum

Figure 4.19 shows the FTIR spectra of at various molar ratios of Cu : Zn into the
CuO-ZnO nanostructure sintered at 500 °C. The Zn-O and Cu-O stretching modes are
indicated that the bands around 400-600 cm™ centered at 436 cmt. The V,vibration
mode of nitrate mode band at 836 cm™ is not shown in all samples because as high
as 400 OC, the nitrate can be decomposed. The weak band around 1,638 cm and
broad band around 3,440 cm™ are attributed to adsorbed water molecules.
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Fig. 4.19 FT-IR spectrum of CuO-ZnO at different molar ratio of Cu : Zn sintered at
500 °C.

4.4.4 X-ray photoelectron spectrum

The sintered CuO-ZnO at 500 °C at various molar ratio of Cu : Zn content (a) 0 :
100, (b) 1:99,(c) 2:98,(d) 4: 96, (e) 6 : 94, (f) 8 : 92 and (g) 10 : 90 were measured
by XPS machine. Fig. 4.20 shows the common wide survey XPS spectra of sintered
CuO-ZnO at a temperature of 500 °C for 2 hours at various molar ratios of Cu : Zn.
Zinc, oxygen and carbon peaks were collected in the survey spectra, there is Cu 2p
region because of the Cu content added to CuO-ZnO structure is enough to detect
with XPS machine.
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Fig. 4.20 XPS survey spectra of sintered CuO-ZnO at 500 °C at various molar ratio of
Cu: Zn.
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Fig. 4.21 XPS spectra of Zn 2p core-level of sintered CuO-ZnO at 500 °C at various
molar ratio of Cu : Zn content of (a) 0 : 100, (b) 1: 99, (c) 2: 98, (d) 4 : 96, (e) 6 : 94,
(f) 8:92 and (g) 10 : 90.
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Fig. 4.21 (continued) XPS spectra of Zn 2p core-level of sintered CuO-ZnO at 500 °C
at various molar ratio of Cu : Zn content of (a) 0 : 100, (b) 1: 99, (c) 2: 98, (d) 4 : 96,
(€) 6:94, (f)8:92and (g) 10 : 90.
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Fig. 4.21 (continued) XPS spectra of Zn 2p core-level of sintered CuO-ZnO at 500 °C
at various molar ratio of Cu : Zn content of (a) 0 : 100, (b) 1: 99, (c) 2: 98, (d) 4 : 96,
(e)6:94,(f) 8:92 and (g) 10 : 90.
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Fig. 4.21 and Fig. 4.22 show the comparison of the high resolution of XPS
spectra, the Zn 2p and O 1s regions of as-prepared CuO-ZnO at various molar ratios
of Cu : Zn content. The core level Zn 2p of as-prepared CuO-ZnO at various molar
ratios of Cu : Zn has fitting peaks at approximately 1044.3 and 1021.2 eV which
corresponding to Zn 2piy/, and Zn 2ps/,, respectively. The Cu 2p core-level of as-
prepared CuO-ZnO at various molar ratio of Cu : Zn depicted to Cu2py,/, and Cu
2ps/2, respectively. The difference of binding energy between the Zn 2py,, and Zn
2p3s2 is 23.1 eV, well agree with a database.
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Fig. 4.22 XPS spectra of O 1s core-level of sintered CuO-ZnO at 500 °C at various
molar ratio of Cu : Zn content of (a) 0 : 100, (b) 1: 99, (c) 2: 98, (d) 4 : 96, (e) 6 : 94,
(f)8:92 and (g) 10: 90.
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Fig. 4.22 (continued) XPS spectra of O 1s core-level of sintered CuO-ZnO at 500 °C
at various molar ratio of Cu : Zn content of (a) 0 : 100, (b) 1: 99, (c) 2: 98, (d) 4 : 96,

(e) 6:94,(f)8:92 and (g) 10:90.
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Fig. 4.22 (continued) XPS spectra of O 1s core-level of sintered CuO-ZnO at 500 °C
at various molar ratio of Cu : Zn content of (a) 0 : 100, (b) 1: 99, (c) 2: 98, (d) 4 : 96,

(e) 6:94,(f)8:92 and (g) 10:90.
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Fig. 4.23 XPS spectra of Cu 2p core-level of sintered CuO-ZnO at 500 °C at various

molar ratio of Cu : Zn content of (a) 6 : 94, (b) 8 : 92 and (c) 10 : 90.
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After deconvolution, the authors observed the occurrence of three peaks
located at 1019.2, 1021.2, and 1022.8 eV. An occurrence of a prominent peak at
1021.2 eV is corresponding to the common of ZnO crystal peak. In the hexagonal
Zn0O crystal, zinc cation is coordinated with four oxygen atoms tetrahedrally and
shows a peak at 1021.2 eV. For the ideal, there are no any oxygen deficiencies in the
structure. However, when the tetrahedrally of oxygen coordinated with ZnO,
deficient of oxygen atoms or impurities produce a new peak of binding energy at
1019.2 eV. A peak occurs at 1022.8 eV is indicated that the hydroxide of zinc
(Zn(OH),) At higher molar ratio of Cu : Zn, there is new binding energy peaks
appearance at a lower binding energy compared with pure ZnO in the XPS spectra
indicating to oxygen deficiency defect in CuO-ZnO structure, in this case, it might be
the appearance of the formation between the copper atom and zinc atom to form a

complex compound.

Fig 4.22 displays the XPS spectra of O 1s region of as-prepared CuO-ZnO at
various molar ratio of Cu : Zn. It is demonstrated in Fig. 4.23 that the spectra of O 1s
level in samples of as-prepared CuO-ZnO at various molar ratio of Cu : Zn have
different forms of oxygen. For pure ZnO, the peaks in O 1s region were de-
convoluted with Gaussian fitting. Peak centered at 530.0 and 530.8 are corresponded
to the atoms of oxygen in the lattice oxide without and with oxygen deficiencies,
respectively. Peak located at 531.7 eV is generally depicted to chemisorbed of
oxygen atoms onto the CuO-ZnO nanoparticles, such as carbonyl and hydroxyl
groups [50]. The weak peaks at 533.6 and 533.0 eV are depicted to the probably
correspond to the adsorbed water which only as-prepared condition has a peak at
this position and so at the higher sintering temperature, water molecules were
evaporated to the atmosphere [51]. At higher molar ratio of Cu : Zn content more
than 6%, the peak at a lower binding energy about 528.8 eV indicate that CuO lattice

is shown in Fig. 4.23. Because of all samples have been treated with thermal energy

at 500 °C, therefore peak represents the water molecules at the binding energy

around 533 eV become lower intensity for all samples.

Fig. 4.23 shows the deconvoluted XPS spectra of the Cu 2p core-level of
sintered CuO-ZnO at a temperature of 500 °C for 2 hours at various molar ratios
depicted to Cu2pi/2 and Cu 2ps/,, respectively [53]. The Cu 2p core-level can be
measured at molar ratio of Cu : Zn content above 6 : 94 into the CuO-ZnO structure.
The center of peaks located at 932.0 and 952.0 eV is attributed to Cu 2ps/, and Cu
2p1, respectively, indicating that the existence of CuO nanoparticles in the CuO-ZnO
nanostructures [54]. The observed binding energy of Cu 2ps/; at 931.6 eV confirms
that Cu in the CuO-ZnO nanostructure belongs to CuO phase [54]. The peaks locate
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at 932.3 and 933.7 eV are indicating to the oxide lattice and hydroxide of copper,
respectively. Also, at high molar ratio of Cu : Zn content added into CuO-ZnO, the Cu
2p peak becomes higher intensity due to the substitution of the copper ion into
structure [56]. At higher molar ratio of Cu : Zn content, the intensity of Cu 2p peaks
become sharper which confirmed that there is much mixing phase between CuO and
Zn0 in CuO-ZnO nanostructure [55].

4.5 Characterization of CuO-ZnO humidity sensors

From the synthesis part of this chapter, at a molar ratio of Cu : Zn content

about 6 is the starting point that XPS machine can detect the CuO-ZnO content and

another reason is at above 500 OC, the water molecules were evaporated to the

atmosphere. Therefore, we choose 3 conditions from above reasons. These

conditions were 0 : 100, 6 : 94 and 10 : 90 at sintering temperature of 500 °C.

From figure 4.24, The responses of CuO-ZnO humidity sensors in the various
relative humidity levels are measured by LCR meter. The result from LCR meter
feature in the function of impedance (Ohm) and time (second). At the low relative
humidity level (23 %RH) in all sensors, the value of impedance around 10° Ohm. At
high relative humidity level (93 %RH) in all sensors, the value of impedance around
10° Ohm. Therefore, all samples have the ratio of the value of impedance at low
humidity level to value of impedance at high humidity level about 2 orders. In my
previous research, the authors used to research pure ZnO making humidity sensor
but it does not. All samples have the ratio that is not significantly different. It can
summary that all sensors based on CuO-ZnO can be fabricated for humidity sensor

applications.

The hysteresis measurement of CuO-ZnO humidity sensors in all samples is
shown in Fig. 4.25. This measurement was measured at from lower relative humidity
level (23 %RH) to higher relative humidity level (93 %RH) marked as black color and
from higher relative humidity level (93 % RH) to lower relative humidity level
(23 % RH) marked as red color. From these results are used for checking the
adsorption and desorption of sensing material that the value at the black point
(lower humidity level to higher humidity level) and red point (higher humidity level
to lower humidity level) are the same value. Because we didn’t measure at all
relative humidity level from 0 % RH to 100 % RH, then we check the linearity for
making calibration curve of all relative humidity level. From the result, at 10 : 90
sample has the highest value of R-square (R?) about 0.9902 (value calculated by

using Excel software).
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Fig. 4.26 The comparison of measurement on the humidity cycle testing from 23-

93 %RH of CuO-ZnO humidity sensors at various relative humidity level of (a) 0 : 100,
(b) 6 : 94 and (c) 10 : 90 of Cu : Zn molar ratio content.
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Fig. 4.26 shows the response cycle measurement of CuO-ZnO humidity sensors
with response time lower than 30 seconds for both the rising and falling changes in
the relative humidity levels from high value of relative humidity (93 % RH) to low
value of relative humidity (23 %RH) and low value of relative humidity to high value
of relative humidity. The best value of response and recovery times for all samples

of CuO-ZnO humidity sensors is humidity sensor in the condition of 10 : 90.

The sensing mechanism of CuO-ZnO humidity sensor is examined by the
measurement with the complex impedance experiment. Cole-Cole plot at each
value of relative humidity level was displayed in Fig. 4.27 (a) 0 : 100, (b) 6 : 94 and (c)
10 : 90. From results, it was found that all samples show two mechanisms of
humidity sensors. At the low value of relative humidity level, it represents the semi-
circle shape which the width of the semi-circle is depending on the level of relative
humidity. From the Fig. 4.27, at the value of relative humidity regions from 23-53 9%,
it shows the large semi-circle which it can be seen with the linear relation. For the
high value of relative humidity, it shows the semi-circle connected with a linear line.
From these results, the mechanism of chemisorption was found at a low level of
relative humidity. The mechanism in this dissertation is explained by the using of the
equivalent circuit, which is illustrated in Fig. 4.27(d). For the high-level of relative
humidity, the number of water moisture molecules were adsorbed on the surface of
CuO-ZnO nanomaterial film with the formation of hydroxyl groups. Therefore, the
changing in the value of impedance output was also small. Besides this, the
mechanism of physisorption was found at the high-level of relative humidity level
and the equivalent circuit for high-level of relative humidity level is illustrated in
Fig.d.27(e). For the equivalent circuits, there is the resistance (Rp), the capacitance (Cp)
and contact resistance (Rs) of these CuO-ZnO humidity sensors. In a case of high-
level of relative humidity, the Warburg impedance (Z,) in series with R, was inputted
into the equivalent circuit. At a higher level of relative humidity, the water moisture
molecules could penetrate to the interlayer of CuO-ZnO. This process produces a

substantial change in the value of the impedance of humidity sensor device.

Understanding the mechanisms of the sensitivity of humidity sensor, the authors
model the equivalent circuit of resistor and capacitor for explaining the diagrams of

complex impedance as shown in Fig 4.27 (d), (e).

At the low-level of relative humidity, the amount of the moisture is low.
Moisture molecules will be adsorbed at the active area form the hydroxyl functional
group. Proton can move from surface of hydroxyl to the moisture molecule to form

the hydronium ion (H;O"). Therefore, at low-level of relative humidity, the electrical
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conduction process influenced by the charged carriers and bounded electrons.
Charged carriers may come from H3O" and the sensing materials.
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Fig. 4.27 Cole-Cole plot of CuO-ZnO humidity sensors at various relative humidity
levels of (a) 0: 100, (b) 6 : 94, (c) 10 : 90 and the equivalent circuits of the sensor at
the region of (d) low and (e) high relative humidity level.
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Fig. 4.27 (continued) Cole-Cole plot of CuO-ZnO humidity sensors at various relative

humidity levels of (a) 0 : 100, (b) 6 : 94, (c) 10 : 90 and the equivalent circuits of the
sensor at the region of (d) low and (e) high relative humidity level.

When the relative humidity is increasing, the increased quantity of adsorbed
moisture reduces the resistances from grain boundary and interface between
electrodes and sensing material of the humidity sensor. Meanwhile, the moistures
are changed, which increases the value of capacitance within the sensor. At the high-
level value of relative humidity, the HsO" molecule is reduced into the H,O and H.
And then, high quantity of hydrogen ions became the prominent carrier of the
electrons move from the sensing material. Therefore, at high-level of relative
humidity, the electrical conductivity process is mainly due to adsorbed moistures.

There is another semicircle shape appears, the electrical conductivity becomes larger
when the level of relative humidity increases.



CHAPTER 5

CONCLUSION

The present thesis dealt mainly with CuO-ZnO, study the synthesis preparation
of CuO-ZnO nanomaterial using co-precipitation method, choosing the CuO-ZnO as

humidity sensing material for the humidity sensor application.

In the first part of this research, our work on the synthesis of nanostructured of
CuO-ZnO using the low-temperature wet chemical route namely as co-precipitation
process with starting precursor of zinc nitrate and copper nitrate. There are two
major conditions for studying the effect on the properties of CuO-ZnO nanostructure
such as annealing temperature from 500, 600, 700, 800 °C for 2 hours and added
copper content into the structure of CuO-ZnO at molar ratio of Cu: Zn of 0: 100, 1 :
99,2:98,4:96,6:94 8: 92 and 10 : 90. X-ray diffractogram showed that all
samples have a higher intensity of all diffraction peaks at the higher annealing
temperature and there are some peaks depict to CuO crystal structure shown at the
higher amount of added copper content in the CuO-ZnO structure. SEM and TEM
micrographs show the changing in the shape and size of nanostructure by the
influence of thermal energy and amount of copper contents. FTIR result show the
vibrational property which represent to the high quality CuO-ZnO nanostructure. In
additions, XPS spectra confirms the successfully synthesis of CuO-ZnO nanostructure

by co-precipitation process. From all results in the first part, the authors chose the

condition at temperature of 500 °C due to some functional groups were
decomposition from the nanostructure which confirmed with the FTIR result. From
XPS results, the authors chose the conditions at 0-100, 6-94 and 10-90 which
represent the pure ZnO, small amount which Cu 2p core level of XPS appear in data,
and highest amount of Cu : Zn in this experiment, respectively. In the second part of
this research on the fabrication of CuO-ZnO layer as sensing material in humidity
sensor application using electrostatic spray deposition technique. The suitable sensor
in this study has the value of the sensitivity of 279 Ohm/ % RH and hysteresis of
4 % RH. The response and recovery time of humidity sensor are 26 and 6 seconds,

respectively.
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