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                                                     ABSTRACT 

Nanofilms fabricated from semiconducting metal oxide have been used up to a great extent for 

transparent electrode, absorber layer in solar cell and especially for gas sensor. The primary 

member of metal oxide family is CuO that has been broadly explored in field of 

nanotechnology. Because of the incomparable properties, CuO became a promising candidate 

for gas sensing applications.  

The title of this thesis is “Growth and characterization of pure and Sn doped copper oxide thin 

films for hydrogen sulphide sensing”. Sol-gel spin coating synthesizes pure and doped copper 

oxide films. The various features of prepared samples were examined by using XRD, two probe 

set-up, UV spectrometer and field emission scanning electron microscope respectively. The 

main focus of this work is to improve optical properties and porosity of CuO films for solar 

cell and gas sensing applications.  

CuO films deposits on glass substrate and annealed at 400oC temperature for 1hr. The effect of 

dopant concentration and spinning speed is investigated on properties of synthesized films. 

Initially, pure CuO films of different molar concentrations of 0.75M and 1M deposited on glass 

substrate. To investigate effect of spinning speed on various properties of CuO thin films, 

spinning speed vary between 1500rpm to 4500rpm. Cross sectional SEM was used to obtained 

the thickness of films. It was found that as rpms increases from 3000 to 4500, thickness 

decreased from 239 nm to 75 nm respectively. Films deposited at 3000-4500 rpm shows range 

of band gap from 0.98eV to 1.46eV, consequently these films used for solar cell applications. 

For all of the produced films of varying thickness, the diffract-grams reveal notable (200) and 

(111) atomic planes situated at 2 theta values of 36° and 38.6°. It was observed from the graph 

that obtained peaks are sharp and peak intensity is large at (111) plane which confirm that 

obtained films have good crystallinity. Other copper oxide films of 0.75M concentration have 

been prepared by varying spinning speed 1500 rpm to 2500 rpm at 30s spinning time. These 

films used as sensing element for gas sensor to monitor H2S gas. Various concentration of gas 

passed to the sample at operating temperature in range of 25oC to 150oC and found from the 

obtained data that at a lower usage temperature of 25 °C, CuO-based sensor displays good 

sensitivity. Pure thin films of CuO of thickness 75 nm are explored supersensitive to H2S gas 

at 25oC temperature and shows a comparatively lower response time towards the gas at higher 

operating temperatures. 

Later on, tin doped CuO films with different mole percentage of 3%, 5% and 7% deposits on 

glass substrate. The doping of tin chloride into CuO increase conduction of electron, improve 
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porosity and decrease crystallite size of prepared thin films. All samples' electrical 

characteristics were examined using a two-probe setup. It was found that current linearly 

increase on increasing the voltage which reveals that prepared films were of ohmic in nature. 

It was found that sample prepare from 3% Sn doping with 0.75M concentration have resistivity 

in range of 6.04Ὠ-m to 1.86 Ω-m as the thickness reduced from 570nm to 165nm respectively. 

The value of conductivity noted from the doped sample of 1M concentration are 0.1105 (Ω-

m)-1 and 0.0947 (Ω-m)-1 as the thickness reduced from 582nm to 181 nm respectively.  

The structural properties of Sn doped films show that all of samples have (111) and (200) 

atomic planes. As the molarity increase from 0.75 M to 1M, these dominant peaks became finer 

and more intense. Debye- Scherrer formula was used to calculated crystallite size from the data 

obtained by XRD diffraction and found that it goes increases from 14.33nm to 43.79 nm as the 

molarity increases from 0.75M to 1M. This was perhaps caused by the fact that an enhancement 

in molarity raises the concentration of copper, which causes a higher condensation of copper 

atoms with a quicker nucleation to create larger crystallites. Investigations show that 

homogeneous grains form in CuO films, and all synthesized samples are discovered to be 

relatively oxygen-enriched. At 400oC of calcination temperature, obtained films are more 

crystallize and shows high sensitivity for H2S gas. 

To obtain the optical band gap of prepared samples, tauc plot was used. It was noted from the 

obtained data that band gap gets reduces from 3.28 eV to 1.45 eV on increasing the thickness 

from 165 nm to 528 nm. The obtained optical band gap of prepared Sn doped CuO films is 

appropriate as a material for a selective absorber in solar cell cells.  

Fabricated films with various dopant concentration have been applied for fabrication of gas 

sensor. At room temperature, number of gases such as NH3, SO2, CO and H2S of 100 ppm 

concentration exposed on gas sensor and noted the response. It has been found that CuO films 

was highly selective toward H2S gas. It is observed from gas sensing results that sensitivity of 

films increases by doping of SnCl2. The films prepare from the 3% doping of Sn with 0.75M 

concentration exhibit a high response of 74.63 toward 4 ppm concentration of hydrogen 

sulphide at room temperature. The gas sensing research done on the films also demonstrates 

that Sn doped CuO films with a thickness of 181 nm deposited at substrate of temperature of 

400°C are highly sensitive to hydrogen sulphide and exhibit a high response of 1036. It was 

also noticed that response time and recovery time also be reduced by doing doping of SnCl2. 

As the Sn doping increases from 3% to 7% then sensitivity increase up to a point and then 

became saturate. The doping of tin into copper oxide can affect the sensitivity of the thin films, 
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particularly in gas sensing applications. The effect on sensitivity can vary depending on the 

dopant concentration. We observed that a moderate concentration of tin doping (5%) could 

further enhance the sensitivity of the CuO thin film. At this level of doping, the film's surface 

potentially leading to improved gas interaction and greater sensitivity to hydrogen sulphide 

gas. This is due to reason that the presence of Sn atoms increases the molecules of gas adhering 

and increase the sensitivity to target gas. The minimum response time obtained for sample 

0.75MD1 of thickness 165 nm was 5 seconds. It was analysed that recovery time decreases as 

the operating temperature increases. 

The detection mechanism of CuO films is depend on the change in electrical resistivity and 

conductivity on exposing H2S gas due to absorption and desorption. The response and recovery 

time also improve by using 3% doping concentration. Any gas sensor must have long-term 

stability in its gas sensing characteristics. To determine the reproducibility of prepared thin 

films, we have noticed the response of H2S gas over a period of 1-3 years and found it stable. 

Hence, the present work is suitable for hydrogen sulphide gas sensing applications. 

. 
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CHAPTER 1 

1. INTRODUCTION 

1.1 Introduction of thin films 

One of the oldest forms of art as well as one of the most recent fields of science are both thin-

film technology. Thin films have been used since the ancient metal eras. Think of the age-old 

art of beating gold, which has been performed for at least four millennia. Gold can be 

hammered into very thin sheets of leaves because to its high malleability, and its beauty and 

chemical resistance make it ideal for use in enduring adornment and protection. The process of 

beating and gilding gold seems to have been first practiced by the Egyptians. The advancement 

of contemporary science has been significantly aided by thin film and their devices. In 1852, 

Bunsen and Grove achieved the first thin metal films in a system based on vacuum. Depending 

on the application, the thickness restriction might range from a few nano-meters to a few micro-

meters. 

In the beginning, research on thin films was done out of pure scientific curiosity, especially 

given how radically different those characteristics were from the same material's bulk 

properties. Hard disk read heads based on the GMR effect are a well-known example of this 

situation since they can only function because of the unique properties of a mix of magnetic 

and insulating thin layers. However, when the capacity to regulate thin film qualities was 

developed throughout time, it greatly aided the use of thin films in electronic devices along 

with other devices. As a consequence, the electronics sector has benefited most from thin film 

technology. Beside this, on decreasing the size of semiconductor devices up to two dimensions, 

technology of thin films used in development of microelectronics. The distinguishing feature 

of thin film technology is outstanding stability and precision together with a degree of accuracy 

(which is not commercially attainable in comparable to other technologies) of the electronic 

devices.  

Thin film systems that serve as laser mirrors, anti-reflex coatings, and other optically 

responsive surface modifications make up a significant portion of further instances. They are 

put down on substrates in the optical sector that provide mechanical stability and other 

particular qualities. The change in features of thin films can be due to the rising surface-to-

volume ratios at thinner films, as well as microscopic structures that rely on the deposition 

factors. Optical interferences, an increment in electrical resistance, reduction of the electrical 
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resistance of temperature coefficient, a rise in the temperature and magnetic induction that is 

critical for superconductivity and Josephson effect are all possible effects of a thin film [1]. 

1.2. History of thin films 

For the interest of completeness, a short history of the technology of thin films is provided 

below:  

 In 1650: interference pattern (e.g. oil on water) was observed and interpreted by R.Boyle, 

I.Newton and R.Hooke. 

 In 1850: Commercial electrochemistry for gold plating of standardized accessories 

introduced by Galvanics, thickness measurement’s method given by Wiener, Arago, 

Fizeau; Wernicke; and invention of the first deposition method given by W.Grove; 

M.Faraday; T.A.Edison. 

 In 1940: Manufacturing on an industrial scale of coatings for various applications 

(primarily in the military). 

 In 1965: In the semiconductor and optical industries, thin film technology has evolved into 

a crucial component of mass production processes. 

 In 1990: High Tc-Superconductors films. 

 In 2000: Making nanocrystalline materials with a known structure and makeup that can be 

used as protective layers and in tribology. The deposition of highly organized 2D and 3D 

objects with dimensions on the nanometer scale. 

 In 2004: Increasing the capacity of sophisticated methods for reactive coatings for use in 

industrial applications (such as coatings on glass and thermal management). An inquiry 

into the combinatorial possibilities of ternary and materials pertaining to the quarternary 

systems. 

 In 2006: The research that was done on organic coatings eventually led to the development 

of organic electronics. 

 In 2010: Synthesis and study of its properties of the prototype two-dimensional material. 

The foundation of solid-state touch displays (Smartphones) into the realm of 

communication devices. 

 In 2015: Creation of heterostructures using two-dimensional materials. Methods for 

producing ultrathin materials that can be shaped into flexible electrical devices. 

 In 2018: Scientists developed a revolutionary method to produce ultra-thin films with 

unprecedented precision and durability. This breakthrough opened doors for advancements 

in flexible displays, solar panels, and electronic devices, revolutionizing industries and 

paving the way for a sleeker and more efficient future. 
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 In 2020: A remarkable breakthrough in thin film technology revolutionized the industry. 

Researchers introduced a novel method for producing ultra-thin films that boasted 

enhanced conductivity, transparency, and flexibility. This game-changing innovation 

spurred advancements in wearable electronics, foldable displays, and energy-efficient 

devices, shaping a future with sleeker, more versatile technology. 

1.3 Definition of thin films 

The thin film is a two-dimensional solid substance whose thickness is the only dimension that 

is significantly less than the other two. They generally have thicknesses of a few microns or 

less. 

 

Figure1.1 Thin films of a material 

Based on the magnitude, type of films is given as: 

 Ultra-thin films having size of 50-100 Å. 

 Thin films having size of 100- 1000 Å. 

 Thick films having size of greater than 1000 Å. 

Although literature sometimes uses the arbitrary figure of 1 µm, the boundary between "thin" 

and "thick" films is not something that can typically be defined. In general, a film is said to be 

"thin" when its characteristics vary greatly from those of the bulk. Films may be 

mathematically characterized as homogeneous solid material between two planes and stretched 

in two directions, but constrained in third direction perpendicular to XY plane. Thin films can 

be classified in three basic categories: 

 

Figure 1.2 The types of films 
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1.3.1 Crystalline thin films 

The crystal lattice of crystalline thin films is regular and free of grain boundaries. It can be 

difficult to create these kinds of thin films in the lab. Controlled conditions are a fundamental 

need for the fabrication of these thin films since the existence of grain boundaries has a 

substantial effect on their electrical and physical characteristics. A clean glass substrate is 

necessary for the manufacture of these kinds of thin films, and a high temperature is the primary 

need for the mobility of the growing species. 

1.3.2 Polycrystalline thin films 

The creation of polycrystalline thin films necessitates the use of materials with altered crystal 

size and orientation. The tiny polycrystalline grains result in the production of powder grains. 

Grain boundaries exist in polycrystalline thin films between two grains. For the creation of 

these kinds of thin films, a moderate deposition temperature is required. All substances, 

including ceramics and common metals, may be combined to make polycrystalline thin films. 

1.3.3 Amorphous thin films 

In the amorphous phase of thin films, which are deposited as solid layers on substrates with 

thicknesses of one to thousands of nm, atom positions are constrained to small ranges. Low 

temperature is required for production and there is insufficient surface transportation of the 

growth species [2]. 

1.4 CuO thin films 

A number of highly referenced research publications on CuO sparked interest in the field of 

research in the middle of the 1980s. Several deposition methods, including as plasma and 

thermal evaporation, spray pyrolysis, dc magnetron sputtering, electrodeposition and sol-gel 

have proven successful in depositing CuO thin films. Early research in the 2000s was primarily 

concerned with the factors that drive growth and its mechanics [3].  

CuO absorbs significantly throughout the visible spectrum and has a black appearance, whereas 

Cu2O oxide films are said to have great transparency, a somewhat yellowish appearance, and 

to absorb primarily at wavelengths below 600 nm. Currently, solar cells and electro-chromic 

devices are two promising applications for copper oxide thin films [4-5]. Band gap energy 

values of copper oxide films have been found to be such that they can be used as windows for 

conversion of solar energy [6]. Richardson [7] has also emphasized the possibility of copper 

oxide films for use in aeronautical and architectural applications as spectrally specific variable 

reflectance coatings for luminescence management. It is necessary for materials to have both 



5 
 

low electrical resistivity and good transmittance in the visible range in order to be employed as 

solar cell windows. 

The literature contains numerous attempts to create substitute production techniques that yield 

Cu2O films with reduced resistivities. Reactive sputtering has been used by Drobny, Pulfrey, 

and other researchers in the literature [8] to try and generate copper oxide films. By adjusting 

the deposition settings, this technique might yield a variety of films with stoichiometries 

ranging from Cu-rich Cu2O to Cu2O and ultimately CuO. They discovered that they could alter 

the resistivity of the produced films by adjusting the oxygen partial pressure after producing 

copper oxide films using both D.C. and RF reactive sputtering. These authors reported on 

copper oxide coatings with resistivities that were as low as 25 cm [8].  

The kinetics of the formation of oxides of copper during thin film deposition is dependent on 

a number of factors [9-11] 

 1) Cu, Cu2O, and CuO nucleation rates during the deposition process.  

2) The chance of the particles sticking to the substrate, or the sticking coefficient   

3) Re-evaporation and migration caused by the oxygen and copper species that are encroaching 

 4) The nucleated species' disparate growth rates 

1.4.1 Choice of copper oxide 

Because of their distinct characteristics, copper oxides earned the most interest across all metal 

oxides. +1 and +2 are two oxidation states of copper under specific conditions, trivalent 

compounds have also been found. It has been demonstrated that this trivalent copper only lives 

for a brief period of time. Due to their stability, cupric oxide (CuO) and cuprous oxide (Cu2O) 

are two significant copper oxide compounds. They exhibit a fascinating range of characteristics 

that can be fully utilized in catalysts, gas sensors, magnetic storage devices, solar cells, and 

other devices [12-16]. The only phase reported to be gas-sensitive is cupric oxide (CuO), which 

also demonstrates a variety of intriguing characteristics. CuO or tenorite oxide has monoclinic 

structure which makes it different from the transition metal monoxides. Among the family of 

copper compound, CuO has attracted particular attention because it has a number of potentially 

useful physical properties, including as spin dynamics and electron correlation effects. In the 

second part of the 20th century, this resulted in a rapid development of theoretical study, 

production, characterization, and applications of CuO-based devices [17-18]. 
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1.4.2 Physical and Chemical Properties of CuO 

Table 1.1 The physical properties of CuO. 

Cupric oxide (CuO) 

Melting point of CuO 1134 °C 

Boiling point of CuO 2000 °C 

Density 6.32 g/cm3 

Appearance Black powder 

Solublity In-soluble 

Dielectric constant 12 

Lattice parameters a=4.69Å, b=3.42Å, c=5.13Å and β=99.54o 

Energy band gap 1.2eV-1.9eV 

Molecular mass 79.55 g/mol 

Odour Odourless 

Type of material Semiconductor 

 

 Structure and bonding 

Copper oxide is a molecular compound, and the copper atoms are coordinated by four oxygen 

atoms in a square planar configuration. The copper-oxygen bonds are ionic, with a partial 

charge of +1 on the copper atom and a partial charge of -2 on each oxygen atom. 
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Figure 1.3 The structure of CuO. 

 Electrical Properties 

At the center of the Brillouin zone, CuO, a p-type semiconductor, has the narrowest band gap.  

CuO's electrical structure in its monoclinic form is depicted in figure I.16. Determined energy 

gap of 1.251 eV agrees with experimental observations i.e. 1.2 eV to 1.9 eV reported at room 

temperature [19]. Typically, CuO has a low conductivity. Both non-stoichiometry and grain 

boundary conduction have been implicated in the reported wide fluctuations in resistivity 

readings as well as the significant method-dependent relationship of resistivity. The 

conductivity evolution, on the other hand, demonstrates a novel behaviour that can be utilized 

as a crucial element for semiconductors-based gas detectors. The little quantity of contaminant 

in this material and its thermal stability in an environment with low oxygen partial pressure are 

two potential explanations for the behaviour of CuO [20]. 

 

Figure 1.4 The CuO band structure computed by DFT+U method. 
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 Optical Properties 

The grain size, temperature of substrate, thickness, concentration of doping, strain, structural 

characteristics, and disorder, as well as type of method used for deposition, all affect the optical 

properties of CuO [21-23]. Copper oxide emits photons in response to an energetic light beam 

or an electron bombardment. This occurrence is comparable to luminescence. Different 

luminescence bands were seen depending on the elaboration circumstances. Due to inter-band 

emission or near-band-edge emission as well as other defect states, the UV and visible 

luminescence is produced. 

1.5 Experimental Methods for synthesis of Thin Films  

Thin films are necessary in modern technology for a variety of purposes. Thin films are often 

used in contemporary technologies. The criteria for better and more affordable deposition 

systems, as well as for in-situ process controls and monitors for monitoring film parameters, 

have been successfully satisfied by equipment makers. There isn't a standard deposition method 

that can be used in every circumstance. Some particular qualities are needed for every 

application [24]. To meet the growing industrial needs, deposition methods have been greatly 

varied.  

When an individual atom, ion or molecule species are manipulated to condense onto a solid 

substrate either physically or by chemical processes, the solid substance is said to be thin films. 

There are several deposition processes available for the creation of materials. Depending on 

how the thin-film deposition process is carried out, several ways may be used. Number of 

methods may be combined into two categories to accomplish the deposition of thin films: 

1. Physical Vapor Deposition [25-27]                      2. Chemical Vapor Deposition [28-29] 

Three fundamental stages may be distinguished in the deposition of a film: 

1. Preparation of the atoms, molecules, and clusters that compose films 

2. Particle movement via source to the target. 

3. Particle adsorption on the surface and film development 
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Figure 1.5 The stages of deposition of thin films. 

1.5.1 Physical vapor deposition method  

It is a deposition method in which films are prepared on substrate by condensation of entering 

species. The goal of PVD operations is to precisely transport atoms from a source to a substrate, 

allowing atomistic film development and growth to take place. In this instance, we have a solid 

source. Atoms are extracted from the solid target by thermal approaches in evaporation, but by 

the collision of gaseous ions on source surfaces in sputtering. Various of techniques used in 

PVD are shown by given table: 

Table 1.2 Various techniques of PVD. 

Physical Approach 

 

Evaporation 

 

Sputtering 

 

1. Electron beam evaporation 1. DC and magnetron sputtering 

2.Inductive evaporation 2. Triode and getter sputtering 

3. Resistive evaporation 3. Ion beam sputtering 

4. Thermal evaporation 4. RF sputtering 

5. Vacuum evaporation 5. A.C sputtering 

 

1.5.2 Chemical Vapor Deposition method 

Using CVD techniques, films are created on the substrate by chemical reactions between 

entering species. To fabricate solid state electronics devices, thin films are produced by using 



10 
 

chemical vapor deposition at high temperature. In this process non-volatile solid produced by 

chemical reaction of volatile compound. 

Table 1.3. Various CVD techniques. 

Chemical Approach 

 

Gaseous Phase 

 

Liquid Phase 

 

1. Chemical Vapor deposition 1. Electro and electro less deposition 

2.Photo chemical deposition 

3. Plasma enhanced vapor deposition 

2. Chemical bath deposition 

3. Epitaxy          4. Sol-Gel 

4. Polymer assisted deposition 5. Polymer assisted deposition 

5. Laser chemical vapor deposition 6. Spray pyrolysis       7. Spin coating 

 

1.5.3 Deposition Parameters 

Any deposition process may be described and recognized by the following five factors:  

1. Type of source. 

2.Type of medium for growth occurrence. 

3. Method used (either CVD or PVD) to introduce the coating species in the medium. 

4. Particles with coatings that are either molecules or may be other. 

Thin films may be deposited using two or three different sequences, depending on the 

deposition process and the source of the material to be deposit. The deposition steps of various 

sources are described in new section. 

1.5.4 Deposition steps using solid source 

The liquid source approach primarily consists of three phases. 

 The generation of gaseous particles from the source using energetic species via the process 

of evaporation or sputtering 



11 
 

 Atomic movement from the source to the substrate. For this stage to decrease film 

contamination and generate higher-quality films, a rather high vacuum medium is required. 

In this medium, reactive gas atom may be added to create composite films. 

 Species condensing at the substrate. 

 

Figure 1.6 The preparation of films using solid source 

1.5.5 Deposition steps using liquid source 

The liquid source approach primarily consists of two phases. 

 Direct contact between the liquid and the substrate, such as submerging it completely, 

or solution application, such as spraying it on. 

 Films are created when distinct species in a liquid interact chemically. In this phase, the 

substrate's temperature is crucial.  

 

Figure 1.7 The preparation of films using liquid source. 

1.5.6 Deposition steps using gaseous source 

The gas source approach primarily consists of three phases.  

 

Figure 1.8 The preparation of films using gaseous source. 

 The gas is transported into the deposition chamber by interaction among the source and 

the substrate. 
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 Thermal breakdown or electrical discharge converts gas into ions and molecules. 

Composed alloys are created by adding reactive gases. Vacuum is required, much as 

with solid sources, to prevent film contamination. 

 The substrate temperature often starts or regulates chemical processes involving a 

variety of species at the site where films are to be formed. 

The ability to create a wide range of films, semiconductors and compound in crystalline form 

with a high degree of purity and desired qualities, is one of the factors contributing to the 

increased acceptance of CVD technologies. Furthermore, CVD stands out from other 

deposition processes due to its capacity to controllably produce films with a broad range of 

stoichiometry. However, there isn't a perfect way to make thin films that can meet every need. 

But we confine ourselves to the methodology used in this investigation: spin coating.  

1.5.7 Sol-gel Spin Coating 

 Sol- gel 

For material science, the wet-chemical sol-gel process has been used extensively. It is generally 

used to create materials, usually metal oxides, starting with precursor for making gel. With the 

use of the sol-gel technology, materials can be developed that can be used to create glasses, 

and ceramics from solution-based precursors. It creates thin layers made up of stacks of metal 

oxide nanoparticles. When compared to traditional synthetic pathways, this procedure is carried 

out at substantially lower temperatures under "mild chemistry" conditions.  

The metal centers (M) are linked together by a sequence of hydrolysis and polycondensation 

processes in the sol gel process to create metal oxo and hydroxo polymers in solution. Metal 

chlorides, nitrates, and alkoxides are frequently employed as precursors in combination with 

aqueous or organic solvents. The chemical structure, surface polarity, surface acidity, and 

crystalline structure of the generated product are determined by the reagents, additives, and 

drying conditions that are used. The final microstructure can be affected in a way that improves 

selectivity and catalytic characteristics, by carefully varying the desired parameters at each 

stage of the process. 

An appropriate solvent, frequently ethanol, is used to dissolve a metal alkoxide as the starting 

material. The substance is hydrolyzed when a small amount of water is added, and this process 

is typically aided with help of somewhat acidic solution. The end product is a loose gel with 

pores containing liquid that can be spin or coated to a surface. The materials created with this 
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method have various intriguing morphologies and are very porous, nanocrystalline, or 

amorphous [30-32]. 

 

Figure 1.9 The sol-gel method for synthesize thin films. 

 Spin coating 

The spin coating process is the most prevalent chemical procedure used today since it can 

produce a homogeneous conducting and semi-conducting thin films. It is also well-liked for its 

ease of use and affordability. It is an easy and inexpensive process that can create uniformly 

thick, high-quality adhesive films. In a typical procedure, a small drop of fluid resin is applied 

to substrate and it begins to spin rapidly (usually at a speed of roughly 3000 rpm). Due to 

centripetal acceleration, finally a resin films produce at top of substrates.  

The procedure of spin coating is used to deposit thin layers on metal substrates. This method 

is preferred for covering planar surfaces with thin layers of material. The substrate spins during 

the spin coating process about an axis which is perpendicular to coating area. The spin coating 

differs from dip coating because deposited films from spin coating are thin due to centrifugal 

draining and tends to be uniform due to the balance between the centrifugal force and the 

viscous force (friction) 

The process of spin coating is divided in four stages as depicted in Figure 1.8. The processes 

of deposition, spin up and spin off take place in order, while evaporation happens at various 

points and eventually takes over as the main method of thinning near the conclusion. 
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 Figure 1.10 The different stages of deposition.  

 Deposition of sol 

An excessive volume of fluid is dispensed during the deposition process onto a still substrate. 

The fluid is applied through a nozzle to center of wafer. To avoid coating discontinuities 

brought on by the fluid front evaporating before it reaches the substrate edge, a lot of fluid is 

required throughout the coating process. 

 Spin up  

The substrate is speeded up to its required spin sped during the spin up phase. This stage sees 

the formation of a wave front as rotating forces are carried upwardly through the fluid that uses 

centrifugal force to flow to the substrate's edge and leave a largely homogeneous fluid layer 

there. 

 Spin off  

The surplus solvent is thrown off the substrate surface as the substrate rotates to higher spinning 

speed during the spin off step. Centrifugal forces are the main means of thinning the fluid until 

sufficient solvent is withdrawn to raise viscosity to a point where flow is stopped. After spin 

up, the spin off stage lasts for around 10 seconds [33]. 

 Solvent evaporation 

A portion of the extra solvent is absorbed in the surrounding environment through the 

complicated process of evaporation. Premature substantial produces a solid skin on the fluid 

surface, which hinders the evaporation of solvent trapped beneath it and leads to coating flaws 
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when exposed to the centrifugal forces of the spinning substrate. Although present during the 

spin coating process, the main way to thin films is by evaporation after fluid flow stops. Due 

to the fact that film thickness is roughly inversely related to the spin speed square root. It gets 

more difficult to develop a solution that won't dry up before reaching the substrate edge as 

coating thicknesses rise. This is why thick films can occasionally be created by spinning 

together several thinner, more dependable coatings. 

 Advantages of spin coating 

This method provides several benefits in operations of coating, with the absence of connected 

process variables serving as its primary advantage. Spinning speed and fluid viscosity are the 

degrees of freedom which makes this process exceedingly reliable. Therefore, altering the spin 

speed or using a fluid with a different viscosity can quickly change the thickness of films. Many 

of the alternative coating processes that are later detailed include multiple coupled factors, 

which complicates coating control.  

Another benefit of spin coating is that the film can become even more uniform as it thins, and 

if it ever does so throughout the process of coating, it will remain uniform the entire time. The 

maturity of spin coating implies that numerous spin coating-related issues have been researched 

and that a wealth of information is available [34]. 

1.6 Experimental Methods for Characterization of Thin Films 

In the process of creating unusual materials, characterization is an essential stage. Structural, 

compositional and microstructural characterization and analysis of phase are all essential 

components of a material's comprehensive characterization and have a deep impact on its 

attributes. In the field of materials science, this has caused the birth of numerous cutting-edge 

approaches. Below are descriptions of various instrumentation techniques for characterizing 

thin films along with pertinent operating and functioning principles. 

1.6.1 X-ray Diffraction technique  

Effective and appropriate method for determining the microstructure of samples is X-ray 

diffraction. It gives helpful details of the existence and composition of the phases, size of grains 

and thickness of films without causing damage or requiring physical contact. The textbooks by 

Buerger [35] and Tayler [36] contain the fundamentals of X-ray diffraction. Diffraction 

generally takes place when the repetition spacing among scattering centers and the wave 
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motion's wavelength are of the same order of magnitude, which is Bragg's law. The Bragg’s 

condition is given as equation (1.1), [37]: 

2𝑑 sin 𝜃 = 𝑛ƛ     (1.1) 

Where ƛ is stand for wavelength of X-ray, d denote the interplanar spacing, Ɵ for diffraction 

and n is stand for order of diffraction. In Laue Method, Bragg’s angle remains fixed and vary 

the wavelength of X-ray to determine the orientation of crystal. In Rotating crystal Method, 

wavelength remains fixed and vary the Bragg’s angle to determine the type of crystal structure. 

In the powder approach, the crystal under investigation is ground into a fine powder and 

exposed to a monochromatic x-ray beam. Each powder particle is a tiny crystal, or an assembly 

of smaller crystals, that is orientated arbitrarily in relation to the incident beam. In line with 

Bragg's law, the constructive x-ray interference should happen at a specific d value or Bragg's 

angle destructive interference for other values of interplanar spacing at which became lowest. 

The schematic of an X-ray diffractometer is shown by given figure 

 

Figure 1.11 The X-ray diffractometer. 

The best gratings for x-ray diffraction are crystals due to comparable interatomic distance to x-

ray wavelength. Studies using x-ray diffraction can confirm the crystal structure and phase 

development because information of arrangements of atoms reveal by directions of diffracted 

x-rays. The method for fulfilling Bragg's condition has been developed, and it involves 

continuously changing either during the experiment. On the basis of variation in wavelength 

and Bragg’s angle, three diffraction method was introduced to identify phase, orientation and 

type of crystal.  
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In Laue Method, Bragg’s angle remains fixed and vary the wavelength of X-ray to determine 

the orientation of crystal. In Rotating crystal Method, wavelength remains fixed and vary the 

Bragg’s angle to determine the type of crystal structure. In the powder approach, the crystal 

under investigation is ground into a fine powder and exposed to a monochromatic x-ray beam. 

Each powder particle is a tiny crystal, or an assembly of smaller crystals, that is orientated 

arbitrarily in relation to the incident beam. The standard JCPDS powder diffraction file can be 

used to determine the phases in a film from the d-spacings, and Miller indices can be used to 

index the reflections. From X-ray diffraction particle size was calculated with the help of Debye 

Scherrer formula [38]. 

𝐷 = 0.9ƛ/𝛽𝑐𝑜𝑠Ɵ  (1.2) 

Where D denote size of crystallite, Ɵ denotes Bragg’s angle, ƛ used for X-ray wavelength and 

β is stand for full width at half maxima.  

1.6.2 Scanning Electron Microscopy (SEM) 

In comparison to an optical microscope, SEM is a which examine morphology of the material 

with good resolution and high magnification. This technique is a practical approach for 

determining size of grains and researching microstructural elements. The only extra preparation 

needed for metal items for SEM is cleaning and mounting on a specimen stub. Gold, platinum, 

tungsten, and chromium are conductive materials now used for specimen coating. During 

electron irradiation, coating prevents the object from accumulating static electric charge. Even 

when the specimen conductivity is sufficient to prevent charging, coating is nevertheless 

recommended in order to boost signal and surface resolution, especially with materials with 

low atomic number (Z) [39]. 

 

Figure 1.12 The schematic diagram of SEM 
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The usage of these numerous products to gather the various types of information about the 

sample is dipcted in Fig. 1.12 

The characterization of materials has made considerable use of electron interaction with 

elements. When primary electrons have enough energy, they can remove the electron from an 

atom's inner shells, which allows Auger electrons or X-ray photons to escape and allow the 

excited atom to relax. Secondary and backscattered electrons are produced by the electrons of 

the atom scattering. These scattered electrons produce a picture that contains data about the 

sample's microstructure. Both the secondary electron image and the backscattered electron 

image are terms used to describe these pictures. Numerous interaction products are created 

when an electron collides with an atom. 

Backscattered electrons, secondary electrons, and transmitted electrons of these all reveal 

details about the sample's microstructure. The auger electron, ejected electrons, and x-rays' 

energy is unique to its element. Backscattering and SE emission at the surface are intensified, 

increasing resolution and creating a surface image. [40]. 

1.6.3 Fourier Transform Infrared Spectroscopy (FTIR) 

A tool for both qualitative and quantitative investigation of the various chemical groups present 

in the material is FT-IR spectroscopy. The infrared (IR) light is directed through an 

interferometer rather of being measured for energy absorption as the IR light's frequency 

changes (using a monochromator). After applying the Fourier transform to this interferometer 

data, a spectrum resembling to infrared spectrometer is produced. The fundamental concept 

behind infrared spectroscopy is that chemical bonds vibrate at specific frequencies. The masses 

of the atoms at its two ends as well as the bond's length affect its resonant frequencies. The 

schematic illustration is given as below 

 

Figure 1.13 The schematic representation of FTIR spectroscopy. 
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A sample is subjected to electromagnetic radiation in a traditional IR spectrometer, and the 

amount of radiation that is transmitted is measured. The response is shown as a frequency 

function and the radiation energy is changed over the appropriate range. The radiation will be 

absorbed at specific resonance frequencies that are unique to the particular sample, producing 

a series of peaks in the spectrum that can be used to identify the sample. The majority of 

spectroscopic research is done in a comparatively limited region of the spectrum that is near to 

visible light. This zone, which is often defined as having between wavelengths of 10-6 cm and 

10-3 cm, comprises the UV, visible, and IR regions. A molecule's vibrational spectrum is 

regarded as both a characteristic and a special physical property. To support XRD technique 

for characterization, the infrared spectrum can therefore be employed as a fingerprint for 

identification [41].  

1.6.4 UV-VIS Spectroscopy 

The measurement of the broad range of light absorbed by a sample in the ultraviolet-visible 

region, absorbed energy distribute electronic structure of molecules, atoms or ions is known as 

ultraviolet-visible spectroscopy (UV-Vis). This energy is absorbed by electrons, allowing them 

to move from a valance band to conduction band. This method provides information on the 

material's optical properties, including estimates of absorption coefficient, refractive index and 

band gap. The electromagnetic radiation source, cell (where sample and reference put down), 

and the detector are the three basic components of the UV-visible spectrophotometer. 

The ability of a molecule to absorb light in the UV-visible area of electromagnetic radiation 

changes as a result of energy absorbed in the UV or visible region, which changes the electronic 

excitation of the molecule. Colour transition results from this. The following equation describes 

the association between the frequency, wavelength, and wave number of the radiation that 

caused the electronic transition and the energy absorbed in the transition:  

𝐸 = ɦʋ  (1.3) 

Where E is used for photon energy, ʋ is frequency and ɦ is planck constant. 

The absorbance is given by beer’s lambert’s law which is state by given equation (1.4) 

𝐴= -log10 (IT / Io) (1.4) 

Where A is absorbance, IT and Io are transmitted and incident light respectively [42]. 
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The band gap in the absorption spectrum represents the least amount of energy necessary for a 

photon to drive an electron across the band gap and be absorbed in the semiconductor material, 

hence it corresponds to the point at which absorption starts to increase from the baseline.  The 

local density of states at the valence band maximum and conduction band minimum, as well 

as excitonic effects, are reflected in a nonlinear increase in absorption in real spectra. The 

absorption coefficient α can be created by normalizing the absorbance A to the light's path 

length l through the material [43]. 

α= ln (10) ×A / l (1.5) 

According to Tauc's plot, the optical band gap (Eg) of the films was determined by the following 

relationship  

   (αɦʋ)n  =  A (Eg - ɦ ʋ) (1.6) 

Depending on the type of electrical transition, we can choose value of “n” as 2, 1/2, 2/3 and 

1/3 for direct-allowed, indirect-allowed, direct-prohibited and indirect forbidden respectively 

[44]. 

1.6.5 Two-Probe 

For determining resistivity of high resistivity specimens, such as polymer films/sheets, two 

probe approach is appropriate.  

 

Figure 1.14 The measurement of electrical resistivity by two-probe method. 
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The resistivity is determined using the voltage drop (V) and current (I), as shown follows: 

𝜌 =
𝑉×𝐴

𝐼×𝐿
   (1.7) 

Where 𝜌 is resistivity of sample, V is applied voltage, I is obtained current, A used for cross-

section area of films and L stand for the sample’s length [45].  

In two-probe set-up two independently spring-loaded probes on it. The probe assembly is 

supported by alumina stand and sample plate. The thermocouple connection is inserted in the 

sample plate directly beneath the sample to guarantee accurate measurement of sample 

temperature. This stand doubles as the oven's lid and supports the weight of the oven. To 

connect to a capacitance meter and a temperature controller, the appropriate leads are provided. 

There is a superior oven with temperature control. High grade Kanthal-D is employed as the 

heating element. In order to prevent any heating wire slipping, it is set atop a specially 

constructed grooved, sintered alumina fixture. To reduce outer cover heating, a shield of heat 

is provided. To meet the safety standard, the top half is also adequately covered. The controller 

performs better since the oven is built for quick heating and cooling rates.  

An excellent PID controller is used in a two-probe setup to simply set and manage temperature. 

The user may change the P, I, and D parameters for particular applications and to automatically 

tune the oven as needed. The user handbook provides instructions for these. However, with the 

current setup, only the large oven is to be utilized, even though controller works with ovens of 

200°C and 600°C temperatures. The thermocouple is used by the controller as a temperature 

sensor. 

 

Figure 1.15 The two-probe set-up. 
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1.7 Applications of Thin Films 

Thin films synthesized from semiconducting materials preferred for gas sensors [22], 

superconductors, magnetic portable devices [46-48], solar cells [23] photoelectrochemical cell 

and Li batteries [49-50]. 

1.7.1 Thin Films As Solar cells 

First-generation solar cells account for around 89% of the worldwide solar cell market, making 

solar energy the most accessible, reliable, and affordable renewable energy source. It is 

necessary to increase the production processes' efficiency in order to produce thin-film solar 

cells [51]. In order to effectively activate surface plasmon polaritons (SPPs), the periodicity of 

the grating device was selected. Their insertion in this layer is meant to boost solar energy 

absorption by condensing plasmon resonators on the surface [52-53]. 

Plasmonic gratings, when inserted onto the surface of a solar cell, enhance absorption, 

minimize losses with remarkable efficiency, and facilitate light power transmission for 

optoelectronic devices [54]. Light is diffracted by the grating surface, which lengthens the path 

the light takes when reflected. The absorber layer of a solar cell can absorb more light with 

greater efficiency if surface plasmon resonance and effective light trapping are both used [55]. 

Different models that fall into two categories are employed to create solar energy monitoring 

circuits and systems with great efficiency.  

To configure the primary PV parameters, which require low processing times even with 

reduced precision, the first approach is based on the inclusion of simple, compact models [56]. 

Less precision and longer computation durations are needed for the second, which is based on 

the inclusion of complex models [57]. The two varieties of those models suffer from a dearth 

of knowledge regarding semiconductor physics outside of a few research publications [58-59], 

and they are both employed for various objectives contingent on the design specifications. It is 

possible to build the Si solar cell in an n-i-p sequence in addition to its initial p-i-n configuration 

[60].  

The intermediate band solar cells (IBSCs) proposed by Luque and Marti [61]can be utilized to 

increase power conversion efficiency. The maximum efficiency value that other forms of solar 

cells have managed to accomplish is less than this enhancement's potential 63.2% value [61]. 

Quantum dots (QDs) can increase the efficiency of solar cells by being incorporated into their 

active layers, according to numerous theoretical and practical investigations [62]. Of all the 

IBSC types that have been reported in the literature on science to date, quantum dot 

intermediate band solar cells (QDIBSCs) have the highest efficiency [63]. At the surface, there 

are numerous reflections that lengthen the optical path of the light wave path and cause 
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absorption [64]. Research has demonstrated that maximizing a solar cell's efficiency can be 

achieved by using a surface grating with a triangle or pyramid form [65]. 

The layers of solar cells with thin films are made up of diverse materials. CuO thin film is a 

prospective absorber layer due to its 1.4eV band gap, low manufacturing cost, p-type 

conduction, stability, high visible absorption coefficient and non-toxicity. CuO-based solar 

cells have a maximum theoretical conversion efficiency of about 31%. Various deposition 

processes, including sol-gel spin coating, electrodeposition, evaporation and sputtering used 

for making solar cells with CuO as a active layer.  

The kind of window layer, such as ZnO, CuO and sn doped ZnO utilized also has an impact on 

the solar cells' efficiency. Several experiments involve controlling buffer layer optical and 

chemical features to improve solar cell efficiency.  

Table 1.4 The efficiency of solar cell year wise. 

Year Efficiency of solar cell based on CuO 

2010 0.02% 

2014 2.88% 

2018 4.19% 

2022 19.65% 

 

Bhaumik et al. reported the greatest photovoltaic performance for hydrothermally produced 

CuO nanostructure thin films. In 2018, J.sultana deposit CuO and ZnO nanowire on silicon 

substrate and increase the efficiency of solar cell up-to 4.19%. Y. Ait- Wahmane shows that 

the efficiency of solar cell formed by using CuO thin films improve upto 19.65% in 2020 year 

[66]. 

1.7.2 Thin Films as Gas Sensors 

There are numerous metal oxides that can be used to conduct measurements to find flammable, 

reducing, or oxidizing gases. Numerous metal oxides have been effectively employed as for 

gas sensors sensitive layers [67]. However, up until now, huge research efforts in the field of 

metal oxide gas sensors have been focused on n-type semiconductors and little attention paid 

p-type oxide for sensor characteristics. 

Gas sensors based on CuO have been produced using a variety of manufacturing techniques. 

Purity of films, morphology of surface, performance and repeatability are aspects that must be 
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considered when choosing the production procedure. Selectivity, low operating temperature, 

high sensitivity, low detection limits, stability, less response time and a long-life cycle are all 

desirable characteristics of a chemical sensor. CuO thin films have been utilized to detect 

flammable, poisonous, and polluting gases such as ethanol, NO2, methanol, CO, H2, acetone 

vapor, CO2, organic vapor and H2S gas [23].  

Table 1.5 The sensitivity analysis by gas sensors fabricate from various processes [68-72]. 

Type of gas Concentration 

of gas (ppm) 

Applied 

method to 

fabricate gas 

sensor 

Operating 

temperature 

Response 

time(s) 

Sensitivity 

NO2 200 Rf 

sputtering 

(CuO 

sensor) 

180 6 26 

Ethanol 2500 Spray 

pyrolysis 

(CuO 

sensor) 

350 247 29 

H2S 100 Sol-gel 

(CuO 

sensor) 

200 25 24 

Methanol 2500 Spray 

pyrolysis 

(CuO 

sensor) 

400 235 15 

H2 3000 Sol-gel 

(CuO-ZnO 

sensor) 

200 250 60 
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Table 1.5 provides an overview of the performances of sensors made by CuO using different 

deposition processes and for different gases. Sensitivity has now gained greater prominence as 

one of the crucial gas sensor properties, and work has been done to increase gas sensors' 

sensitivity. There is a claim that sensors based on the combined use of the two components are 

more sensitive than the use of the individual components separately. Because of this, more 

recent research has concentrated on composite materials such ZnO-CuO, SnO2-ZnO and CuO-

TiO and found a good increment in sensitivity. 

1.7.3 Other Applications 

Thin layers of cupric oxide (CuO) have played a crucial role in the field of superconducting 

material of high temperature. Thin films made of CuO have demonstrated superconducting 

properties above the temperature of liquid nitrogen. Numerous studies and reports have been 

published, and work is still being done to enhance CuO-based high-temperature 

superconductors. Researchers have looked at the antibacterial properties and found that CuO 

are quite useful in this area.  

Nanoparticle of metal oxides has recently gained popularity and has shown to be quite 

effective. Additionally, frequently investigated as a potential material for nanofluids is cupric 

oxide (CuO). According to reports, adding 4 vol% of CuO nanoparticles improved thermal 

conductivity by 35% in flowing water at a temperature of 51 °C. The thermal properties of 

water were said to be improved by up to 46% with the addition of 0.1 vol% CuO nanoparticles. 

The thin layers applied to lenses and mirrors as anti-reflection coatings, for corrosion 

protection, in magnetism and magnetic fields. Electronic devices such as piezoelectric 

detectors, transistors, diodes, and integrated circuits are all made of thin films. For a long time, 

researchers have searched for suitable alternatives to graphite electrodes. The usage of CuO 

nanoparticles as an anode material in Li-ion batteries with a large capacity and superior 

persistence has been confirmed in numerous papers [73]. 

1.8 Gas sensors and their various types 

The International Union of Pure and Applied Chemistry (IUPAC) defines a gas sensor as a 

device that converts chemical data into an analytically relevant signal [74]. 
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 Figure 1.16 The block diagram of sensor.  

Chemical sensors typically include two primary components: a transducer and a receptor. 

Chemical information is converted by the receptor into an energy form that the transducer can 

measure. This energy is transformed by the transducer into an analytical signal that is helpful 

and often electrical. In another words a gas sensor transforms chemical species, such as the gas 

concentration, into a consistently measurable signal. It then changes this signal into a useful 

analytical and observable signal. The surface of metal oxide worked as the receptor in sensor 

made by using metal oxide.  

Chemical sensors may be categorized in a variety of ways, one of which is based on the 

receptor's working principle. Using this concept, it's possible to distinguish between physical 

sensors, chemical sensors, and biochemical sensors. The signal from physical sensors is 

produced by a physical process, such as a change in mass, absorbance, refractive index, 

temperature, or conductivity, rather than by a chemical reaction, which would typically occur 

at the receptor. Chemical interactions between the molecules of analyte and the receptor are 

the foundation of chemical sensors. Chemical sensors are under the category of biochemical 

sensors since they measure biological reactions. A gas sensor is an excellent example, where 

gas adsorption produces the signal. Various of gas sensors have been characterized as follows 

based on reception and transducer principles [75]: 

1. Optical gas sensor 

2. Acoustic gas sensor 

3. Amperometric gas sensor 

4. Potentiometric gas sensor 

5. Metal oxide-based sensor 
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1.8.1 Optical gas sensor 

The optical gas sensor is a common device in the gas detecting sector; it is just a wave-guide 

sensor built with optical fibres. These optical fibres are called optodes which provide change 

in optical properties. The mechanism of optical sensor based on transduction method in which 

gas molecules are detected by using absorption and emission of gas species. Butler [76] 

invented first optical gas sensor in 1984 using a Palladium and Titanium-coated optical fiber. 

S. Okazaki et al. [77] made a tungsten trioxide fiber optic gas sensor. The sensor detected 

hydrogen gas at room temperature using platinic acid at 500°C.  

Most commonly used optical gas sensor is infrared gas sensor. The detector used in infrared 

sensors transforms the electromagnetic radiation energy into electrical impulses. Additionally, 

it has an infrared source that may be used to detect CO2, CO, and other hydrocarbons. This 

source might be an ordinary incandescent lamp or a heated wire filament. Dispersive and non-

dispersive are two types of an optical fibre.  

Time and space double beams are used in infrared CO2 gas sensors. The space double beam 

and cone-shaped air chamber improve construction in this design. The optical probe in this 

illustration 1.17 contains two sapphire windows, an air chamber, an infrared source and a 

reception mechanism. With CO2 gas concentration 0–3%, the sensor had an accuracy of 0.026 

%. A carbon infrared emitter and infrared camera system for propane detection was tried by 

Naoya Kasai and colleagues. [78]. 

 

Figure 1.17 The optical probe structure [79]. 

1.8.2 Acoustic gas sensor 

Because acoustic wave serves as its sensing mechanism, acoustic wave sensors get their name. 

Any modifications to the properties of the propagation, the velocity or amplitude of the wave 

gets change as it travels through or over the surface of the material. The phase properties of the 

sensor may be used to monitor changes in velocity for relevant physical quantity being 



28 
 

measured. Depending on how the waves propagate, types of acoustic wave sensors cab be 

described. The particular kind of SAW wave used in gas sensing applications depends on the 

piezoelectric substrate selected. The material of the substrate, how crystallized it is, and the 

operating frequency all affect the wave's speed of propagation. 

Wireless, little power usage and high sensitivity are the ability to be used in hazardous 

environments and on moving or rotating parts are the key benefits of adopting SAW 

technology. Due to the SAW device's fabrication method being comparable to that of other 

microelectronic devices, it is also technologically compatible [80]. An acoustic wave sensor 

consists of a transducer, or component to produce an electrical signal, and a receptor, or 

component that is sensitive to an analyte. The first acoustic gas sensor was created by King in 

1964 [81]. It worked by detecting bulk acoustic waves in a quartz crystal resonator constructed 

of piezoelectric material, which is sensitive to mass changes. 

 

Figure 1.18 The surface acoustic wave gas sensor [82]. 

Chemical detectors for industrial air pollutants were created in the middle of the 1960s after 

extensive research investigations. These sensors are known as quartz microbalances (QMB) 

because they make use of piezoelectric quartz resonators. Applications for acoustic wave 

sensors include measuring temperature, pressure, mass, and chemicals. 

1.8.3 Amperometric gas sensor 

The sensor signal from amperometric sensors is a diffusion-limited current that operates at a 

constant applied voltage. As illustrated in below figure, it comprises of a reference electrode, 

a working electrode, and a counter electrode and a potentio stat which is a device for 

maintaining constant voltage.  
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A three-electrode design is used to construct amperometric sensors, which are typically 

constructed using two-electrode design due to the limitations of concentration of reactant gas. 

When using three electrodes, the current at the detecting electrode may be monitored at a fixed 

potential, providing potential of thermodynamic for all processes. The target gas's current 

produced at the sensing or working electrode is measured as the sensor signal, which can be 

recorded at either a constant or changing electrode potential. 

 

 

Figure 1.19 The electrochemical gas sensor [83]. 

By altering the electrolyte, different gases may be detected using amperometric sensors 

described the use of amperometric gas sensors for hydrocarbon monitoring in exhaust pipes 

[84]. 

1.8.4 Potentiometric gas sensor 

The analytical concentration of various analyte gas components is determined using 

potentiometric gas sensors. They can keep an eye on an electrode's electrical potential even 

when there is no current flowing. The signal is measured by the potential difference between 

the working electrode and the reference electrode. For the detection of oxygen, potentiometric 

sensors have been employed.  

The source electrode is in touch to a measured oxygen partial pressure, whereas the working 

electrode is in contact with an unmeasured unidentified oxygen partial pressure. The sensor 

produces an EMF when the electrodes are separated from one another and in touch with two 

distinct oxygen partial pressures. The most common materials used to make electrodes are 
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palladium, platinum, gold, and silver. For the detection of various gases, several electrolytes 

or a mixture of two compounds have also been employed [85-86]. 

1.8.5 Metal Oxide gas sensor 

Since a very long time ago, it has been understood that the presence of impurities in a 

semiconductor's volume or on its surface greatly affects how resistant it is to electricity. This 

result was proved for Ge in 1953 [87-89]. The conductivity of ZnO thin films heated to about 

300°C was later demonstrated to be sensitive to air's exposure to reactive gas traces. SnO2 was 

claimed to have more stable but similar characteristics. These findings inspired the creation of 

new industrial gas sensors. Earlier metal oxide-based detector materials suffered from high 

cross-sensitivity, humidity sensitivity, long-term signal drift, and poor sensor response. Metal-

oxide semiconductors were tested to increase sensor performance. Due to a lack of sensor 

response mechanism understanding, trial and error was required to find a suitable material.  

The most well-understood oxide-based gas sensor is SnO2 sensor prototype decades after its 

original publication. It was known that crystal structure, doping agents, manufacturing 

technology, operating temperature, etc. might influence sensor characteristics. Nanotechnology 

has increased academics and engineers' interest in gas sensitive materials. CuO, NiO, TiO2, 

WO3, and SrO are examples of metal oxides (MO) that can exhibit a gas detection sensitivity 

due to changes in conductance and resistance [90].  The diversity of metal oxides is split into 

the following categories because the electrical structure is the primary consideration when 

choosing a metal oxide for a sensor.   

 

Figure 1.20 The classification of metal oxides. 
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Transition MOs are not suitable for gas sensing applications, mostly because of structural 

instability. Large bandgaps are present in pre-transition metal oxide semiconductors (MOS). 

Therefore, selecting a pre-transition MOs is inappropriate since electron-hole formation is 

difficult. Hence to measure the conductivity or charge in resistance of pre-transition metal 

oxides is challenging. For gas sensing applications, the best suitable MOs are post-transition 

metal oxides [91]. 

1.9 Principle of MOS gas sensor 

Utilizing the chemi-resistance concept, the metal oxide gas sensor operates. The gas molecule 

can either behave as an acceptor or a donor when it contacts surface of metal oxide.  This alters 

the thin film's resistance or electrical conductivity. The degree to which a gas molecule is 

reduced or oxidized at room temperature, as well as the percentage of carriers in the thin film, 

both have an impact on the metal oxide semiconducting thin film's resistivity [92]. Adsorption 

sites on the surface make sure that gas molecules interact with the substance in the right way.  

When it comes to n-type, the advent of oxygen ion species often causes the surface to become 

depleted of electrons. When these species are exposed to a detecting gas, the gas molecules 

react with them to return an electron to the surface, boosting conductivity. The p-type, which 

has a hole as the main carrier, experiences comparable challenges. The chemiresistive 

behaviour of these gas sensors is explained by the receptor function mechanism in conjunction 

with the transduction function [93-95]. The metal oxide sensors might be thick or thin sheets, 

or sintered pellets. The receptor and transduction functions are specifically determined by the 

shape of the crystallites in the produced crystals and their connection between crystallites. 

 

Figure 1.21 The diagram of metal oxide thin film gas sensor. 
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1.10 (REDOX) mechanisms for reducing gas molecules 

When reducing gases come into contact with the surface of a metal oxide, these gases serve as 

electron donors. By observing the chemical changes that follow the REDOX reaction, the 

fluctuation in the material's resistance may be utilized to measure the concentration of reducing 

gases such SO2, C2H5OH, CO, NH3 and H2S. 

1.10.1 Sulphur dioxide (SO2) 

One of the most toxic gases, sulphur dioxide bonds with the metal layer's strong electron pairs 

to render it non-resistant. SO2 and water molecules react in the atmosphere to generate the acid 

shown in below Eq. 

                                    2SO2 + 2H2O + O2                                    2H2SO4   (1.8) 

Hydroxide ions and SO2 increase the acidity of a surface in a moist environment, which 

severely corrodes the substance. The SO2 molecules mix with the oxygen adsorbed on the 

surface to create sulphate (SO4) ions, which enhances the conductivity of the n-type material 

in low humidity or dry environments. The continual contact of SO2 molecules immediately 

bind with metal sites by entirely desorbing the adsorbed oxygen from the surface and replacing 

the lattice oxygen from the first layer, maintaining its resistance after integration. 

Chemical kinetics of SO2 molecules causes the concentration of carriers in n-type materials to 

grow, and this is because sulphate molecules have taken the position of oxide molecules on the 

surface [96]. 

1.10.2 Hydrogen (H2) 

H2 molecules interact with the thin film surface again as hydroxyl ions after being adsorbed as 

protons and desorbed as water vapour [97]. Hydrogen and water vapor may entirely develop 

over 300 °C [98]. Proton adsorption on the surface increases the electron concentration, as seen 

in below Eq.  

                                                     H2            2H + e-   (1.9) 

Using p-type CuO metal oxide, Hao et al. [99] demonstrated how to detect hydrogen; the 

process is shown in Eq. 28. 

                                            2H2 + O2
-
ads             2H2O + e-  (1.10) 
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1.10.3 Carbon monoixide (CO) 

As a reducing agent, carbon monoxide oxidation raises surface electron concentration. Carbon 

monoxide and chemisorbed oxygen generate carbon dioxide in dry air. Metal oxide does not 

react to lower carbon monoxide concentrations in moist atmospheres. The metal oxide surface 

formed formate (HCO2) ions, an intermediate in CO oxidation. 

                   CO + OH-              HCO-
2                      H

+ + CO2 + 2e-  (1.11) 

                    CO + H2O              CO2 + H2 (1.12) 

Weimer group used work function computation and experimental work to study the interaction 

between p-type CuO and CO in humid and dry conditions. Humidity enhanced metal oxide 

reaction [100]. The REDOX process follows Eqs. 1.13 [101] and 1.14 [102] for temperatures 

below and above 250 °C. Both equations demonstrate that operational temperature figures out 

material detection limits. 

                                       2CO + O-
2              CO2 + e- (1.13)  

                                         CO + O-                CO2 + e-  (1.14) 

1.10.4 Ethanol (C2H5OH) 

Ethanol is the most significant ambient organic molecule since it is employed in many 

laboratories and companies for research and applications. The adsorbed ethanol's functional 

group breaks down as water vapours or hydrogen molecule depending on metal oxide's acidity 

or basicity. Cyclobutadiene (C2H4) and acetaldehyde (CH3CHO) formed during dehydration or 

dehydrogenation caused carbon dioxide gas molecules and water vapor to desorb. The ambient 

oxygen partial pressure determined ethanol desorption. 

                                      C2H5OH               C2H4      + H2O     (Acidic oxide)  (1.15) 

                                      2C2H5OH                CH3CHO + H2     (Basic oxide)  (1.16) 

The metal oxide's oxygen-adsorbed surface can be acidic or basic by adsorbing dissociated H 

and OH ions. Infrared spectrum study showed that 50% RH did not influence sensor response 

[103]. 
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1.10.5 Hydrogen Sulphide(H2S) 

H2S vapor significantly interacts with metal oxides to create elemental sulphur. Oxygen 

adsorption on metal oxide surfaces enhances H2S vapor response which is stated by below 

Equation. The above Eq. also describes the significant reduction behaviour in thick oxygen 

atmospheres with sulphur dioxide and water vapor by products. At low partial pressure of 

oxygen, H2S immediately interacts with lattice oxygen to make SO4 and creates an oxygen 

vacancy on the metal oxide surface, increasing conductivity. 

                             2H2S + 3O-
2(ads)                    2H2O +2SO2 + 3e-  (1.17) 

Adsorbed oxygen was totally desorbed as a result of H2S's ongoing contact with the surface, 

which caused it to directly interact with the surface and produce elemental sulphur [104-105]. 

The process that results from this sulphur's ability to replace the lattice's oxygen is known as a 

sulfurization reaction, and it is described as follows. 

                                  MO + H2S                 MS + H2O  (1.18) 

Where MO is the metal oxide and MS is the metal sulphide. 

1.11 Features associated with gas sensor materials 

1. Sensitivity: Sensitivity refers to a sensor's ability to detect changes in its physical or 

chemical properties as a result of exposure to the test gas. The proportion of air resistance to 

presence resistance of the test hazardous gas is used to determine the sensor's operational 

sensitivity. It is expressed mathematically as  

S= 
𝑹𝒈

𝑹𝒂
  (1.19) for oxidizing analyte. 

S= 
𝑹𝒂

𝑹𝒈
  (1.20) for reducing analyte. 

2. Selectivity: Sensor selectivity refers to a gas-sensor device's capacity to perceive a 

combination of gases. The gas sensors' selectivity is a serious issue that needs to be fixed. The 

sensor's selectivity is too broad and it reacts to all reducing test gases that mix with oxygen on 

the sensor surface, which is inappropriate. Here, catalytic dopants can increase the sensor's 

sensitivity, and the right catalytic dopant can alter how the sensor material reacts to the desired 

test gas. Changes in a number of factors, such as catalysts, dopants, grain size, etc., are 

compatible with discrimination. Under similar operating conditions, the majority of metal 
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oxide sensors often display a relatively high value of sensitivity for various gases. As a result, 

this parameter of a sensor towards an analysing gas is assessed by contrasting the response 

magnitude of many gases examined at the same concentration in a similar environment. 

3. Operating temperature: Any semiconductor metal oxide-based sensor's response is 

probably temperature-dependent. For various gas sensors and various test gases, the operating 

temperature varies. Resistance and conductance take comparatively more time to reach the 

steady state when there are fewer sensors, typically at lower temperatures. From this point 

forward, the measurement must be finished once a sufficient amount of time has passed at a 

particular temperature for the resistance to achieve the stable value. Although these are 

operated at normal temperature, semiconductor metal oxide-based gas sensors operate at a 

higher temperature.  

In order to characterize a sensor and determine the ideal operating temperature at which 

sensitivity is greatest, it is common practice to use the fluctuation of sensitivity with different 

temperature. Any semiconductor metal oxide-based sensor's response is probably temperature-

dependent. For various gas sensors and various test gases, the operating temperature varies. 

Resistance and conductance take comparatively more time to reach the steady state when there 

are fewer sensors, typically at lower temperatures. From this point forward, the measurement 

must be finished once a sufficient amount of time has passed at a particular temperature for the 

resistance to achieve the stable value. Although these are operated at normal temperature, 

semiconductor metal oxide-based gas sensors operate at a higher temperature. It is common 

practise to characterize a sensor by looking at how its sensitivity changes with operation 

temperature in order to determine the ideal temperature at which sensitivity is greatest.  

4. Stability: The primary need for the gas sensors is stability. The gas sensors must therefore 

frequently operate in challenging settings. Another crucial metric for assessing the efficiency 

of gas sensors is stable performance without displaying a drift. 

5. Response and Recovery times: When exposed to the test gas, the sensor's response time is 

the is the time taken by sensor to change its resistance value. Similarly, recovery time is the 

amount of time needed to lower the resistance by 9 to 10% of the permeation value after the 

gas sensor has been exposed to a dry air environment. The characteristics of a good sensor are 

indicated by smaller values for recovery and reaction time. 

6. Repeatability and Reproducibility: The two components of precision are reproducibility 

and repeatability. Repeatability, which identifies differences that happen when conditions are 
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constant and the same operator uses the same instrument within a short period of time, describes 

the least variability of precision. Reproducibility, on the other hand, refers to the maximum 

range of accuracy variation when variations take place across extended time periods with 

various instruments and operators. 

7. Limit of detection: The minimum gas concentration at which the signal from noise might 

be separated is known as the limit of detection. 

These variables are all used to describe the device's characteristics [106-107]. High sensitivity, 

selectivity, and stability, minimum response time and a long-life cycle are all aspects of the 

perfect chemical sensor. Most of the time, investigators focus on only a few of these desirable 

qualities while ignoring the others. One reason for this is because it is exceedingly difficult, if 

not impossible, to develop the perfect sensor for specific gases. However, real-world 

applications typically do not need sensors with all best feature properties at once. The detection 

limit requirements can be substantially greater in environmental monitoring applications 

because the quantities of contaminants often move slowly, although a reaction time of a few 

minutes can still be acceptable. 

1.12 Techniques to improve sensitivity and selectivity 

There are five ways to increase the semiconductor gas sensor's sensitivity and selectivity which 

are discussed as below: 

1.12.1 Usage of promoters and catalysts 

Another effective method to raise the selectivity of the gas sensor element is the insertion of a 

catalyst. The primary job of a catalyst is to speed up chemical reactions while avoiding self-

precipitation. In gas sensor elements, catalysts such as Pd and Pt are frequently utilized. Low 

catalyst atom concentrations minimize the impact of the catalysts on the conductance of the 

sensor element. The activation energy of chemical reactions is decreased by the catalyst atoms. 

On the basis of fermi level control, the impact of the catalyst on the semiconductor sensor 

element's response characteristics may also be explained. A higher potential barrier results 

from a lower fermi level and vice versa. The height of the potential barrier and the volume 

conductivity of the ceramic grains both affect the sensor resistance.  

In general, the catalyst always lowers the temperature at which the sensor element is most 

sensitive. The nature of the gas to be detected has a significant impact on how sensitive the 

sensor elements are to them. In addition to catalytic promoters, a sensor element's selectivity 
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toward various types of gases can be further improved. A promoter favours the promotion of 

the active phase and raises the electron exchange rate while stabilizing a balancing state [108-

109]. 

1.12.2 Granular surface with an affixing additive 

These additives are added to the original mixture that is being prepared to make ceramics. 

These are distinct metal oxides from the type of grains found in ceramics. Their behaviour is 

influenced by where they are on the grain surface. The influence of different metals and their 

oxides on a gas sensor's sensitivity depends on the grain size of those materials [110-112]. 

1.12.3 Utilization of Filters 

Another strategy that holds promise for improving the selectivity of the sensor elements 

towards a certain gas is the use of filters. If filters are utilized, just one gas can pass through to 

the sensor element while the rest are adsorbed. For instance, silica can be utilized to improve 

hydrogen sensitivity when there are hydrocarbons present. this is due to the fact that hydrogen 

molecules may more easily pass through the surface layer of silica than hydrocarbon molecules. 

Consequently, silica serves as a filter for molecules of hydrocarbons. 

1.12.4 Sensor element’s thermal cycling 

To provide some selectivity to the gas sensor element, thermal cycling can also be used. The 

joules law of heating serves as the foundation for the thermal cycling of sensor elements. This 

law states that heat is produced whenever current passes through the sensor element. The heater 

voltage wave is generated by a unique function generator. In cyclic variations, the heater 

voltage wave alternates between three randomly selected heater voltage levels. Measurement 

of both the current flowing across the sensor element and the dc voltage drop at the same time 

yields the sensor resistance. The dependency of sensor resistance on time is established after 

the heater voltage wave has been delivered. 

By doing this, we are able to produce a voltage wave curve with two distinct peaks. One peak 

is associated with heating, whereas another peak is associated with cooling. At the temperature 

where the sensor element is most sensitive to a particular gas, the heating peak is present. At 

the same temperature as the heating peak, the cooling peak also appears, but its magnitude is 

smaller. The peak caused by cooling is not present in the limiting case, where the conductance 

and heater voltage peaks overlap. The maximal sensitivity to a certain gas is now visible. It has 
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also been found that if the voltage wave period is larger than roughly a half minute, the sensor 

element's sensitivity to a particular gas drop. 

1.12.5 Regulating the sensor element's operating temperature 

The rate of a chemical reaction on grains and gas molecule diffusion to that surface determines 

how the sensor element reacts to a gas. and gas molecule diffusion to that surface. Chemical 

reaction limits sensor element response at low temperature. As a result, the sensor element's 

response to gases at high temperatures was minimal. The responses from the two processes 

were practically identical at any intermediate temperature (this particular operating temperature 

has the greatest sensor response for a specific gas). Therefore, there is a specific temperature 

at which the sensitivity of the sensor element is at its peak for each gas.  

The temperature of greatest sensitivity for reducing gases depends on the temperature at which 

they ignite. For instance, due to its high burning temperature, methane exhibits maximum 

sensitivity at higher temperatures as compared to hydrogen and carbon monoxide. By choosing 

the operating temperature of the sensor, the selectivity to a specific gas is achieved in this 

manner. Therefore, by varying the working temperature, the same sensor element may be used 

to detect different gases [113-114]. 

1.13 Model for describing the metal oxide surfaces 

Space charge layers, the impact of oxygen molecule adsorption, and the impact of various gases 

on various types of sensor components are models that are widely used to characterize metal 

oxide surfaces. Below, these models are thoroughly explained. 

1.13.1 Layers of Space Charges 

When electrons are taken out or injected by a surface donor or acceptor, the space charge layer 

is produced. The density and the amount of surface donor or acceptor occupancy affect the 

electron concentration close to the semiconductor surface. Surface reactivity with gases affects 

the density of surface states in the context of a gas sensor element. The bulk is considered to 

contain a homogeneous donor concentration. Surface donors or acceptor are produced by 

hydrogen and oxygen gases, respectively. 

The charge that is positive of a double layer would be present in the ionized bulk donor if 

oxygen were to chemisorb to the surface. A band banding of around 1 electron volt results from 

this. When oxygen or hydrogen vacancies are adsorbed, electrons are injected to create a 
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negative space charge. This causes banding in the opposite direction up to a depth of 

approximately 10-6 cm. The oxygen to tin ratio is decreased when ion bombarded SnO2 is 

heated in vacuum at 600 kelvins. An accumulation layer's band banding, which was 

concurrently seen by ultraviolet photoemission spectroscopy (UPS), was accompanied by an 

increase in surface conductivity. The surface density of ionosorbed oxygen rises along with the 

banding of the depletion layer. The number of surface acceptors thus rises over the fermi level 

[115]. 

1.13.2 Oxygen Adsorption 

While the absorbed oxygen ions serve as the surface acceptor on an oxide surface, the oxygen 

vacancies function as donors to increase surface conductivity. The deposited oxygen ion joined 

the electron and decreased the surface conductivity as a result. The following reactions occur 

on the SnO2 surface when the temperature rises.  

O2adb
-     +    e-                       2Oadb

-   (1.21)         

This transition causes an increase in surface charge density with constant oxygen coverage, 

along with a corresponding change in band banding and surface conductivity. This changeover 

proceeds gradually. The species that are adsorbed assault the carbon bond and release electrons. 

On the other hand, activated hydrogen or hydrocarbon molecules are the targets of the 

nucleophilic O2
- ions reaction. The adsorbed oxygen species emerge from the lattice site as well 

as the gas phase.  

It is possible to think of this procedure as a preliminary stage in the thermal breakdown of the 

oxide. On the surface, it is believed that there coexists a certain amount of adsorbed species 

and vacancies. As a result, surface donors and acceptors receive some compensation. Oxidation 

of reducing gases can also cause oxygen vacancies in the oxide layer of gas sensors. 

Chemisorption occurs at the working temperature due to a larger charge density. Ionosorbed 

oxygen alters the oxide's surface in this way [116].   

1.13.3 Impact of Different Gases on the Conductivity of the Sensor Element 

The reciprocal of resistance, which is determined by the equation below, is the conductance of 

samples.  

𝐺 =
𝐼

𝑉
  (1.22) 
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Where G is conductance, I is current and V is voltage. 

Changes in the concentration of electrons close to the oxide surfaces as a result of reactions 

with gases produce the signal for metal oxide sensor. The many oxide-related processes are 

detailed here. 

In step one, a surface donor either a reducing molecule or an atom is adsorbed onto the surface. 

It injects electrons into the semiconductor as a surface donor. This adsorption is followed by 

breakdown or dissociation.   

In step two's nitrogen oxide scenario, the adsorbed acceptor binds electrons, resulting in a 

decrement in film conductance. Since their levels are deeper due to the additional acceptors 

originating from more electronegative molecules.  

Step three allows for the possibility of changing the surface's stoichiometry through 

oxidation/reduction reactions with gases. The most straightforward illustration is provided by 

donors that produce hydrogen by removing oxygen from the lattice. In contrast, vacancies can 

also be filled with oxygen from the target gas as well as oxygen from the ambient air through 

ionosorbed oxygen species. 

In step four, if the temperature is high enough, donors diffuse initially perpendicular to the 

surface; later, the concentration of donors near the surface changes. A state of equilibrium can 

then be attained, where the oxygen partial pressure at the surface controls the donor 

concentration throughout the bulk. The diffusion of donors from the surface of the zinc oxide 

crystal into the bulk is brought about by the heating of hydrogen in the environment. The initial 

conductivity returns to its original value when the earlier mentioned sample is heated without 

the presence of hydrogen.  

In step five, oxygen ionosorbate and reducing gases may react, transferring electrons into the 

oxide and increasing conductivity [117-119].   

1.14 Hydrogen sulphide gas occurrence  

Natural gas, anaerobic bacteria, rotting vegetation, volcanoes, waste water of industrial area, 

flooded ground, salt mines contains hydrogen sulphide. Bacterial sulphide reduction creates 

H2S in soil. H2S emissions commonly include additional hazardous chemicals as So2, No2, and 

others. In many different production processes, such as sulphur-oil exploration, drainage 

systems, cleaning of marshes, production of sugar and rubber and tunnels, hydrogen sulphide 
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is produced naturally as a by-product of specific chemical reactions, protein, and impurities 

[120-121].  

In laboratories, dilute acid reacts with metal sulphides to produce hydrogen sulphide. H2S gas 

is produced when dilute HCl combines with ferrous (II) sulphide which is given by below 

reaction  

    FeS (s) + 2HCl (aq)                        FeCl2 (aq) + H2S (g)    (1.23)  

In keeps generator, this process occurs. In steel tanks or bottles, this gas may be commercially 

generated under pressure. The primary impurity in the previously mentioned reaction is 

hydrogen produced by the acid's interaction with the uncombines iron in a ferrous sulphide 

sticks. When concentrated HCl combined with antimony sulphide then pure hydrogen sulphide 

gas obtained which is shown by below reaction 

       6HCl + Sb2S3                          2SbCl3 + 3H2S  (1.24) 

1.15 Toxic Effects of Hydrogen Sulphide Gas 

When H2S gas level is 4-50% volume, it instantly ignites at 260 degrees Celsius and mixes 

with air to generate an explosive combination. It accumulates in low-lying sections of 

installations because it is heavier than air. Steel can be embrittled by it. Before the harmful 

threshold concentration of 50-100 ppm is achieved, a person intoxicated with H2S no longer 

recognizes its distinctive smell of rotten egg [122-124]. 

One of the main issues with sewage networks is hydrogen sulphide (H2S) emissions. This gas, 

which has a distinct stench of rotten eggs, is extremely hazardous and causes sewer 

infrastructure to corrode. Sewers are often observed using H2S gas sensors to safeguard cities 

and sewer personnel. The health of humans is negatively impacted by hydrogen sulphide. 

Humans' sense of smell can be harmed by hydrogen sulphide in even small quantities. Olfactory 

nerves can become paralyzed by hydrogen sulphide in high quantities [125-126]. 
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1.16 Physical Properties of H2S gas 

Table 1.6 The physical properties of hydrogen sulphide gas. 

Name Hydrogen sulphide 

Chemical Formula H-S-H (H2S) 

Solubility 0.4% in cold water, hydrocarbon 

Molecular Mass 34.08 g/mol 

Odour Rotten egg like 

Appearance Colorless Gas 

Reactivity High 

Dielectric Constant (at -60oC) 10.02 

Boling point 212.9 K 

Melting point 190.9 K 

Nature Highly Flammable, toxic 

Vapor pressure 394.59 

Dipole moment 0.97D 

Specific gravity 1.2 

 

1.17 Chemical Properties of H2S gas 

H2S is a reactive substance in chemical terms. 

1. Combustion: It burns with a light blue flame and is a flammable gas. It does not advocate 

for combustion. It burns to produce sulphur and water when there is a shortage of oxygen or 

air. 

2H2S + O2                     2H2O + 2S  (1.25) 

It burns when there is too much oxygen or air, producing sulphur dioxide and water. 
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2H2S + 3O2                     2H2O + 2SO2  (1.26) 

2. Reducing properties: Due to how quickly it breaks down into hydrogen and sulphur, 

hydrogen sulphide is a powerful reducing agent. The following are some significant hydrogen 

sulphide reduction reactions: 

 The impact of halogens: - Halogens lose their colour when H2S is combined with them, 

and sulphur is subsequently deposited. 

                                              H2S + Cl2                     2HCl + S (1.27) 

                                             H2S + Br2                     2HBr + S (1.28) 

 The impact of sulphur dioxide: - On combining the hydrogen sulphide with SO2 it 

reduces sulphur dioxide to sulphur. 

                                            2H2S + SO2                     2H2O + 3S (1.29)  

 The impact of sulphuric acid: - when H2S react with H2SO4 it reduces sulphuric acid to 

sulphur dioxide. 

                             H2S + H2SO4                     2H2O + S + SO2 (1.30) 

 The impact of HNO3: - in this case nitrogen dioxide is formed. 

                                       H2S + 2HNO3                     2H2O + S + 2NO2 (1.31) 

3. Decomposition: When heated, it breaks down into its component parts, which are hydrogen 

and sulphur. At 310 degrees Celsius, the first stage of decomposition begins, and it lasts until 

1700 degrees Celsius. 

                                                   H2S                    H2 + S (1.32) 

4. Acidic properties: The naturally acidic gas causes the blue litmus paper to become red when 

it is exposed to moisture. Because of the presence of H3O
+ ions, the aqueous solution of H2S 

has an acidic nature. 

                                                   H2S + H2O                H3O
+ + HS- (1.33)  

                                                   HS- + H2O                 H3O
+ + S-  (1.34) 

The subsequent reactions provide credence to the gas's acidic character. 
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 Action of ammonia: - when hydrogen sulphide gas combines with ammonia, 

ammonium sulphide is formed. 

                                     2NH3 + H2S                (NH4)2S  (1.35) 

 Action of metals: - when H2S react with metal, metal sulphide formed and hydrogen 

gas release. 

                                    2Ag + H2S                    Ag2S +H2    (1.36)  

1.18 Necessity of Hydrogen sulphide gas sensor 

Sensors for toxic and hazardous gases play an essential part in the research that is conducted 

in fields such as human health, ecological preservation, and emissions control. The most 

significant of these factors is air pollution, which is linked to a variety of diseases and adversely 

affects human health. The primary pollutants in the air are carbon dioxide (CO2), nitrogen 

oxides (NO2), H2S and volatile organic compounds (VOCs). Permissible Exposure Limits 

(PELs) to H2S gas are defined as 50 parts per million for a period of ten minutes by the 

Occupational Safety and Health Administration (OSHA). As a result, there is an increasing 

need for active H2S gas sensors to monitor and control the emissions of hydrogen sulphide gas 

into the atmosphere. As a result, the researchers are attempting to build sensors for the detection 

of H2S at temperatures and concentrations below the threshold of detection. 

Because of high humidity and toxicity of hydrogen sulphide, sewer atmosphere monitoring is 

difficult. H2S gas sensors must be durable and satisfy the following requirements: Low 

monitoring limits, rapid testing, fast setup, simple operation, and low power consumption.  

 1.19 Challenges for gas sensors based on Nano-thin films 

For a safe existence, the need for trustworthy sensors for hazardous gases and VOCs is rising 

quickly. In order to efficiently use sensing qualities, a lot of development has been achieved in 

the production of sensors, particularly in the form of thin films. The manufacturing of 

homogenous nanostructures with respect to thickness, shape, and morphology is difficult for 

these devices. Additionally, the process is rather pricey. All of these sensors for gas detection 

have concerns regarding their sensitivity. The reliability of being noticed, specificity, response 

and recovery times, repeatability, and robustness are all factors that are affected by 

temperature. Sensors have numerous constraints that must be carefully addressed throughout 

optimization processes. The ability to obtain all these features of sensor materials evenly will 

determine how these nanostructure sensors are produced commercially on a big scale. On one 
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positive note, high-quality and reasonably priced sensor devices will soon be accessible on the 

market, thanks to the level of complexity in technologies and materials engineering. 

The aim of the present thesis is the investigation of pure and doped CuO thin films prepared 

by sol-gel spin coating technique for hydrogen sulphide gas sensing. Investigations shows that 

homogeneous grains were formed in CuO films, and all synthesized samples are discovered to 

be relatively oxygen-enriched. At 400oC of calcination temperature, obtained films are more 

crystallize and shows high sensitivity for H2S gas. To optimize the best sensing response of the 

prepared samples, various concentration of H2S gas at different operating temperature was 

used. To determine the reproducibility, prepared thin films were tested of H2S gas over a period 

of 1-3 years and found it stable. Hence, the present work is suitable for hydrogen sulphide gas 

sensing applications.  A systematic study of the influence of various spinning speed related to 

sol-gel spin coating technique on film properties for gas sensing will be carried in the present. 

1.20 Framework of the thesis 

The thesis is organized into five chapters, each of which contains the following specifics: 

Chapter-1 Introduction 

The first chapter provides a general introduction thin films, experimental information on film 

deposition and their characterization procedures, as well as an understanding of their numerous 

properties and applications. This chapter also provide a broad overview of sensors along with 

their classifications, characteristics and promoters to improve those characteristics, mechanism 

for reducing gases, hydrogen sulphide gas and sensor to monitor this gas. 

Chapter-2 Literature survey 

A overview of the various deposition methods for nanostructured thin films will be given, with 

special emphasis on the methods employed in this chapter for the applications of solar cells 

and gas sensors. At the conclusion of the chapter, the primary objective and structure of the 

thesis have been provided. 

Chapter-3 Result and Discussion of un-doped CuO thin films  

The focus of this chapter is the deposition and characterization of CuO thin films to explore 

the possibility of the CuO thin films for solar cell applications by recording their UV-VIS 

spectrographs. solar cell applications. This chapter provides a description of the H2S gas 

detecting setup along with mechanisms. 

Chapter-4 Result and Discussion of doped CuO thin films 

The fourth one describes the Sn doping on CuO thin films.  

Chapter-5 Summary  
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This chapter summarizes the results obtained on nanostructured doped and un-doped CuO thin 

films prepared by sol-gel spin coating technique. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Literature review 

S.Saito et.al., 1985 have studied the gas sensing performance of pure and doped tin oxide 

ceramic. It was found that both undoped and platinum doped ZnO ceramic shows chemical 

changes and change in resistivity for reducing gases. It was observed that Pt doped sensor 

increase the surface of oxidation at 300oC temperature. Dc four probe technique was used to 

measure electrical resistivity within the range of temperature from 200oC to 400oC. Xrd 

confirmed the presence of Pt with particle size of 20-30nm. It was noted that highest sensitivity 

of 18.6 obtained for reducing gases such as CO, CO2, C3H8 and CCl4 at 4000 ppm concentration 

[1]. 

E. Traversa et. al., 1995 investigated the brilliant ceramic material for chemical sensors. He 

found the electro ceramic materials was most functional ceramic in field of sensor. Material 

used in chemical sensor field suffer from many of problems such as poor gas selectivity, no 

gas detection at low concentration and many more. To overcome all of these problems require 

solution is project materials with significant detection mechanism. In this study various of 

brilliant ceramic material for humidity and gas sensor were studied. At constant voltage change 

in current was measured by varying concentration of reducing gases. It was found that 

selectivity of CO gas sensor was improved by using La2CuO4/ZnO and Au/ZnO for Schottky 

barriers [2]. 

A. Chaturvedi et, al., 2000 have studied the selectivity and sensitivity of gas sensor based on 

tin oxide thick films. In this paper various no of gases such as LPG, methane, CCl4 and many 

more exposed on sensor and found that sensitivity is high at room temperature. it was observed 

that features of gas sensor were improved by using plasma treated film. It was noticed that O2 

plasma treated sensor have best sensitivity toward the exposing gases and Ar2. Plasma treated 

sensor have highest selectivity. [3]. 

J. Santos-cruz et. al., 2005 have studied that low properties of CdO films change with 

annealing temperature. sol gel method was used to deposit thin films of CdO and their various 

properties were studied at 200 to 450oC range of temperature. it was found from XRD that all 

prepared films have polycrystalline nature.it was noted that grain size increase from 20 to 27 

A0 as the annealing temperature increases. In this paper films prepared at 350oC temperature 
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have highest mobility and lowest resistivity. It was noted that as the annealing temperature 

increases then absorption edge shifts toward higher wavelength [4]. 

D. jundale et. al., 2011 have studied the CuO thin films for monitoring H2S gas. In this paper 

spin coating technique was used to deposited films of CuO on glass substrate. XRD revealed 

that all of sample were oriented along (111) plane and have monoclinic crystal structure. These 

prepared films were tested for H2S gas of concentration 20ppm to 100 ppm. It was found from 

the obtained results that highest response of 24 % were obtained for low ppm of gas. It was 

concluded that CuO films have good response toward H2S gas. [5]. 

M.F. Nurfazliana et.al., 2014 have studied the CuO thin films synthesized and characterized 

by chemical bath deposition technique. Two sample of molar concentration 1mM and 5mM 

prepared by using (Cu(NO3)2) and HMT as precursor and stabilizer respectively. To acquire 

the deposition of CuO films, gold catalyst deposited at 20 mA for half minute on 2 cm × 2.5 

cm glass slide. Aqueous solution was stream into reagent bottle in which glass substrate attach 

horizontally by using a rubber tape. This bottle was put in annealing furnace at 80oC for 3hr 

and then glass substrate taken out. To remove the residual impurities, sample was preheated at 

60oC for 5 min. It was concluded that a plane and dense surface of films produced when 

precursor concentration increase [6]. 

S.S. Shariffudin et.al., 2015 have studied the characterization of thin films of CuO synthesized 

from sol-gel dip coating. No. of samples of 0.25M concentration with variable thickness were 

prepared by varying the deposition layers. The obtained films were of thickness 87.14 nm -

253.58 nm measured by surface profiler. FESEM revealed the surface morphology and it was 

noticed that as the thickness of films increases, films became less porous and denser. Energy 

gap of these films was in range of 1.9eV to 2.35eV measured by UV spectroscopy. Due to 

increase of thickness, films get improved and as a result band gap decrease. Two probe set-ups 

measure the electrical resistivity, conductivity and ohmic nature by making gold contact and 

concluded that thickest films have less resistivity with highest conductivity [7]. 

H. Hashim et.al., 2016 have studied the characterization of CuO films synthesized with 

different molar concentration using sol-gel spin coating method. It was examined that as the 

concentration of precursor increase, current gets increase and band gap gets decrease. The 

highest and lowest value of conductivity (0.07S/m) and resistivity (12.76Ω/m) was achieved at 

0.5 M between 0.3M-0.5M concentration. FESEM shows that films have smoother surface 
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with uniform grains. It was concluded from this research that molar concentration play a good 

role for the formation of good thin films [8]. 

 

Jing Wu et.al., 2016 have evaluated the effect of doping concentration of Sn (0.5-2%) to 

optical, structural and electrical properties of CuO thin films synthesized by facial sol-gel 

technique. It was noticed that as the Sn concentration increase then band gap reduces from 2.0 

eV to 1.95 eV. SEM was used to calculate grain size and found that it decreases from 84.1nm 

to 61.8nm as the concentration of Sn increases which specify that growth of grain was 

suppressed by Sn doping. To measure the effect of Sn concentration on electrical properties, 

Hall effect measurements was carried out and noticed that resistivity decrease as Sn content 

increase. When Sn content increase then 2 more free electrons were release because Sn4+ ions 

occupied the Cu2+ ion sites [9].  

S. Muthukrishnan et.al., 2017 have synthesized and characterized CuO thin films by spray 

pyrolysis method at 300oC annealing temperature. XRD technique confirmed that synthesized 

sample have FCC structure with crystallite of 3.48 nm. SEM analysis examine the morphology 

of CuO thin films and revealed that particles were formed with different shape and size. UV 

analysis found the transmission of 70%-90% in range of 800-900 nm wavelength. Optical band 

gap of this synthesized sample was found to be 2.43 eV from Tauc plot. It was concluded from 

electrical properties that these films have lower resistivity and higher mobility which makes it 

suitable for synthesize device [10]. 

B. Troudi et. al., 2017 have studied the CuO crystals implants in thin films of PVC. In this 

paper, first CuO particles have been synthesized from hydrothermal method and then thin films 

sample was deposited on glass substrate by using colloidal solution of PVC and CuO 

nanoparticles. It was found from XRD that CuO particles have monoclinic phase in amorphous 

PVC. From the observed peak position and intensity, it was concluded that there was good 

crystallization of CuO nano particles. FTIR revealed the vibration mode due to formation of 

Cu-O band at 605 cm-1. PL spectra shows the green and red emission at 500 nm and 605 nm 

respectively. UV analysis shows higher absorbance in ultraviolet region and band gap of Cuo-

PVC was 3.5eV calculated from tauc-plot [11].  

 D. Nandhini et. al., 2017 have synthesize and characterized CuO nanoparticle doped with 

nickle using precipitation method. FTIR was used to confirm the formation of single-phase Ni 

doped CuO nanoparticles. Sphere shape of CuO nanoparticle was found from SEM analysis. It 

was found from the EDAX spectrum that peak intensity of Cu increase with decrease of dopant 
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concentration. It was also noted from EDX analysis that no other peaks except Ni, O, Cl and 

Cu found which confirm the formation of pure nanoparticles of CuO [12]. 

D. R. Bhowmik et.al., 2018 have studied how various features of CuO thin films changed on 

changing parameters such as spinning speed and solution concentrations. It was observed that 

energy band gap increases on increasing spinning speed and decrease on increasing 

concentration. Nano-electrometer was used to measure electrical resistivity and observed that 

it increases with increasing spinning speed. XRD revealed that synthesized films have single 

CuO phase and monoclinic structure. With increasing spinning speed and molar concentration, 

crystallinity of films decreases and increase respectively. It was analyzed from SEM that films 

prepared with 0.75M concentration at 1200 rpm have good quality and more suitable for solar 

cell conversion [13]. 

Hu. Xiaobing et.al., 2018 have studied that CuO microspheres modified with CuFe2O4 

nanoparticles synthesized with facile two step method. These modified microspheres were used 

for gas sensing toward H2S gas and found 20 times higher response in comparison of initial 

CuO microspheres at 240oC. XRD revealed the purity of CuO microspheres by providing no 

more crystalline phases except monoclinic phase. FESEM showed the particles were spherical, 

dense and uniform in shape. Electronic state of element of CuO microspheres and their 

chemical compositions were examined with XPS. From this research a highly sensitive gas 

sensor was developed for H2S gas from p-CuO and n-CuFe2O4 heterostructure [14]. 

M. Dhaouadi et.al., 2018 have studied the physical properties of CuO thin films prepared by 

varying precursor concentration and annealing temperature.  UV analysis showed that as the 

concentration increases, band gap decreases which makes it suitable for solar cell applications. 

At 555oC, higher absorbance and good crystallinity of films were found. Van-der-Pauw 

method. Measured the electrical resistivity which increases 84 Ω/cm to 124 Ω/cm w.r.t 

increment in molar concentration. In future, CuO films of lower resistivity prepared by doping 

of suitable metals [15].  

A. Rydos et. al., 2018 have discussed use of CuO thin films for gas sensing application from 

various research, it was investigated that CuO thin films used to detect gases like Co2, No2, H2S, 

NH3, and many more organic compounds. Best gas sensor was revealed by parameters such as 

sensitivity, selectivity and stability. It was analysed that sensitivity of gas sensor improved by 

using doping. It was noted that sensing mechanism of gas sensors works on change in 

resistance. The author reviewed that sensors fabricated with CuO thin films have low cost, high 

repeatability and easily portable [16]. 
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J. M. Rzaij et. al., 2018 have studied the CuO films applicable for H2S gas sensor. In this study 

spray pyrolysis technique was used to form CuO film doped with samarium oxide. XRD 

revealed that as the concentration of Sm2O3 increase more than 5% then CuO and SmO have 

mixed phase of monoclinic and cubic symmetry respectively. It was noticed that CuO and SmO 

have orientation along (11-1) and (111) plane respectively. It was revealed from optical 

analysis that energy band gap increase with increasing doping concentration and high 

transparency was noticed in visible region. When H2S gas exposed on sensor then fast response 

was achieved for the film with 3% dopant. It was observed from this paper that CuO based gas 

sensor have less response time of 9 second with 138% high sensitivity at 152oC operating 

temperature [17]. 

R. Singh et. al., 2019 have examined the change of properties of CuO films on changing 

annealing time from 15 minutes to 1 hr. As the annealing time increase crystallite size increase 

and grains of nano size uniformly spread. UV-spectroscopy measure the variance of band gap 

with annealing time and found that n-CuO/p-si thin film annealed at 15 min were suitable for 

photonic device. It was noticed that annealed films have most of reflectance in visible region 

[18]. 

N.Touka et. al., 2019 have studied that various properties of CuO thin films on varying 

annealing temperature. As the temperature increases from 350oC to 550oC, crystallite size 

increases because of merging process bring out from thermal annealing. It was observed from 

this paper that films synthesized at 350oC have best crystallinity. As the annealing temperature 

increases, optical band gap increases which shows that CuO thin films worthy for solar cell 

applications [19]. 

H. Zare Asl et.al., 2019 have studied the effect of cobalt doping (0% to 10%) on different 

properties of CuO thin films. XRD & FESEM revealed that crystallite size and grain size 

decrease respectively with increase of doping concentration. It was noticed from this research 

that conductivity of CuO films changed from p to n by carried out 10% doping. As the doping 

increase band gap decrease from 1.67 eV to 1.62 eV. It was observed that un-doped CuO thin 

films show absorption in visible region and doped CuO films have absorption in IR region [20]. 

S. Horzum et.al., 2019 have examined the impact of precursor concentration on TiO2 films 

synthesized by sol gel dip coating. It was analyzed from XRD that extra compound (Cu-TiO2) 

form when concentration of added Cu increased. Raman spectra showed that synthesized films 

have uniform homogeneity up to 12.5% doping. It was noted from optical measurement that 

band gap decreases on increasing Cu concentration from this research, it was concluded that 

structural and optical properties of thin films modify by heavily incorporation of Cu [21]. 
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H.Lec et.al., 2019 have investigated that how characteristics of CuO TFTs affected on varying 

annealing time ( 30 min and 3 hrs. ). Position of Raman peaks of same sample was found to be 

different for 3 min and 3 hr. It was observed that as annealing carried for longer period then 

crystallinity of CuO films improve. FWHM decrease on increasing annealing time and reverse 

effect on peak intensity. Drain current increase on increasing annealing time. It was concluded 

from this research that good performance sensor can be synthesized with films annealed at 3 

hr. [22].  

L.Benharrat et.al., 2019 have synthesized and characterized YPO4:Eu3+. Prepared films show 

good emission efficiency, low symmetry of crystal field and light extraction ratio. It was 

observed from SEM analysis that synthesized films have uniform morphology with different 

particle shapes. Orange red colour emission shown by UV excitation. As the solution used for 

prepare films changing then particle size vary. These films would be used for fabrication of 

many optoelectronics devices and photovoltaic application by using dopants [23]. 

N.F.Q.Fahmi et. al., 2019 have investigated the influence of zinc doping (0-2 %) on various 

properties of NiO thin films. XRD revealed the amorphous structure of all undoped and doped 

samples. It was observed from the optical properties that transmittance increase and absorption 

decrease on increasing doping concentration. These synthesized films were used for humidity 

sensing and found that sensor response decrease with increasing doping. It was noted that as 

the doping concentration increase up-to 2% sensor response start increasing [24]. 

A. Khaled et.al., 2019 have synthesized CuO films on stainless steel substrate by sol-gel dip 

coating technique. Four samples were prepared by varying PEG Wt% (5%- 20%). UV 

spectroscopy revealed that absorptivity and band gap change on changing weight percentage 

of PEG. SEM shows that thickness of films increases on increasing PEG content. This paper 

shows that prepared samples were used for solar cell application. It was found from selectivity 

of coat analysis that sample of higher PEG content was best candidate for solar cell application 

[25]. 

A.Amri et.al., 2019 have studied the various properties of CuO films synthesize by facile one 

step sol gel dip coating on aluminium substrate. XRD was used to identify phase and 

crystallinity of synthesized sample.  Chemical composition and electronic state of bonding at 

surface of films was analysed by XPS. FESM revealed the porous structure of sample and states 

that those films can be used for absorber and catalyst applications. AFM shows the rough 

surface of films around coating’s surface which makes these films suitable for solar absorber. 

UV analysis was used to calculate band gap (2.7 eV) prepared CuO films [26]. 
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A. H. shukor et. al., 2020 have synthesized two types of single phase CuO films by varying 

sputtering power from 10 W to 40 W. single phase of CuO and Cu2O was formed at 10W and 

30W power respectively. AFM revealed that large roughness of surface at 10 W and 20 W and 

it start decreasing as the sputtering power increase beyond 20 W. XPS also confirm two phases 

of films by providing binding energy and peak position. Hall effect was used to measure 

resistivity of thin films and found that resistivity decreases with increasing of sputtering power. 

Films fabricated at 10 W, 20 W, 30 W and 40 W have band gap of 1.7, 2.0, 2.5, and 2.55 eV 

respectively. From this band gap we conclude that n-type CuO phase with 2.0 eV and p-type 

Cu2O phase with band gap 2.5 eV [27]. 

B.Seddik et.al., 2020 have studied the SnO2 films doped with Cu for gas sensing applications. 

At operating temperature 150oC to 300oC, LPG gas exposed to the sample which kept inside 

the gas chamber. Synthesized films have tetragonal phase with 3.89 nm crystallite size 

confirmed by XRD. High transmittance of 73.98 % of thin films with 3.9 eV band gap examine 

by optical analysis, when LPG gas was injected inside chamber then maximum sensitivity 

obtain at 250oC with 11 sec and 20 sec of response and recovery time respectively. In this work 

sensitivity of gas sensor was investigated with number of gases such as NH3, H2S, CO2 and 

LPG. It was found from selectivity analysis that Cu doped SnO2 films was promising for LPG 

gas sensing applications [28]. 

Y. Zhao et. al., 2020 have studied the CNT/ SnO2 films coated with Cu for H2S gas sensing. 

The reaction and recuperation times of fabricated sensors were 240 sec and 600 sec 

respectively. In this work 10 ppm of H2S was detected by synthesized sensor. Number of gases 

such as NH3, CO2, H2SO4 and SO2 was injected on sensor and found that sensor have best 

selectivity toward H2S gas. It was observed from the obtained data of this research that 

fabricated sensor has good repeatability and stability for 40 ppm H2S gas [29]. 

T. Amakali et. al., 2020 have compared the various properties of ZnO films synthesized from 

molecular precursor and sol-gel method. XRD shows that three films synthesized via sol-gel 

method have growth in different direction but films synthesized using precursor method 

oriented along one direction. The surface roughness was high of films fabricated from MPM 

in comparison of sol-gel method. It was observed from optical analysis that all of films have 

high transmittance and best suitable for optoelectronics device. Tauc plot was used to calculate 

band gap. The obtained band gap of ZnO film synthesized by MPM and sol-gel method was 

3.75 and 3.25 eV respectively [30]. 

L. Castaneda et. al., 2020 have studied the optical features of ZnO films. This paper reveals 

nanostructured films of ZnO synthesized by using plant extract. Number of samples of different 
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thickness were prepared by varying spinning speed form 500 rpm to 3000 rpm. Synthesized 

films were characterized by using FTIR and UV technique. FTIR shows the Zn-O group at 

lower wavenumber and UV analysis found the absorption spectrum at 230 nm to 300 nm of 

wavelength. From optical analysis, it was concluded that films fabricated at 500 rpm have 

highest absorbance and lowest transmittance [31]. 

A. Aktar et. al., 2020 have studied the CuO films applicable for solar hydrogen production in 

solar water splitting. Different phase of synthesized films was analysed from XRD and EDX 

technique. It was observed that films fabricated at 250, 300 and 350oC have Cu2O, mixed and 

pure CuO phase respectively. This study revealed that films have best crystallinity along with 

smooth morphology of surface. These synthesized films were used as photocathode for PEC 

system. It was concluded from this study that photocathode retained 85 % for their initial 

photocurrent for 30, 34 and 39 minutes annealed at 250, 300 and 350oC respectively [32]. 

F.Baynsal et. al., 2020 have examine the impact of different concentration of Li on CuO films. 

SEM revealed that with increasing Li concentration, particle size of films decreases and surface 

became uniform. XRD examined that with increasing Li concentration crystallite size decrease. 

It was revealed by Raman Spectra that CuO change into Cu2O after high concentration doping. 

It was noted that Li doping increase transmittance and band gap. It was investigated from 

mechanical properties that Li doping improve mechanical strength of films. SPM shows the 

homogeneity of films by measuring depth of CuO films [33]. 

C. Yao et. al., 2020 have examined the resistance and magnetization switching properties. Sol- 

gel method was used to synthesize Y3F5O12 thin films on pt substrate. XRD found poly- 

crystalline structure of YIG film without any impurities. From SEM analysis porous structure 

of films was examined which prevent formation of stacks. XPS was used to analyse chemical 

composition and found that YIG films have oxygen vacancies. Data retention test was used to 

investigate stability and reproducibility of thin films and found that resistance of HRS and LRS 

sustain up to 10 years for memory device applications [34]. 

A. M. Laera et. al., 2020 have studied the ZnS/ TiO2 films for NO2 gas sensing. Three steps 

facile method was used to synthesize TiO2 films with nanocrystals of ZnS. Different size of 

XRD shows that all of samples have same phase structure. Sensor fabricated from these films 

shows high response time and low recovery time toward NO2 gas at 270oC. XPS analysed 

chemical composition and revealed that prepared films have no impurity. It was noted that 

fabricated sensor has good reproducibility and high stability [35]. 

B. N. Q. Trinh et. al., 2020 have examined the influence of concentration on CuO films. SEM 

verify that with increasing solution concentration, grain size of CuO thin films increased. XRD 
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revealed that lattice imperfection reduced as the solution concentration increase from SEM 

analysis, it was found that porosity of films decreases by increasing solution concentration 

from 0.15 M to 0.30 M. conductivity of films increase with increasing concentration. Four- 

probe measure the electrical property and found that from this study, it was concluded that 

synthesized films can be used for fabrication of electronic devices [36]. 

H. Absike et. al., 2021 have studied the variance of spinning speed on CuO film’s physical 

properties. In this study, films were deposited on glass substrate using sol-gel spin coating 

method by varying spinning speed from 2000 rpm to 4000 rpm. It was confirmed by that films 

synthesized at 3000 rpm have best crystallinity. It was noted from this study that with 

increasing spinning speed dislocation density decrease, consequently quality of films improves. 

Optical analysis shows decrease in value of transmittance with increase of spinning speed. 

Four-point probe measured the value of resistivity and found that it gradually decreases with 

increasing of spinning speed [37]. 

M. Saryac et. al., 2021 have investigated the various properties of CuO thin films doped with 

Tin. Optical analysis shows that band gap decreases on increasing concentration of Sn as 

dopant and as a result prepared samples can be used in solar spectrum. SEM and XRD both 

examine that synthesize films have good crystallization and surface of films was free from 

contamination. It was found from XRD technique that crystallite size increase with increasing 

of Sn ratio. It was also noted that intensity of peak increase with increasing of concentration of 

dopant. Drop cast method was used to form Sn doped CuO films deposited on glass substrate 

and prepared films was annealed at 550oC temperature for two hours [38]. 

M. H. Kabir et. al., 2021 have examined the effect of stabilizer on aging behavior of sol for 

CuO films. It was observed from the study that aging time increase when molar ratio of 

precursor to stabilizer. XRD confirm the monoclinic structure of synthesized films. It was 

found that with increasing of crystallinity, dislocation density decreases. It was noted that films 

synthesized at 555oC have good crystallinity, optical analysis shows decrease of band gap with 

increasing annealing temperature which exhibit films have less defect. Homogenous films were 

synthesized from 1:3 molar solution of precursor to stabilizer rather than 11:1. This study 

shows that optoelectronics properties improve when long period aging was used [39]. 

L. zhao et. al., 2021 have synthesize Wo3 thin films applicable as hole-injection layers in 

QLEDs. These films were synthesized by using sol gel method and calcinate at 420oC for 1 

hour. TEM confirmed the polycrystalline nature of films. It was noted that due to uniform 

quantum size, synthesized films applicable in QLEDs. It was observed that QLEDs based on 
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Wo3 have less leakage current and enduring carrier transportation light efficiency of quantum 

dot LEDs was improved by using nanocrystals of tungsten [40]. 

E. C. Nwanna et. al., 2021 have studied the green synthetic approach for synthesis of CuO 

films applicable in solar cells. In this study, allium cepa was used as reducing agent during 

fabrication of CuO films. SEM and EDX revealed that prepared films have spherically shaped 

particle and O2 as well as Cu element respectively. FTIR shows the Cu-O and O-H stretching 

which reveals pure phase of CuO and no absorption of H2O molecules respectively. UV 

analysis revealed that both absorbance and transmittance occur in visible region. The energy 

band gap of fabricated films was 1.48 eV and films have applications as an absorber layer of 

solar cell [41]. 

M. H. Rajeev et. al., 2021 have studied the thin films of Zirconium Titanate synthesized by 

sol-gel methods. The ellipsometer revealed that the thickness was in the range of 44 nm to 40 

nm when the spinning speed varied from 4000 rpm to 6000 rpm. It was noted that synthesized 

films have uniform coating, less porosity with minor cracks. FTIR shows the formation of Zr-

O vibration bond of Zr TiO2 films and O-H bending mode of absorbed water. Leakage current 

was measured by dielectric constant and concluded that obtained leakage current was lower 

than reported leakage current. XRD analysed that synthesized films were of amorphous in 

nature and more suitable for MOS capacitor applications [42]. 

D. Kaya et. al., 2021 have examined the different properties of NiO films synthesize by 

thermal evaporation method on various substrates. When these films were annealed at 450oC 

then Ni ions diffuse into InP, GaAs and sapphire substrate, consequently Ni2InP, Ni2GaAs and 

NiAl respectively. It was concluded from XRD that NiO films at silicon substrate have high 

purity. It was found from the UV analysis that films fabricated at sapphire substrate have more 

transmittance in comparison of films at other substrate. Electrical properties of synthesize films 

was measured by Hall effect and found that films synthesized at glass and sapphire substrate 

reveal p-type semiconductor behavior [43]. 

Q. M. Al-Bataineh et. al., 2021 have studied the synthesis and optical characterization of 

polymethylene methacrylate. PMMA was synthesize by using nanoparticle of metal oxide such 

as CuO, SiO2, ZnO and TiO2. Different shape of nanostructure was analysed by SEM at 10 KV 

operating voltage. It was found from UV analysis that PMMA embrace with MOS exhibit low 

transmittance and reduction in band gap due to shifting of absorption edge toward lower 

energy. In this study, Wemple- Di Domenico (WDD) model was used to calculate optical 

parameters and found that value of band gap obtained from WDD and Tauc method was in 

good agreements [44]. 
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R. K. Jain et. al., 2021 have studied H2S gas sensor fabricated from Wo3 thin films doped with 

CuO. To study gas sensing properties, electron beam evaporation method was used to deposit 

doped and undoped Wo3 films on alumina substrate. These prepared samples were 

characterized by FESEM and found that Wo3 films doped with 3% CuO have large 

improvement of H2S gas sensing. It was noticed from this paper that response of films toward 

H2S gas was increased with increasing temperature from 200oC to 300oC. the response and 

recovery time were also improved by using doping of CuO to Wo3 thin films. It was concluded 

from this research prepared films have excellent performance for H2S gas sensing [45]. 

Z. Huang et. al., 2021 have investigated CuO films for use as a gas sensor at ambient 

temperature. In this study, CuO nanomaterial was synthesized using hydrothermal method to 

detect H2S gas. The peak of Cu, Al and oxygen was analysed by using energy dispersive 

spectrometer, consequently pull sample of CuO was formed. SEM analysed that sample 

prepared by using growth time of more than two hours. It was found from this paper that sensor 

based on SACNAS manifest high stability, repeatability, good response time at low detection 

time and excellent performance of gas sensor toward H2S gas [46]. 

B. Salah et. al., 2021 have fabricate H2S gas sensor from nanoparticles of SnO2-Fe2O3 

nanoparticles. To fabricate sensor device, nanoparticles were deposited on substrate with 

interlink electrode. Impedance spectroscopy revealed that synthesize nanocomposite were 

semiconducting in nature. It was found that sensor fabricated from SnO2-Fe2O3 nanocomposite 

was highly sensitive towards H2S gas at room temperature. It was observed that nanoparticles 

keep their crystallinity after executing sensing test of H2S. XRD revealed the tetragonal and 

hexagonal structure of SnO2 and Fe2O3 respectively. SEM analysis show that nanoparticles 

were of semi-circular in shape [47]. 

P. Devi et. al., 2021 have studied the sensitive colorimetric gas sensor fabricated from In2O3 

nanoparticles for hydrogen Sulphide gas. Sol-gel method was used to synthesize nanostructure 

of In2O3 on glass substrate using spray coating method. FESEM revealed the spherical 

morphology and HRTEM was used to analyse the crystallinity and purity of pristine. It was 

noticed that absorbance and reflectance increase and decrease respectively with increase of 

exposer time of H2S gas, synthesized samples show excellent response toward H2S gas by 

exhibiting colour change with exposure of H2S gas due to formation of In2S3 layer on top of 

In2O3 films [48]. 

AI. Ayesh et. al., 2022 have studied the nanoparticle of Fe2O3 / CuO as gas sensor for H2S gas. 

The chemical composition and semi-circular shape of nanoparticles was revealed by EDS and 

SEM respectively. It was analysed by XRD technique that Fe3O4 and CuO have cubic and 
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monoclinic structure respectively. Impedance measurement was used to analyse electrical 

properties of synthesized nanoparticles at different temperatures. In this work selective gas 

sensor was fabricated at low temperature for low concentration of gas. It was noticed that 

fabricated sensor has good sensitivity, less response time, low power and good repeatability 

[49]. 

K. R. Sinju et. al., 2022 have studied the nano-wires of ZnO based on e-nose for discernment 

toxic gases such as H2S and NO2. In this work surface of ZnO wires improved by using 

sensitizers named as Cu, Ni, MgO and Au for the fabrication of multiple sensor. It was observed 

that sensor response improves by using the sensitizer for a selective gas and ZnO nanowires-

based sensor shows a remarkable response toward NO2 and H2S. It was noticed that multiple 

sensor exhibits good reproducibility with high stability. Elovich model was used for 

investigating absorption kinetic response for NO2 and H2S gas [50]. 

A. Kumar et. al., 2022 have studied the role of acoustic device for gas sensing applications. It 

was noticed that because of high sensitivity, small scale size, strength and integration with field 

of electronics acoustic device have wide application in biological and chemical sensing. The 

resonance frequency of SAW based sensor was found in range between few M-Hz to G-Hz. It 

was concluded from this paper that SAW sensor suffers from high devitalization of high wave 

in humid condition [51]. 

M. JIANG et. al., 2022 have studied CaCu3-Ti4O2 films doped with magnesium. These films 

were prepared using modified sol-gel method on silicon wafer. It was revealed by XRD 

analysis that lattice size became lower as the concentration of dopant increase from 0 to 0.2%. 

It was observed that when concentration of magnesium increases then it replaces the Cu2+ 

species and CuO phase was produced. The morphology of synthesized films was analysed by 

SEM and found that grain size decreases with increase of doping concentration. From this 

research it was concluded that the synthesize films have a significant potential in the fabrication 

of functional devices [52]. 

X-Yi SHEN et. al., 2022 have studied the removal of heavy metal ions by spherical flower like 

hydroxide of Mg. In this study magnesium sulphate was used to synthesize flower like 

magnesium hydroxide. The effect of Mg2+/ NH4OH molar ratio was analysed on structural and 

morphological properties of Mg hydroxide. As the molar ratio increased then synthesized 

sample shows uniform and regular flower like structure. XRD and SEM shows the images of 

magnesium hydroxide at different temperature and found that uniform flower like structure 

was formed at high temperature. It was concluded that to fabricate spherical flower like 

magnesium hydroxide, we require 0.5 molar ratio of Mg2+/ NH4OH at 120oC temperature with 
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2 mol/L concentration of Mg2+. Due to excellent absorption ability it became a promising 

candidate for removal of heavy metal ions [53]. 

T. Chommaux et. al., 2022 have investigated in-situ electrical and mechanical properties of 

Indium and TiO2. Ion beams sputtering technique was applied ITO thin films on polyimide 

substrate. Four samples of ITO films were fabricated by various parameter such as with or 

without oxygen at room temperature and 100oC temperature. it was revealed by in-situ XRD 

test that polycrystalline ITO films have very low elastic anisotropy from in-situ electrical 

measurement, it was analysed that prepared films have cracks onset strain corresponding to 

applied stream which was delayed by introducing oxygen flow and decreasing the deposition 

temperature [54]. 

E. Guaus et. al., 2022 have studied the characterization of Zinc phthalocyanine thin films for 

solid electrodes. In this paper, thin films were formed on carbon electrode of ZnPc. The 

electrochemical behaviour of deposited films and effect of deposition technique in this 

behaviour was analysed. Cyclic voltammetry technique was used to characterize the 

electrochemical behaviour. It was analysed from UV spectra that plot of absorbance and 

concentration was linear and consequently no aggregation in concentration. It was noticed from 

this paper that characteristics of spreading solution effect the film formation. It was observed 

from the AFM that Emmerson films shows a uniform granular structure. Cyclic voltammetry 

technique shows that the behaviour of Emmerson and LB thin films deposit on carbon electrode 

was same [55]. 

S. BAKHTIARNIA et. al., 2022 have investigated the influence of pressure and substrate on 

BiVO4 thin films. Reactive magnetron sputtering was used to form nano-porous thin films of 

BiVO4 for obtaining rapid deposition, dc power supply was applied to Bi and V metallic targets. 

It was found that films deposited on silicon substrate have highest photoactivity. It was 

analysed from FESEM that films deposited at 4.5 pa have nano porous morphology with 

highest porosity and lowest band gap. XRD found that films deposited on silicon and alumina 

substrate have monoclinic scheelite structure without any contamination [56]. 

A. Alagh et. al., 2022 have studied the NO2 sensing at room temperature. In this work tungsten 

oxide nanowires were loaded with nanoparticles of PtO and PdO. FESEM, XRD, XPS and 

TEM was used to analyse morphological, structural and chemical characteristics. It was found 

from this paper that fabricated sensor have significant response toward WO2 gas at room 

temperature. It was found that response of PtO loaded sensor decrease and response of PdO 

loaded sensor increase in humidity environment [57]. 
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X. Ning et. al., 2022 have studied the electrospinning technology on ceramic tube to improve 

the response of H2S detectors. In this paper sub millimeter fibre was deposited on ceramic tube 

by electro spinning method. Copper oxide doped SnO2 fibre H2S detector was fabricated by 

using this technique. The principle of H2S gas sensor was based on the decrease of resistance 

on exposing H2S gas. It was analysed that SnO2 based sensor with 10% copper oxide have best 

performance at 150oC operating temperature, response time of sensor reduced 70% and 

recovery time reduced by half for 1 ppm gas [58]. 

A. Al-Sarraj et. al., 2022 have studied the monetization of H2S gas from WO3 based sensor. 

In this paper, microwave assisted chemical route was used to synthesize nanoparticle of 

tungsten oxide loaded with silver. It was found that WO3 films loaded with 3% silver shows 

highest sensitivity towards H2S at low concentration and less temperature. TEM was used to 

analyse morphology of nanoparticles thin films. It was noted that nonannealed films have best 

response toward H2S gas sensor. It was observed that response time decrease with increasing 

the temperature because of the reaction rate between gas and sensing material [59]. 

H. R. Shwetha et. al., 2022 have studied metal oxide-based gas sensor for CO2 gas sensing. 

In this paper, BaTiO3- CuO with 1% Ag applied as a sensing material for CO2 gas sensing. 

XRD was used to analyse the structure and found that BaTiO3, CuO and Ag have tetragonal, 

monoclinic and cubic system respectively. XPS analyse the chemical composition and revealed 

that sensing films have contamination of only low intense carbon. It was found from SEM that 

films surface made with fine crystallite with higher porosity. When this fabricated sensor used 

for CO2 gas sensing then capacitive based sensitivity was 70% for 1000 ppm. It was concluded 

that capacitive based measurement gave best results [60]. 

L. Guanglu et. al., 2022 have studied the thin films of tungsten for triethylamine detection. 

Vacuum thermal evaporation technique was used to deposited tungsten oxide thin films. It was 

noticed from this research that films annealed at 555oC temperature shows good response 

toward triethylamine. XRD analysis found that the WO3 films were amorphous in nature. It 

was noted from SEM analysis that grain size increase with increasing of annealing temperature. 

It was concluded from this research that WO3 films have great potential in detection of 

chemical compounds [61]. 

J.A. Oke et. al., 2022 have studied the various technique of thin films deposition. In this paper, 

number of techniques were discussed along with mechanism advantage and disadvantage. Thin 

films fabricated from evaporation technique have best properties at high annealing temperature. 

it was noted that films prepare from molecular beam epitaxy have good structural, magnetic 

and optical properties for optoelectronic devices. High quality films were produced by using 



67 
 

pulsed laser deposition and sputtering techniques. Spin coating technique was very suitable at 

high deposition temperature. it was concluded that properties of films were based on various 

parameters such as precursors, deposition temperature and type of substrate [62]. 

M. shkir et. al., 2022 have studied the MoO3 thin films doped with rare earth metal by spray 

pyrolysis technique. It was revealed by XRD technique that Pr doped MoO3 films have 

monoclinic crystal structure with high purity and 59 nm crystal size. It was found from FESEM 

analysis that MoO3 films have reticulated nano-fibrous morphology and doped films have tiny 

rod-shaped morphology. Highest response toward NH3 gas was possessed by doped MoO3 

films. It was noted that fabricated films have 54 sec responding time and 12 sec restoration 

time for 250 ppm NH3 gas [63]. 

Li. Chunyan et. al., 2022 have studied the acetone gas sensor applicable for efficient ultrathin 

nanosheet of NiO. Facile solvothermal method was used to synthesize porous nanosheet of 

NiO. It was noted that thickness of sheets controlled by varying the ethanol content in solvent. 

XRD revealed the hexagonal phase of NiO nanosheets. The growth of thin nanosheets structure 

on substrate was confirmed by TEM and HR- TEM. These fabricated nanosheets were used as 

sensing material in detection of acetone. It was found that NiO based gas sensor shows low 

limit of detection, high sensitivity because of the change in carrier concentration and oxygen 

distribution [64]. 

J. Chang et. al., 2023 have studied the NO2 gas sensor fabricated with SnS2 modified with 

nanoparticles of Au. Solvothermal and subsequent-in-situ reduction method was used to 

synthesize sample. XRD found the hexagonal structure of both doped and undoped sample. 

SEM was used to analyse the morphology of prepared films and found that films have flower 

like structure. The chemical composition of synthesized films was analysed by XPS technique. 

It was noted that sensitivity toward NO2 gas was improved on adding dopant to SnS2 [65]. 

A. M. Al-Fa’ouri et. al., 2023 have scrutinize the various properties of nanocomposite of CuO 

polyvinyl alcohol for solar cell applications. In this paper solution casting method was used to 

deposit nanocomposite thin films of CuO- PVA. UV analysis shows 2.74 eV band gap of 

prepared sample. It was observed from electrical measurement that DC conductivity increase 

by increasing temperature and concentration of CuO nanofiller. It was concluded that these 

films were suitable for optoelectronic applications. Consequently, synthesized nanocomposite 

of CuO-PVA was suitable in electronics and solar cell devices [66]. 

M. Imran et. al., 2023 have researched the impact of annealing on the physical characteristics 

of CuO films. These films were deposited on glass substrate using chemical bath deposition 

method. have studied the effect of annealing on physical properties of CuO thin films. 
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Chemical bath deposition technique was used to deposit thin films of CuO on glass substrate. 

The annealing temperature was varied between 300 to 500oC and effect of this temperature was 

investigated on distinct physical properties. It was revealed by XRD that size of crystallites 

increases on increasing annealing temperature. According to UV spectroscopy, the band gap 

shrinks from 1.52 to 1.45 eV as the annealing temperature rises. Synthesized films' conductivity 

was measured using the hot probe technique, and p-type conductivity was verified. [67]. 

A. K. Vishwakarma et. al., 2023 have studied the gas sensor based on titanium oxide thick 

film for propanol. In this paper undoped and doped (2 wt% cadmium sulphide) thick films was 

deposited on alumina substrate at room temperature, the concentration of propanol from 0 to 

5000 ppm was exposed on synthesized sample and response of propanol was noted. It was 

observed that as the concentration of propanol increase then resistance decrease. It was noted 

that cadmium sulphide doped films have excellent response in comparison of pure films of 

titanium dioxide. It was found that CdTO films have response and recovery time of 62 second 

and 195 second respectively [68]. 

S. R. Sriram et. al., 2023 have studied the Wo3 and Cu doped Wo3 films for gas sensing 

applications. Pyrolysis technique was used to deposit tungsten-based films on glass substrate. 

XRD revealed that prepared samples have crystalline structure oriented in (200) plane. Tauc 

relation was used to calculate optical band gap and found that it reduces with increasing dopant 

concentration. It was noted from this study that fabricated sensor from Cu doped Wo3 films 

have excellent response toward lower concentration of NH3 gas [69]. 

F. O. Oluyemi et. al., 2023 have investigated the interrelationship between properties and 

molar concentration of CuO films. Pyrolysis method was used to deposit solution of copper 

oxide varying between 0.1 M to 0.25 M on glass substrate. XRD revealed that films synthesize 

by 0.1 M, 1.0, 1.5, 0.2 and 0.25. It was observed from optical characterization that films of 0.1 

M concentration have lowest band gap in comparison of other concentration. SEM analysis 

was used to analysing the surface structure and found that 0.1 M films have spherical 

morphology and films of other concentrations have dense and irregular shape morphology [70]. 

K. Rajesh et. al., 2023 have studied the NiO films to detect ultrasensitive formaldehyde. Spray 

pyrolysis method was used to deposit nickle oxide films at different substrate temperature. it 

was revealed by XRD that synthesized samples have polycrystalline nature with cubic 

structure. It was found from SEM analysis that as the temperature of substrate increase then 

synthesize films have nonuniform surface morphology. Optical analysis revealed that films 

synthesize at highest temperature have excellent response toward lowest concentration of 
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formaldehyde. It was concluded that films synthesize at 400oC have good porosity, lowest band 

gap and highest response toward formaldehyde [71]. 

D. Rajkumar et. al., 2023 have studied the tin oxide thin films for formaldehyde gas sensor at 

room temperature. Pyrolysis technique was used to deposit films of TiO2 at 375oC to 450oC 

temperature. It was found that films fabricated at 400oC temperature manifest crystalline 

anatase phase. It was noticed from the optical analysis that films prepared at highest 

temperature shows less band gap. It was found that films prepared at 400oC temperature have 

maximum transparency of 8% in comparison of the films prepared at other temperature. it was 

noticed from this research that titanium oxide films have a excellent sensor. It was confirmed 

by FESEM that there was existence of Ti and O element. It was observed that response, 

recovery time and sensitivity for films was excellent toward 200 ppm [72]. 

G. Mamtmin et. al., 2023 have studied Zinc oxide films for optical wave guide sensor to 

monitor sulphide gas. In this paper sensor was fabricated from Zinc oxide films synthesized by 

spin coating and immersion method. The sensor response was compared and found that sensor 

fabricated by immersion method have excellent sensitivity. It was noted from this paper that 

arrangement of molecule of porphyrin on surface of Zinc oxide films prepared from immersion 

and spin coating method was different. XRD found that Zinc oxide films have hexagonal 

wurtize structure. It was observed from this paper that COWG sensor have good reproduce 

ability toward 100 ppm of H2S and SO2 gas at room temperature [73]. 

A. Amri et. al., 2023 have studied the influence of Al doping on various characteristics of ZnO 

thin films. Sol-gel dip coating method was used deposit films at glass substrate. The change in 

electrical, optical and structural properties was noticed by varying the doping concentration 

(0.1% to 3.5%) of aluminium. It was observed from this study that films synthesized with 1% 

aluminium have best electrical and optical properties. XRD shows that synthesize films were 

of polycrystalline nature and hexagonal wurtzite structure. It was noted that the peak intensity 

of (0 02) plane decrease with increasing of doping concentration and crystallite size decrease. 

It was found that films doped with 1% aluminium have 90% transmission [74]. 

M. F. Naief et. al., 2023 have synthesized the fullerene for monitoring H2S and NO2 gases. To 

characterize fullerene, various technique such as TEM, FESEM and EDX was used. It was 

found from TEM analysis that hollow carbon balls of fullerene was formed. EDX examined 

the presence of O/C ratio. Thin films of fullerene were used to detect gases at various operating 

temperature. It was noticed that fullerene-based sensor has best sensitivity at 25oC and 200oC 

temperature for Wo2 and H2S gas respectively. It was concluded that fullerene sensor has less 

response time for NO2 gas at room temperature [75]. 
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V. Kumar et. al., 2023 have studied the Zinc oxide thin films for optoelectronics applications. 

In this study ion beam approach applied to improve the properties of Zinc oxide films. XRD 

revealed that ion beam implanted Zinc oxide films have hexagonal wurtzite structure oriented 

along C axis. Atomic force microscopy revealed that Ag implanted films have rough surface 

with 48 nm grain size. As the implantation of silver ion increased, then roughness of surface 

was high. It was noted that conductivity of Zinc oxide films was change from n to p type on 

implantation of ion. It was observed that luminescence intensity and conductivity was 

improved by using selected annealing steps. It was concluded from this paper that p-type zinc 

oxide films prove a promising candidate for optoelectronics devices [76]. 

J. G. Cuadra et. al., 2023 have studied the silver coated titanium dioxide films for 

antimicrobial and photocatalytic applications. In this paper pulsed laser and spray pyrolysis 

technique was used to synthesize TiO2 films coated with silver nanoparticles. These prepared 

films proved best candidate for photocatalytic application because of the high transmittance 

value (> 80%). These prepared films were used to determine the antibacterial activity and it 

was found that 93 % bacteria were killed when UV light irradiated for four hours. It was 

observed that removal efficiency of RhB reached twice in comparison of pure TiO2. It was 

noted that silver coated films have strong antibacterial activities [77]. 

V. A. Owoeye et. al., 2023 have investigated the consequence of precursor concentration of 

nickel oxide films. In this paper spray pyrolysis technique was applied to form nickel oxide 

thin films on soda lime glass substrate. The precursor concentration was varied between 0.1 

molar to 0.4 molar and effect on optical properties was noticed. EDX was used to examine the 

elemental composition.  It was found that thickness of films increases from 43 nm to 49 nm as 

molar concentration increases from 0.2 molar to 0.4 molar. It was observed from this paper that 

transmittance and band gap of nickel oxide films decreases on increasing molarity. 

Consequently, these prepared films were used as a window layer in solar cell [78]. 

S. K. J. Vigitha et. al., 2023 have studies the indium doped cobalt oxide films for 

electrochemical applications. This study gives the information of thin films of Co3O4 were 

deposit on glass substrate by applying spray pyrolysis technique. The concentration of indium 

was varied between 0.025 to 0.1% and effect of variation was noted on various properties of 

films. XRD found that as doping concentration increase, crystallite size was obtained small due 

to weak crystallization and line boarding. It was analysed from the SEM that growth of particle 

of increase with increasing indium concentration. EDAX analysis shows that pure doped and 

undoped films of cobalt oxide was formed because of the presence of O, Co, and In element. 
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Band gap reduced with doping and these prepared films can be employed for electrochemical 

application [79]. 

K. Hosomi et. al., 2023 have studied the ZnO films for chemical composition, surface 

morphologies and luminescent properties. XPS revealed that during ion irradiation, change in 

stoichiometry of ZnO was noticed. It was found that surface roughness and ion beam fluence 

have strong correlation. It was analysed by monte carlo simulations that oxygen deficient ZnO 

films surface change into stoichiometric surface. It was concluded that flat surface ZnO films 

and homogeneous el emission makes promoting candidate for nanometric light source [80]. 

K. C. Nwambaekwe et. al., 2023 have studied the thin films of kesterite with cd substituent 

for photovoltaic applications. On soda-lime glass, kestaite films were deposited using the spray 

pyrolysis method. To study the various properties of films, prepared films were pist annealed 

at 525oC. It was found that crystallite size of annealed and unannealed films vary from 5-27 

nm and 13-25 nm respectively. SEM analysis revealed the morphology of films and noted that 

annealed and unannealed films have uniform morphology with cube- shaped nano-particles 

respectively. It was observed that as cd ratio increase then red-shift absorption exhibited by 

both annealed and unannealed films, because of the optical band gap. Films were suitable for 

photovoltaic device [81]. 

D. Bingsheng et. al., 2023 have studied the gas sensor for anti-humidity fabricated from 

Bi2Se3. Solvo-thermal method was used to fabricate bismuth selenide sheets. It was noticed 

that nano sheets of Bi2Se3 shows good response toward NO2 for low concentration due to of 

Se vacancies. It was found that Bi2Se3 have rhombohedral crystal structure. The thickness of 

sheets was analysed from SEM and found that prepared sheets were of ultrathin thickness of 3 

nanometre. Various gases such as NO, NO2, NH3, ethanol, methane and acetone were exposed 

on gas sensor and found that fabricated gas sensor found selective for NO2 gas with 93% 

sensitivity. In presence of humidity of range 0 to 80%, sensor response was found good with 

volatility of only 3.63% [82]. 

M. W. Vande Putte et. al., 2023 have studied the thin films of tin selenide for thermoelectric 

energy generation devices. Electron beam evaporation method was used to grown SnSe films 

on DyScO3 substrate. It was noticed from AFM that surface roughness of films reduced with 

increment in temperature because of the diffusion. XRD was used to determine the arrangement 

of crystals, domain formation, and film alignment and found SnSe films have orthorhombic 

structure oriented in (110) plane with two SnSe domain types. These prepared films were used 

in TEG for wireless gas sensor and also to improve the thermoelectric performance [83]. 
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G. V. A. Reddy et. al., 2023 have studied CeO2 coated tungsten oxide thin films for 

electrochromic applications. Hydro thermal method was used to fabricate nanorods of cerium 

oxide and DC magnetron sputtering technique used for synthesis of Wo3 films. It was noticed 

from SEM analysis that synthesized films have nonporous morphology. XRD revealed the 

amorphous structure of Wo3 films. It was found from optical analysis that Ce2O3 coated Wo3 

films have high transmittance. These prepared films were used to improve the electrochemical 

performance of films for smart window applications [84]. 

S. Rani et. al., 2023 have studied the NO2 gas sensor and photodetector fabricated from hetro-

junction thin films of SnSe2/ SnO. Thermal evaporation method was used to synthesize thin 

films of different thickness. For gas sensing, silver electrode distant at 0.5 mm were deposited 

on thin films. XRD and Raman spectroscopy was used to identify the phase of synthesized 

films and found that films have four phase SnSe2, SnO2, SnSe and SnO. FESM was used to 

analyse the surface and found that films have rice like nanostructure. It was noticed from optical 

analysis that optical band gap and thickness were inversely proportional. It was concluded from 

this research that lowest thickness films show good response toward NO2 gas at room 

temperature [85]. 

K. G. -N˛ecek et.al, (2023) analyse the ca doped films for the application of hetro-junction 

solar cell. In this study, low resistivity CuO films were synthesized by using doping of calcium 

from 1-10wt%. TEM was used for morphological analysis and found that prepared samples 

have smooth layer. Dopant atoms were found to exert a resistive force against the development 

of CuO films based on XRD analysis. It was found that films prepared by 4wt% has lowest 

resistivity. They produced hetro-structure with maximum efficiency of 2.38% [86]. 

M.Abdelfatah et.al. (2023) use an inexpensive electrodeposition technique to synthesizes K 

doped Cu2O thin films on conductive FTO substrates.  The n-type semiconductor behavior of 

the generated thin films was demonstrated by the photocurrent measurements. Moreover, 

increasing the doped concentration increases the photocurrent; a maximum value of 0.1 M K 

ions was obtained. For doped Cu2O thin films at 0.1 M K ions, the density of the photocurrent 

has the greatest value of 0.047 mA/cm2, indicating an improvement in the mobility of charge 

carriers and a decreased recombination rate. Based on the results, K-doped Cu2O thin films 

seem to be a great option for solar cell applications [87]. 

 

Ahed M. Al-Fa’ouri et.al., (2023) use the solution casting process to make thin films of CuO-

PVA nanocomposite, ranging in weight from 13wt% to 51wt%. They also manufacture pure 

polyvinyl alcohol (PVA). With an increase in CuO nanofiller concentration, DC conductivity 
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progressively rises. This suggests that spreading CuO nanofiller significantly improves 

electronic conduction by acting as fillers that are conductive in the PVA host matrix. The 

optical band gap values for CuO-PVA composite films was found decreasing as the weight 

percentages rise. This indicates that the doped films' optical band gap increased their ability to 

absorb visible light. The generated samples can be used to provide a good candidate material 

for photoactive layers in solar cell applications, according to the work's results [88]. 

K. ElKhamisy et.al., (2024) have surveyed the problems and new advances in silicon thin-

film solar cells. The earliest solar cells were made of crystalline silicon. Silicon materials are 

useful in photovoltaics, however their low energy conversion efficiency (27.6%) and high 

manufacturing cost are drawbacks. The foundation of the third generation of solar cells is the 

use of novel materials and technologies that are not yet on the market but should offer the 

highest theoretical efficiency and lowest manufacturing costs. On the other side, thin-film solar 

cells result in faster results, lower resource requirements, and higher efficiency [89]. 

A.M. Oni et al. (2024 have researched methods for increasing photovoltaic cell efficiency and 

the thorough assessment of solar cell technologies. The efficiency of solar cells based on silicon 

(Si) has almost achieved its maximum value, at about 25%. Thin film solar cells are 

advantageous since they use less material and are becoming more efficient. A highly promising 

method for achieving exceptional sunlight-to-electricity conversion efficiency is the multi-

junction (MJ) solar cell. These cells are more efficient because they use a range of absorber 

materials with various bandgaps, which enables them to efficiently absorb a greater range of 

solar wavelengths and improves efficiency overall and spectrum utilization. [90].  

D. Motai et.al., (2024) use co-evaporation method to fabricate thin films of (Gex Sn1-x)S for a 

multijunction solar cell. XRD and Raman spectroscopy confirmed that a Ge, Sn and S solid 

solution was formed in the prepared thin films. The solar cells made with the (Ge- 0.42 Sn- 

0.58) S thin film had the following characteristics: 0.29 V for open circuit voltage (Voc), 6.92 

mA/cm2 for short circuit current density (Jsc), 0.34 for fill factor and 0.67% for PCE. It was 

analyzed that photo-voltaic characteristics of solar cells fabricated from thin films of Ge doped 

SnS was better in comparisons of SnS thin films [91]. 

Researchers examine how solar cells behave at temperatures between 15 (288 K) and 50 (323 

K) and higher [92]. The first type of solar cell was the monocrystalline one, which required 

less area to produce the same amount of performance. It costs twice as much as crystalline 

silicon and more than thin-film solar cells. These solar cells operate poorly at high temperatures 

(down 10-15%) [93]. Midway through the 1980s, a number of highly cited academic 

publications on CuO ignited interest in the topic. The primary focus of early research in the 
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2000s was on the mechanics of growth and how it drives the deposit of thin films for a variety 

of applications. [94]. 

2.2 Issues with Gas Sensors Based on Semiconductors 

The use of semiconductor materials as sensing materials for many types of oxidizing and 

reducing gases is widely recognized. When low concentrations of gas are exposed to 

semiconducting material, the gas sensor suffers from issues including poor selectivity, low 

sensitivity, and low repeatability. Due to this process, it is challenging to identify a specific gas 

of interest in a mixture of other gases from the sensor signal. Additionally, the gas sensor 

component has poor sensitivity, especially at 10 ppm in the ambient, which is a relatively low 

concentration. At such low gas concentrations, the sensor response is hardly acceptable. 

According to the literature, copper oxide thin film sensor elements exhibit outstanding 

characteristics for sensing hydrogen sulfide gas. Since copper oxide is very selective and 

exhibits very low sensitivity to other reducing gases like water or ethanol. Therefore, it has 

been acknowledged as a special promoter of sensitivity toward H2S gas. However, there are 

several drawbacks to these thin film sensor elements. The major issue occurs at low operating 

temperatures when the sensor element is subjected to a lower H2S concentration. It has been 

shown that sensor response and recovery times get longer, particularly when H2S gas is present 

in the air at low concentrations (a few ppm). In order to create effective and trustworthy gas 

detecting devices, these issues with semiconducting-based gas sensors must be resolved. 

From the literature survey it has been found that the CuO thin films can be used as a sensing 

material for H2S gas sensing at high operating temperature in the range of 150oC to 300oC. But 

despite numerous successful attempts to synthesize CuO nanostructure with various 

methodologies for gas sensing applications, the issue of low responsiveness and high operating 

temperature persists. Keeping in view the above facts, an attempt has been made on synthesis 

of CuO thin films for gas sensing at temperature (25oC to 150oC). Best response was achieved 

at lowest temperature and this response was increase by using Sn as dopant. 

2.3 Objectives of the Research 

In accordance with the information mentioned above, an effort has been undertaken to create 

nanostructured doped and undoped thin films using simple, affordable synthetic techniques. 

Investigations have been done into how the characteristics of synthetic materials are affected 

by varying spinning speeds and used for solar cell applications. For gas sensor applications, 

thin films of polycrystalline nanoparticles are the best choice. They have a high surface-to-

volume proportion because to their small crystallite size, inexpensive price, and great stability. 
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As a result, effective research was developed in the fabrication and characterization of CuO 

thin films in this present investigation. 

The goal of this study is to pinpoint the elements necessary for the synthesis and creation of 

CuO-based nanostructured thin films with low operating temperature sensing capabilities. In 

this context, our work focuses on the synthesis, characterization, and gas sensing behavior of 

sol gel spin-coated nanostructured CuO thin films. Variations in spinning speed were used to 

manufacture the samples, and these variations are anticipated to provide variable structural, 

electrical, optical, and gas sensing capabilities. X-ray Diffraction Analysis, Scanning Electron 

Microscopy, UV-Visible spectrophotometer, and two probes were used to investigate the 

microstructural, optical, morphological, and gas sensing features of the films. This is essential 

for examining the thin film properties for uses in solar cells and gas sensors, among other 

things.  
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CHAPTER 3 

GROWTH AND CHARACTERIZATION OF PURE CuO THIN FILMS. 

In this chapter, we present the synthesis and characterization of pure CuO thin films for solar 

cell and gas sensing applications. 

3.1 Introduction  

CuO have monoclinic crystal structure with C2/c space group and lattice parameters a = 4.6837 

Å, b =3.4226 Å and c = 5.1288 Å [1]. In recent years, the electrical, optical and mechanical 

properties of copper oxide films have found number of applications in technological areas. 

Semiconducting thin films of CuO have been prepared by using number of techniques such as 

evaporation, sputtering and many more. The dependence of electrical resistivity of a 

semiconducting oxide films particularly copper oxide layers on external atmosphere is well 

known phenomena. It is this property of CuO films which has tremendously exploited for the 

fabrication of solid-state gas sensor [2-4]. 

Utilizing the straightforward and affordable sol-gel spin coating process, thin layer is deposited 

which affects the thickness of films on varying the spinning speed. Precursor solution, which 

is used for depositing is very essential and it affects the properties of a thin film. The nature of 

the precursor, type of salt (nitrate, halide, etc.), the volume of the solvent and concentration 

will critically affect the physical characteristics of the thin films. When a sol- gel come out 

from the dropper, the fine droplets put at center of substrate which is placed in spin coater. 

After applying few rpms, the droplets reached to the surface of the substrate and expand 

homogenously on substrate by using principle of centrifugal force. The volume and momentum 

of the droplet determine its size and form [5-8].   

No of gases existed in the air in low quantity in the range of ppm also harmful to the atmosphere 

in addition to the effect on human health [9]. H2S gas is very dangerous due to its corrosive 

and explosive nature [10]. When hydrogen sulphide gas come in contact of water then acidic 

solution form which create corrosion in pipeline and may result in failure of structure [11]. The 

sources of production of this gas are paper mills, oil-field and power station, tannery, water 

sewages and also through food processing [12]. Sensors synthesized from metal oxide 

semiconductors sensitively respond to various gases by providing the change in conductivity 

[13]. The various gas sensors synthesized by both p-type and n-type metal oxides are ZnO [14-

15], In2O3 [16-17], SnO2 [18], CeO2 [ 19], WO3 [20], NiO [21]. CuO is an exceptional promoter 
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of H2S sensing owing to its conversion from p-type semiconducting CuO to CuS. This 

conversion of CuO makes it a degenerate semiconductor due to ion vacancies (Cu or S) [22- 

23].  

Recognition of these toxic gases in the atmosphere is an essential task due to their intricate 

behavior. Therefore, considerable thoughtfulness has been specified by the scientific society to 

design and improve gas sensors with the best quality for the sensing of these gases. 

Various precursors have been utilized by different researchers across the world. Commonly, 

distilled water or de-ionized water will be used as an ideal solvent in this technique. In general, 

the thin films which are deposited at low spinning speed will be thickest, while at high spinning 

speed, films with lesser thickness was observed. As a result, altering the deposition conditions 

allows for customization of the produced thin film's structural characteristics and crystallinity.  

The impact of these deposition parameters on structural, morphological properties of CuO thin 

films are systematically discussed. 

3.2 Chemicals Used 

Highly pure stannous chloride di-hydrate (SnCl2.2H2O), Copper acetate dehydrate (Cu 

(CO2CH3)2 · 2H2O), isopropyl alcohol, polyethylene glycol HO(C2H4O)nH, ethanol (C2H5OH), 

acetone (C2H6CO) and di-ethanloamine have been purchased from Sigma-Aldrich. All the 

chemicals have been used as received. Deionized water used in the experiments has been 

purified by a millipore simplicity, water purification system. 

3.3 Preparation of Substrate 

The substrate serves as the framework for the thin film components. The substrate's 

characteristics have a big impact on how well the device works. In this experiment, a diamond 

cutter was used to cut a glass slide into a 2×2 cm square. All substrates were sterilized in an 

acidic solution consisting of nitric acid, acetone, methanol, and de-ionized water in order to 

achieve nice and clean surfaces. 

3.4 Cleaning of Glassware 

The borosilicate glassware (flasks, measuring cylinders and beakers) and corning glass 

materials used for the experiments were washed with laboratory detergent teepol solution and 

with distilled water.  
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Figure 3.1 The ultrasonic cleaner 

For chemical cleaning the substrates were treated with dilute alkaline solution of NaOH and 

later with dilute nitric acid. The glassware was then washed with distilled water and then finally 

ultrasonically cleaned in isopropyl alcohol using an ultrasonic cleaner. The cleaned glass 

substrates were kept in desiccator for further use. 

3.5 Experimentation for synthesis of nanostructured CuO thin films 

Nanostructured thin films of CuO have been fabricated by non-aqueous sol gel method using 

copper acetate dehydrate and iso-propyl alcohol as precursors. The deposition system for 

copper oxide thin films used for this study is shown in below figure. 

 

Figure 3.2 The above figure shows the spin coater for fabrication of thin films. 
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Spin coating [24-25] is a process which is used for depositing thin films on the metal substrate. 

In this method, very few amounts of the material which is to be coated is applied on middle of 

the substrate, after which quickly rotate the substrate at 1000 times of rpm. This material is 

spread by centrifugal process and the thin films are formed at the surface of the substrate. Spin 

coating process have followings stages: - 

 Deposition of coating material on the substrate. 

 Substrate is rotated with constant speed and the thickness of the films is measured by 

viscous force. Substrate is accelerated so that coating material is spread uniformly on it 

[26-27]. 

 Solvent is evaporated and a thin fluid layer develops at the substrate. 

A typical spin process entails four steps: a high-speed spin step to thin the fluid, a drying stage 

to remove extra solvents from the film and a dispense step in which the solution fluid is applied 

to the substrate surface. Vacuum is then used to hold the substrate securely. There are two 

typical distribution techniques. One is Static dispense and another is Dynamic dispense.  

Simply placing a little quantity of fluid on the substrate's center or close to it is known as static 

dispensing. Depending on the solution's viscosity and the size of the substrate, it can be 

anywhere between 1 and 10 cc. Generally speaking, a larger puddle is needed to achieve 

complete covering of a larger substrate or one with a higher viscosity. 

The method of dispensing while the base material is moving slowly is known as dynamic 

dispense. This stage of the operation typically uses a speed of 500 rpm. This is a useful 

technique because it may fill any gaps that may arise even if the fluid or substrate itself has 

poor wetting properties. For the substrate to accelerate sufficiently after the dispensing process 

in order to achieve the necessary film thickness.  

In the spin coating process, vacuum is crucial. Vacuum must be produced using a vacuum 

pump.  It firmly retains the substrate, preventing it from slipping. It firmly retains the substrate 

during spinning, protecting the sample from any form of fracture.     

For this stage, typical spin speeds vary from 1500 to 3000 rpm. This process might take ten 

seconds or several minutes.  In general, thinner films are produced by greater spin speeds and 

longer spin times. The amount of radial (centrifugal) force given to the liquid solution as well 

as its velocity depend on the substrate's speed (rpm). The ultimate film thickness is typically 

determined by the high-speed spin stage. At this point, very small fluctuations of 50 rpm can 

result in a 10% difference in thickness. Programming is able to control it.   
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The characteristics of coated films can also be impacted by the substrate's acceleration toward 

the ultimate spin speed. It's crucial to precisely manage acceleration because during the initial 

portion of the spin cycle, the solution starts to dry.  The substrate surface has to be smooth for 

a coat to adhere evenly [28-30]. 

3.6 Preparation of Sol-gel 

To prepare CuO solution by sol-gel process, copper acetate dehydrates, di-ethanolamine, iso-

propanol and poly ethylene glycol were used as materials. Copper acetate dehydrates and iso-

propanol have been used as starting precursors for sol-gel synthesis. For preparation of 

precursor solution calculated amount of Cu (CO2CH3)2.2H2O is dissolved in 9 ml of iso-

propanol for obtaining a solution of different concentration. The mixture is stirred for 15 mins 

on hot plate cum magnetic stirrer at room temperature in a closed vessel for initial dissolution. 

Then 0.5ml of di-ethanolamine was added to the solution and stir again for 15 minutes. Finally, 

0.5 ml of polyethylene glycol added to solution and continuously stir for half hour and we 

obtain a transparent dark blue solution of required molarity. 

Solution of two different concentration i.e. 0.75M and 1M were prepared by dissolving 0.75g 

and 1g copper acetate dehydrate respectively in isopropanol. A dark blue solution of 0.75M 

and 1M (called as sol-gel) without any suspension of particles were obtained after 2hr and 4hr 

respectively.   

3.7 Fabrication of Thin films 

Thin films of CuO have been fabricated for conducting electrical, solar cell and gas sensing 

studies.  

 

Figure 3.3 The muffle furnace used for annealing of thin films. 
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For this sol-gel of different molar concentrations was prepared. A few drops of this sol-gel are 

then deposited onto pre-cleaned glass substrates. To ensure that the paste is distributed evenly, 

the films are then spun over substrates made of glass using a spin coater for 10s at 1500–3000 

rpm. Coated substrates are subjected to heat treatment which is required to evaporate the binder 

and convert the applied solution into a dense inorganic film. Thermal annealing at 400°C for 

two hours has been performed on freshly produced CuO thin films. 

To avoid quick cooling fractures, films have been kept inside the furnace until room 

temperature is reached. The block diagram representing the step wise approach to deposit CuO 

films by utilizing the sol-gel spin coating method in various laboratory conditions is shown as 

below. 

 

Figure 3.4 Procedure of synthesis of thin films. 

In this way, number of samples of different thickness were synthesized by changing the 

spinning speed and molar concentration of solution. These samples are shown by given table. 
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Table 3.1The prepared samples (thin films of pure CuO) 

Concentration of 

prepared 

solution 

Name of 

sample 

Spinning speed 

(RPM) 

Deposition 

temperature 

Thickness 

(nm) 

 

 

0.75M 

0.75M1 3000  

 

 

 

 

400oC 

239 

0.75M2 3500 115 

0.75M3 4000 89 

0.75M4 4500 75 

 0.75M5 1500 470 

 0.75M6 2000 370 

 0.75M7 2500 157 

 

1M 

1M1 2500 378 

1M2 2000 411 

1M3 1500 435 

1M4 1000 721 

 

3.8 Characterization of CuO thin Films 

Several methods were utilized to characterize the films' thickness, structure, morphology, 

optical properties, and electrical properties; these methods are discussed below.: 

3.8.1 Thickness Measurement 

In this work, thickness of some samples was measured by cross-sectional SEM and thickness 

of some sample was measured by gravimetric method. Even though it necessitates a certain 

level of attention and physical dexterity on the side of the operator, the cross-section technique 

is widely used and rather straightforward to apply. It involves dividing the sample in half and 

looking at it transversely along the layer profiles that need to have their thicknesses measured. 

As a result, this method enables accurate ruler-based direct measuring of the film's thickness. 
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The whole analysis procedure is divided into three stages: sample preparation, microscopic 

examination and data processing using specialized software to scale the picture dimensions 

from pixels to length. [31-32].  

Cross-section SEM analysis was used to look into the thickness of CuO films (0.75M1-

0.75M4). Thickness of films analysed from cross section SEM which is stated as below. 

 

Figure 3.5 (a) Cross-section SEM of sample 0.75M1. 

 

Figure 3.5 (b) Cross-section SEM of sample 0.75M2. 
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Figure 3.5 (c) Cross-section SEM of sample 0.75M3 

 

Figure 3.5 (d) Cross-section SEM of sample 0.75M4. 

To obtain the thickness of remaining samples, weight difference technique was used. The 

weight difference method is given by the following relation (3.1), [33-34]. 

𝑡 =
𝑊2−𝑊1

𝜌×𝐴
  (3.1) 

Where t is thickness of films, 𝜌  is density i.e. 6.31g cm-3, A is the area, w1 and w2 are the 

weight of substrate before and after deposition of material. 
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3.8.2 Structural properties  

The XRD pattern of deposited CuO films at variable spinning speed (between 1000rpm to 4500 

rpm) and annealed at 400oC for 2hr was taken out. The 2Ɵ value was adjusted from 20 to 80 

degrees while the diffractometer reflections were recorded at room temperature. The XRD 

pattern is used to assess the structural properties of each CuO film that has been deposited. The 

following formulae are used to compute the size of crystallite, lattice strain, dislocation density, 

and number of crystallites: 

The crystallites size was calculated from Debye Scherer’s formula which is given as below 

equation (3.2) [35]: 

𝐷 =
𝐾× ƛ

𝛽× 𝑐𝑜𝑠Ɵ
    (3.2) 

The strain is equal to the slope of the plot of β cos (θ) / λ vs. sin (θ) / λ of different  

peaks. Strain is given by equation (3.3) [36] 

    Ɛ =
𝛽×𝑡𝑎𝑛Ɵ

4
   (3.3) 

The dislocation density (δ) is calculated using this equation  

𝛿 =
1

𝐷2 
   (3.4) 

Where β stand for FWHM (full width at half maximum) of diffraction peaks. 

θ and δ is used for the Bragg angle and dislocation density respectively. 

λ and D denote the wavelength of the used X rays and crystallite size respectively [37-38]. 

 

Figure 3.6 (a) XRD pattern of 0.75M1 sample of thickness 239nm. 
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Figure 3.6 (b) XRD pattern of 0.75M2 sample 0.75M of thickness 115nm. 

 

 

Figure 3.6 (c) XRD pattern of 0.75M3 sample of thickness 89nm. 
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Figure 3.6 (d) XRD pattern of 0.75M4 sample of thickness 75nm. 

 

 

 

Figure 3.6 (e) XRD pattern of 0.75M5 sample of thickness 470nm. 
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Figure 3.6 (f) XRD pattern of 0.75M6 sample of thickness 370nm. 

 

 

Figure 3.6 (g) shows the XRD pattern of 0.75M7 sample of thickness 157nm. 

In figure 3.6 (a) – (g), the distinct films of 0.75M concentration, XRD diffraction patterns have 

been reorganized. It is evident how changing spinning speed affects thickness on the films, 

indicating how sensitive this parameter is to the structural characteristics of the films. When 
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compared to typical JCPDS values (80-0076), the samples' XRD patterns exhibit a fine 

crystalline structure with distinct peaks of the monoclinic CuO phase. The fact that the as-

prepared films are polycrystalline may be seen from minor characteristics of other atomic 

planes that are located at large diffraction angles. For all of the produced films of varying 

thickness, the diffract-grams reveal notable (200) and (111) atomic planes situated at 2 values 

of 36° and 38.6°. 

Figure 3.6.2 (a) to (d) analysis revealed that the produced films are polycrystalline in nature, 

and the pure phase of CuO films was recognized. When compared to other films, it can be seen 

that the film produced at 4500 rpm has the highest crystallinity. As the spinning speed rises, 

the peak at 36.14° becomes more intense. Applying the Debye-Scherrer relation revealed that 

crystallite size decreased as spinning speed increased [34, 35]. Other structural parameters also 

calculated by using equation (3.2) to eq. (3.4) which is given by below table 

Table 3.2 The structural parameters of sample 0.75M1 – 0.75M4. 

Name of 

sample 

Thickness 

(nm) 

Spinning 

speed (rpm) 

Crystallite 

size (nm) 

Strain (m) Dislocation 

density (1016  

m−2) 

0.75M1 239 3000 6.95 0.00515 2.073 

0.75M2 115 3500 6.13 0.00698 2.661 

0.75M3 89 4000 3.77 0.00983 7.035 

0.75M4 75 4500 3.28 0.01059 9.295 

 

As the spinning speed is greater than the fluid's rate of spin-off, CuO thin films crystallize more 

effectively at the sample's surface. As the thickness grows, the width reduces, which causes the 

reduction in lattice imperfections. As a result, size of the crystallites increase and microstrain 

decrease [39- 43]. 

It was observed from the figure 3.6 (e)- (g) that there were many reflection peaks identified 

from XRD pattern with strong intensity at 38.7o and low intensity peak at 32.21o, 36.14o, 44.89o 

and 64.93o associated with plane (200), (110), (-111), (-112) and (-312) respectively confirmed 

from the JCPDS card no – 05-0661. The micro structural parameters such as crystallite size 

(D), micro strain (ε) and dislocation density (δ) were calculated and shown by given table 
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Table 3.3 Structural parameters of CuO films, 0.75M5 – 0.75M7. 

Name of 

sample 

Thickness 

(nm) 

Spinning 

speed 

(rpm) 

Crystallite 

size 

D (nm) 

Micro strain 

ε (m) 

Dislocation 

density 

δ (1015m-2 ) 

0.75M7 157 2500 18.14 0.0048 3.03 

0.75M6 370 2000 25.09 0.00147 1.58 

0.75M5 470 1500 27.48 0.00132 1.32 

It was noted from the calculated parameters that crystallite size goes on increasing as the 

thickness of films increasing. This is due to the reason as we increase thickness, dislocation 

density and strain decrease which improves the high quality of thin films (more regular will be 

the crystalline structure when imperfection is decrease) and consequently increase the size of 

crystallite size. Similar type of result (variation of crystallite size with thickness of prepared 

films) has been reported by literature [44]. The results of obtained dislocation density agree 

well with findings of literature [45]. 

 

Figure 3.7 The variation of crystallite size and strain with thickness of sample. 

Following is an illustration of the XRD pattern of a sample made from a solution at a single 

molar concentration employing the sol-gel spin coating technique with spinning at various 

speeds. According to the JCPDS file [89-5899], it was clearly determined from XRD data that 

CuO exhibits a monoclinic phase with lattice parameters of a = 4.689 Å, b = 3.420 Å c = 5.130 
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Å, and = 99.57o. Different XRD peak at 36.15, 38.76, 44.92 and 65.31o were assigned to (002), 

(111), (200) and (220) planes respectively. It was observed from the graph that obtained peaks 

are sharp and peak intensity is large at (111) plane which confirm that obtained films have good 

crystallinity.  

 

Figure 3.8 (a) XRD pattern of 1M1 sample of thickness 378nm. 

 

Figure 3.8 (b) XRD pattern of 1M2 sample of thickness 411nm. 
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Figure 3.8 (c) XRD pattern of 1M3 sample of thickness 435nm. 

 

 

Figure 3.8 (d) XRD pattern of 1M4 sample of thickness 721nm. 
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Table 3.4 Structural parameters of CuO films, 1M1 – 1M4. 

Name of 

sample 

Thickness 

(nm) 

Spinning speed 

(rpm) 

Crystallite size 

D (nm) 

Dislocation density 

δ (1015m-2 ) 

1M1 378 2500 10.18 9.64 

1M2 411 2000 19.64 2.59 

1M3 435 1500 21.14 2.23 

1M4 721 1000 23.29 1.84 

 

 

Figure 3.9 The variation of crystallite size with thickness of sample. 

From this graph, it was observed that crystallite size gets increase as thickness increase. As the 

thickness increases, dislocation energy decreases which shows that there is more regular 

crystalline structure occur because of reduction of number of imperfections [46]. 

In the XRD pattern of films of 1M concentration formed at various spinning speed, we note 

that no peak due to Cu2O has been seen. Although it has seen from the literature that spray-

deposited CuO films contain both the CuO and Cu2O phases [47-48]. It is significant to note 

that copper oxide thin films with a predominant CuO phase have been successfully produced 

with spinning speeds of 1000–4500 rpm. According to analysis, the spinning speed should 

range from 1000 to 3000 rpms in order to produce pure crystalline films of CuO. 
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 3.8.3 Morphological Properties  

In this work, morphological study of surface of thin films was doing by FESEM technique. It 

was observed that as the thickness of films reduced from 370nm to 157nm then there is 

reduction in grain size from 45nm to 41nm respectively. Morphological analysis reveals that 

reduction in thickness will shrink the grain size. These results agree well with findings of 

Ala’eddin A. Saif et.al. [49]. Below figure shows that grain size obtained from SEM was large 

as in comparison of the grain size obtained from the XRD. This is due to reason that grain size 

measured from SEM by measuring the distance between visible grain boundaries.  

 

Figure 3.10 (a) FESEM images of CuO films for 0.75M6. 

 

Figure 3.10 (b) FESEM images of CuO films for 0.75M7. 
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Figure 3.11 (a) SEM images of CuO films for 1M1 sample. 

 

Figure 3.11 (b) EDS of CuO films for 1M1 sample. 
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Figure 3.12(a) SEM images of CuO films for 1M2 sample. 

 

Figure 3.12 (b) EDS of CuO films for 1M2 sample. 

3.8.4 Optical Properties 

The optical band gap of CuO thin films samples has been determined from absorbance studies 

carried out in the wavelength range of 300-800 nm. For thin films samples a two slide of glass 

was taken out of which one is plane glass and other is covered with material (in form of film) 

and put in the cuvette inside the spectrometer. This plane glass slide has been used as a 

reference. The light emitted from the source passes through a grating monochromator and is 

then split into two beams, one passes through the sample and the other through the reference 
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sample. After passing through the sample the monochromatic beams are converged and 

converted to electrical signal by a detector. The absorption spectra of the sample are then 

obtained by collecting the absorbance as a function of wavelength at room temperature [50]. 

Absorption coefficient (α)is determined with the absorbance (A) value calculated for a definite 

wavelength and the thickness (t) with the following equation 

𝛼 =
2.303 𝐴

𝑡
  (3.5) 

The transmittance spectra of CuO thin films prepared from 0.75M and 1M concentration by 

varying the spinning speed between 1000-4500 rpms in air atmospheric condition are recorded. 

From the figure 3.13, it is seen that transmission spectra are extremely transparent in the visible 

and near infrared range. Due to the beginning of fundamental absorption, optical transmission 

drops extremely sharply in the immediate vicinity of the UV area. Additionally, when the 

spinning speed increases, the basic absorption edge shifts to the shorter wavelength side. 

The enhanced crystallinity and greater carrier concentration may be responsible for the spectral 

shift toward the UV region. This transmission spectrum led to the conclusion that transmission 

diminishes with thickness. As the film thickness rises from 75 to 239 nm in this study due to 

an increase in film density, transmission decreases by up to 15%. Since many more photons 

are absorbed as film thickness rises, films become less transparent. It became apparent that 

films are transparent at the greatest wavelength value and opaque at lower wavelength values. 

 

Figure 3.13 Transmission spectra of CuO films by varying the thickness. 
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The transmittance of CuO thin films was measured using a UV-VIS spectrophotometer across 

the wavelength range (200-1100 nm). The produced samples were discovered to be extremely 

sensitive to film thickness. According to the findings, a film with a thickness of 75 nm 

(0.75M4) has the maximum transmission of 83.59%, while a film with a thickness of 239 nm 

(0.75M1) has the lowest transmission of 68.51%. The transmittance/absorbance of a material 

offers adequate way to conclude the absorption edge and energy gap of the material.  

By using Tauc relationship, we can obtain the direct band of CuO thin films. Eg was calculated 

by extrapolating the linear region of graph of (αh
ͮͮͮͮ
ʋ)2 on y-axis and photon energy (hʋ) on x-

axis. 

𝛼ℎʋ =  𝐴 ( ℎʋ − 𝐸𝑔  )^2 (3.6) 

where α is the absorption coefficient, h is planck’s constant and v is the photon energy [51]. 

Figure 3.14 (a, b, c and d) shows the spectral variation of (αhʋ)2 under direct allowed transitions 

for CuO thin films samples. The band gap value is obtained by extrapolating the straight-line 

part of the plot to the energy axis and found to lie between 2.02 eV- 2.23 eV.  

Figure 3.15 (a, b, c and d) shows the spectral variation of (αhʋ)1/2 under indirect allowed 

transitions for CuO thin films samples and band gap is found to lie between 0.98 eV – 1.46eV. 

 

Fig. 3.14 (a) Direct band gap of 0.75M1sample of CuO films. 
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Fig. 3.14 (b) Direct band gap of 0.75M2 sample of CuO films. 

 

Fig. 3.14 (c) Direct band gap of 0.75M3 sample of CuO films. 
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Fig. 3.14 (e) Direct band gap of 0.75M4 sample of CuO films. 

 

Figure 3.15 (a) Indirect band gap of 0.75M1sample of CuO films. 
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Figure 3.15 (b) Indirect band gap of 0.75M2 sample of CuO films. 

 

Figure 3.15 (c) Indirect band gap of 0.75M3 sample of CuO films. 
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Figure 3.15 (d) Indirect band gap of 0.75M4 sample of CuO films. 

 

From the Figure 3.14 (a) – (d), it is noted that lowest direct band gap of 2.02 eV and indirect 

band gap of 0.98 eV of sample named as 0.75M1 which has highest thickness of 239 nm.  

Table 3.5 The variation of band gap of sample 0.75M1 – 0.75M4 on varying thickness. 

Name of 

Sample 

Spinning Speed 

(rpm) 

Thickness 

(nm) 

Direct Band Gap 

(eV) 

Indirect Band 

Gap 

(eV) 

0.75M1 3000 239 2.02 0.98 

0.75M2 3500 115 2.08 1.3 

0.75M3 4000 89 2.10 1.36 

0.75M4 4500 75 2.23 1.46 

It was found that indirect band gap in range between 0.98 to 1.46 eV which shows that prepared 

samples were very suitable for application in solar cell. The highest value of both direct and 

indirect band gap was at 3000 rpm. After increasing the spinning speed beyond 3000 rpm then 

band gap starts decreasing. The reduction in band gap indicates the improvement of films on 

increasing thickness. The variation of band gap is due to decrease in defects in thin films [52]. 

Our results are comparable to the band gap analysed from the literature review [52-55].  
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Figure 3.16 (a) Band gap of sample 0.75M5 having thickness 470nm. 

 

 

Figure 3.16 (b) Band gap of sample 0.75M6 having thickness 370nm. 
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Figure 3.16 (c) Band gap of sample 0.75M7 having thickness 157nm. 

The optical band gap of sample prepared by solution of 1 molar is shown as below 

 

Figure 3.17 (a) Band gap of sample 1M1 having thickness 378 nm. 
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Figure 3.17 (b) Band gap of sample 1M2 having thickness 411 nm. 

 

 

Figure 3.17 (d) Band gap of sample 1M4 having thickness 721 nm. 

The calculated band gap of various sample prepared by 0.75M and 1M concentration solution 

is tabulated in below table 
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Table 3.6 The variation of band gap of sample of 0.75M and 1M concentrations on varying 

thickness. 

Name of Sample Spinning Speed 

(rpm) 

Thickness 

(nm) 

Optical band gap 

(eV) 

0.75M5 1500 470 1.69 

0.75M6 2000 370 1.79 

0.75M7 2500 157 2 

1M1 2500 378 2.79 

1M2 2000 411 2.75 

1M4 1000 721 2.68 

It is evident from table 3.6 and 3.7 that the optical band gap of CuO film is appropriate for use 

as a selective absorber in solar cell cells. The increase in carrier concentration and enhanced 

crystallinity are responsible for the band gap fluctuation, which causes the fermi level to rise 

within the conduction in degenerate semiconductors. 

3.8.5 Electrical Properties 

The electrical resistance of CuO thin film samples has been determined using standard two 

probe technique by measuring current at two points of the film under variable dc power supply 

of 1V-10V. For each sample under study, silver electrodes have been placed on top of the film 

samples with a set spacing between electrodes and electrode length of 1 and 0.5 cm. The 

needles of the probe must make a strong contact with the surface in order to produce accurate 

data. [56]. 

 The room temperature electrical resistance of films is observed to lie between 12.5 × 108 Ω to 

1× 109 Ω. Compared to 0.75M2, 0.75M3, and 0.75M4 films, 0.75M1 films exhibit much 

reduced resistance, which can be attributed to the growth in crystallite size and decrease in 

porosity of the films.  

Also, the resistance of 0.75M5 is found to be comparatively lower than 0.75M6 and 0.75M7. 

The electrical resistance of these samples observed in range between 2.5 ×106 Ω to 2.5 × 107 

Ω. Further variation of resistance with temperature in investigated range confirms the 

semiconducting nature of films. This decrease in resistance with increasing of thickness can be 

attributed to increase in value of charge carriers. The electrical resistance of sample 1M1 is 
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higher in comparisons of 1M2 and 1M4 because of the highest and lowest thickness of 1M4 

and 1M1 respectively. It is clear from the figure 3.18, 3.19 and 3.20 that all of films show 

ohmic behaviour with linear I-V curve. 

 

Figure 3.18 I-V dependence of CuO Films (0.75M1- 0.75M4). 

 

Figure 3.19 I-V dependence of CuO Films (0.75M5- 0.75M7). 
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Figure 3.20 I-V dependence of CuO Films (1M1- 1M4). 

It was observed that current varies linearly as we change voltage continuously. The studied 

voltage was kept 1 V to 10 V and obtained current was in nano-ampere to micro-ampere. It 

was noted that spinning speed has a great influence on I–V characteristics of CuO thin films 

and found that current goes on increasing as the thickness of film increases. It could be said 

that the current values at fixed voltage decreased due to decreased of thickness of the copper 

oxide thin films. 

Increase in film thickness results in increase the number of electrons and holes (so called sheet 

resistance and conductivity), while the bulk concentration may remain the same. The electrical 

resistivity and conductivity measure by 2- probe set-up for CuO deposited films. We passed a 

voltage through one probe and reported the current through second probe. The resistivity and 

conductivity are calculated by following equation (3.7), [45]. 

𝑅 =
𝜋 ×𝑉

𝑙𝑛2 ×𝐼
  (3.7) 

𝜌 = 𝑅 × 𝑡  (3.8) 

𝜎 =  
1

𝜌
  (3.9) 

Where R is the average resistance of thin film, V is the voltage applied, I is the obtained current 

on applying voltage, σ is conductivity of thin films, ρ is resistivity of thin film and t is the 

thickness of thin film. 
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The resistivity was determined to be maximum at 3000 rpms and is approximately 239 Ω-cm. 

As the spinning speed increases, resistivity first falls and then increases. The highest resistivity 

was roughly 58.67 Ω-cm at 4500 rpm, whereas the lowest resistivity was 37 Ω-cm at 3500 rpm. 

The increase in carrier concentration of holes and electrons is what causes the resistivity to 

decrease. After 3500 rpm, resistivity begins to rise as a result of a large reduction in crystallite 

size brought on by an increase in deposition rate. This decrease in carrier mobility causes 

resistivity to rise as a result. 

Electron and hole were transferred to the active area in order to acquire the superior electrical 

characteristics. In agreement with B. L. Anderson et. al. [57], a lower resistivity value would 

improve the conductivity of films. The below figure 3.21 illustrates how changing the spinning 

speed affects the resistivity and conductivity of CuO thin films with varied thickness. 

 

Figure 3.21 CuO thin films (0.75M1- 0.75M4) with resistivity and conductivity variations as 

a function of spinning speed. 

It was noted that a thin coating of CuO had lowest resistivity for 0.75 M7 sample and highest 

resistivity for 0.75 M5 sample. This resulted from an increase in the concentration of carriers 

like as electrons and holes, which reduced the resistivity. As the resistivity decrease, electrical 

conductivity gets increase.  
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Figure 3.22 The variation of resistivity and conductivity on varying the thickness of films for 

sample 0.75M5 to 0.75M7. 

 

Figure 3.23 The variation of resistivity and conductivity on varying the thickness of films for 

sample 1M1 to1M4. 

It was found that CuO thin films prepared from one molar concentration of solution have lowest 

resistivity for 1M4 sample of thickness 721nm and highest resistivity for 1M1 sample of 

thickness 378nm. The value of lowest and highest resistivity was 10.23 ohm-m and 22.9 ohm-

m respectively.  
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3.9 Fabrication of Gas Sensor 

Figure 3.7 shows the schematic for the manufactured gas sensor.  First, CuO thin films were 

created on glass substrates using the sol-gel spin coating process, with spinning speeds ranging 

from 1000 to 4500 rpm. After this process, films annealed at 400°C annealing temperatures for 

2 hours. These films were prepared by using copper acetate dehydrate as precursor with 0.75M 

and 1M molar concentrations. CuO thin films have been studied for their gas sensing behaviour 

towards reducing gases at different operating temperatures. To analyse the gas sensing 

parameters of the films, gas sensor was fabricated at our laboratory. 

 

Figure 3.24 Experimental set-up of thin film gas sensor for measuring response toward H2S 

gas. 

The gas sensing performance was analysed in stainless-steel home-made test chamber with 

volume 1.5L. By using two-probe electrical resistivity system (SES Instruments Pvt. Ltd., 

Roorkee, Model: DPM-111 of digital pico-ammeter and Model: EHT-11A of high voltage 

power supply) in a test chamber, sensitivity of thin films samples of CuO were studied. To 

control the operating temperature between range of 25oC- 200oC, oven (Pid controlled oven, 

Model: PID-TZ) was used. The gases are introduced in test chamber with the help of syringe 

containing desired ppm of test gas and obtained resistance has been used to calculate the gas 

response of films sample. 

At 10V voltage, sensor resistance was measured by digital pico-ammeter. To measure the 

resistance of each sample before and after exposing the H2S gas, two electrodes at distance 

1cm were made with the help of silver paint. Sensitivity of these samples toward H2S gas was 
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measured by taking the ratio of resistance of thin film element in air to the resistance of thin 

film element in gas atmosphere. At different operating temperatures, 1ppm to 4ppm 

concentration of gas was passed through syringe and sensitivity was noted. From 25oC to 100oC 

working temperature, response and recovery time of each sample was measured.  

3.10 Mechanism of Gas Sensor 

The sensing mechanism of CuO thin films towards reducing gas such as ethanol, Sulphur 

dioxide, acetone and hydrogen sulphide can be explained on the basis of redox reaction with 

adsorbed oxygen species on CuO surface as discussed below: 

                                               O2 (gas)              O2 (adb)  (3.10) 

                                        O2 (adb) + e-                O-
2 (adb) (3.11) 

At ambient air conditions, different negatively charged surface oxygen species (O-
2, O

2-) are 

formed due to chemisorption of molecular oxygen from air on the surface of CuO films as 

explained by above equations. It is assumed that species creates a barrier to tap surface charge 

carrier and results in increase of films resistance. The redox reaction of test gas with oxygen 

species leads to consumption of oxygen adsorbate, accompanied by a corresponding variation 

in barrier height and bring a change in the sensor resistance. 

Both adsorption and desorption of gas molecules caused a change in electrical resistance, which 

served as the basis for the gas sensor's process [58]. When an airborne thin film gas sensor is 

exposed, oxygen molecules adsorb on the sensor's surface and create O- ions [59]. When H2S 

gas was injected on CuO thin films sensor then it reacts with adsorb O- ions and reacting 

equation is given as below 

                                                  H2S+ CuO → CuS + H2O  (3.12) 

 

Figure 3.25 Gas sensing mechanism of CuO thin films; (a) in presence of air and (b) in presence 

of H2S gas.   
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3.11 Gas Sensing Performance  

The outcomes of the actualized gas sensor, which is based on CuO thin films, are shown. These 

thin films were created by altering the thickness and molarity of solution. The characteristics 

of various samples' CuO-based sensors are shown below. 

3.12 Operating temperature  

The operating temperature has a significant impact on the response of semiconductor-based 

sensors. In actuality, the sensor layer's operating surface temperature has a direct impact on the 

adsorption of gases. Figure 3.26 displays the responses that were obtained after the sensor was 

subjected to 40 ppm of hydrogen sulfide at various temperatures ranging from 25 to 150 °C in 

order to figure out this temperature. It is frequently known in the literature that a standard 

operation temperature corresponds to the maximal response.  

In our situation, the progression of the response from the sensors shows that this maximum is 

situated about 25 °C. Comparatively, this operating temperature (25°C) is lower than earlier 

reported working temperatures for sensing H2S, which ranged from 200 to 400°C [60-61]. In 

addition, we observe that the CuO-based sensor performs well at lower operating temperatures 

of 25 °C. This low working temperature may result in reduced sensor consumption of 

electricity, improving device reliability, profitability and durability. 

 

Figure 3.26 CuO-based sensors' response towards H2S gas (40ppm) at 

different operating temperatures. 



120 
 

3.13 Gas Response Measurement of CuO thin films of 0.75M concentration toward H2S 

The relative change in the signal being monitored during gas exposure is the film sensitivity. 

The formula for the gas response of the sensor states that it is the ratio of the change in the 

sample's resistance when tested with target gas on the resistance it experiences in air: 

𝑆 =
𝑅𝑎

𝑅𝑔
  (3.13) 

Where Ra and Rg are the resistance in presence of air and gas respectively [62]. 

The sensitivity factor (S%) is calculated using equation: 

(𝑆%) =
𝑅𝑔−𝑅𝑎

𝑅𝑎
× 100%  (3.14) 

The gas response of CuO based samples towards the H2S gas has been studied. For this various 

concentration of gas is introduced in the chamber and the change in resistance is recorded on a 

digital pico-ammeter connected in series to the sample. Upon resistance stabilization, the lid of 

the chamber is opened for gas exit and the sample is allowed to recover to its original resistance 

value. The studied temperature range for measuring the response of a gas has been selected in 

the range 25-100°C and found best response at 25oC temperature. Oxygen atoms or molecules 

adsorb and desorb on the surface of the sensor film, changing the electrical resistance. 

Among various sample of 0.75M and 1M concentration, some of sample were optimized to 

detect the sensitivity. The higher sensitivity may be due to the largest surface area and the 

optimum surface roughness. Thin films based on sample 0.75M4 are high sensitivity to H2S 

gas was discovered at 25oC temperature and shows a comparatively lower response time 

towards the gas at higher operating temperatures. The response towards tested gases is 

observed to be suppressed for 0.75M5,0.75M6 and 0.75M7 due to their comparatively larger 

grain size and reduced porosity. The increase in grain size decreases the surface-to-volume 

ratio, consequently sensitivity decrease.  

Response time is the amount of time it takes for the sensor to modify its resistance by 90% of 

its maximum after being exposed to gas. Recovery time is the amount of time it takes for the 

sensor to regain 90% of its initial resistance once the target gas has been removed. The various 

parameters of samples at different operating temperature on exposing H2S gas is show by given 

table. 
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Table 3.7 The sensitivity toward H2S gas, response time and recovery time for sample 

0.75M4 as a function of gas concentration and operating temperature. 

Concentration 

of Gas 

Response 

Parameters 

Operating Temperature (oC) 

25 50 75 100 

 

 

10 ppm 

Sensitivity 

(Ra/ Rg) 

28.37 26.62 20.92 12.18 

Rt (s) 30 30 28 20 

Ret (s) 120 115 115 110 

 

 

20 ppm 

Sensitivity 

(Ra/ Rg) 

40.18 35.72 28.06 22.44 

Rt (s) 20 20 15 12 

Ret (s) 140 137 130 128 

 

 

30 ppm 

Sensitivity 

(Ra/ Rg) 

72.03 66.41 62.52 58.03 

Rt (s) 15 14 12 10 

Ret (s) 150 140 135 122 

 

 

40 ppm 

 

Sensitivity 

(Ra/ Rg) 

102.17 90.02 85.92 78.66 

Rt (s) 10 10 12 10 

Ret (s) 220 212 200 188 
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Table 3.8 The sensitivity toward H2S gas, response time and recovery time for sample 

0.75M7 as a function of gas concentration and operating temperature. 

Concentration 

of Gas 

Response 

Parameters 

Operating Temperature (oC) 

25 50 75 100 

 

 

10 ppm 

Sensitivity 

(Ra/ Rg) 

18.51 12.43 5.76 1.27 

Rt (s) 70 70 68 60 

Ret (s) 180 175 168 160 

 

 

20 ppm 

Sensitivity 

(Ra/ Rg) 

25.55 14.5 9.76 3.35 

Rt (s) 60 60 55 52 

Ret (s) 420 417 408 388 

 

 

30 ppm 

Sensitivity 

(Ra/ Rg) 

50 25.52 14.22 5.51 

Rt (s) 50 48 42 38 

Ret (s) 480 470 450 402 

 

 

40 ppm 

 

Sensitivity 

(Ra/ Rg) 

87 36.44 15.92 6.96 

Rt (s) 20 20 18 15 

Ret (s) 720 712 700 688 
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Table 3.9 The sensitivity toward H2S gas, response time and recovery time for sample 

0.75M6 as a function of gas concentration and operating temperature. 

Concentration 

of Gas 

Response 

Parameters 

Operating Temperature (oC) 

25 50 75 100 

 

 

10 ppm 

Sensitivity 

(Ra/ Rg) 

5.13 4.7 1.45 1.25 

Rt (s) 75 75 70 68 

Ret (s) 180 178 170 160 

 

20 ppm 

 

Sensitivity 

(Ra/ Rg) 

12.5 9.66 2.77 1.4 

Rt (s) 70 60 55 52 

Ret (s) 240 238 228 220 

 

 

30 ppm 

Sensitivity 

(Ra/ Rg) 

38 13.6 5.28 1.87 

Rt (s) 60 48 42 38 

Ret (s) 300 298 290 285 

 

 

40 ppm 

 

Sensitivity 

(Ra/ Rg) 

43 22.3 13.51 3 

Rt (s) 55 20 18 15 

Ret (s) 660 660 650 630 
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Table 3.10 The sensitivity toward H2S gas, response time and recovery time for sample 

0.75M5 as a function of gas concentration and operating temperature. 

Concentration 

of Gas 

Response 

Parameters 

Operating Temperature (oC) 

25 50 75 100 

 

 

10 ppm 

Sensitivity 

(Ra/ Rg) 

4.2 3.11 1.23 1.18 

Rt (s) 78 78 76 70 

Ret (s) 120 120 110 108 

 

20 ppm 

 

Sensitivity 

(Ra/ Rg) 

5.33 3.5 2.4 2.07 

Rt (s) 70 60 55 52 

Ret (s) 900 880 850 800 

 

 

30 ppm 

Sensitivity 

(Ra/ Rg) 

10 4.32 3.99 2.75 

Rt (s) 60 48 42 38 

Ret (s) 1500 1498 1490 1485 

 

 

40 ppm 

 

Sensitivity 

(Ra/ Rg) 

33 6.53 5.4 3.84 

Rt (s) 55 20 18 15 

Ret (s) 1800 1790 1650 1600 

 

The above table shows that if we decrease the thickness of CuO thin films, the gas response 

toward hydrogen sulphide gas change. Thinner films could lead to higher sensitivity and faster 

response due to increased surface area, but it might also affect the overall gas sensing 
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performance. The effect of different temperature and thickness on sensitivity of sample is also 

shows by below figures 

  

Figure 3.27 (a)                                                             Figure 3.27 (b) 

 

Figure 3.27 (c)                                                     Figure 3.27 (d) 

Figure 3.27 variation of sensitivity with operating temperature and concentration of H2S gas 

of sample (a) 0.75M4 of thickness 75nm, (b) 0.75M7 of thickness 157nm, (c) 0.75M6 of 

thickness 370nm and (d) 0.75M7 of thickness 470nm.  
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3.14 Gas Response Measurement of CuO thin films of 1M concentration toward H2S 

Table 3.11 The sensitivity toward H2S gas, response time and recovery time for sample 1M1 

as a function of gas concentration and operating temperature. 

Concentration 

of Gas 

Response 

Parameters 

 Operating Temperature (oC) 

25 50 75 100 150 

 

 

10 ppm 

Sensitivity 

(Ra/ Rg) 

3.1 2.55 2.39 1.43 1.51 

Rt (s) 40 40 38 34 30 

Ret (s) 145 142 142 140 136 

 

20 ppm 

 

Sensitivity 

(Ra/ Rg) 

14.66 3.44 3.2 3 2.2 

Rt (s) 38 36 32 30 28 

Ret (s) 148 148 146 144 142 

 

 

30 ppm 

Sensitivity 

(Ra/ Rg) 

95 14.35 10.3 40 8.4 

Rt (s) 32 30 28 28 25 

Ret (s) 150 150 148 145 140 

 

 

40 ppm 

 

Sensitivity 

(Ra/ Rg) 

155 33.55 25.4 64.9 20 

Rt (s) 30 28 26 25 22 

Ret (s) 170 165 160 155 150 
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Table 3.12 The sensitivity toward H2S gas, response time and recovery time for sample 1M4 

as a function of gas concentration and operating temperature. 

Concentration 

of Gas 

Response 

Parameters 

 Operating Temperature (oC) 

25 50 75 100 150 

 

 

10 ppm 

Sensitivity 

(Ra/ Rg) 

5.8 2.4 2.3 1.63 1.2 

Rt (s) 150 148 142 140 130 

Ret (s) 210 212 200 190 176 

 

20 ppm 

 

Sensitivity 

(Ra/ Rg) 

11.6 4.1 5.1 2.09 1.79 

Rt (s) 135 132 122 113 110 

Ret (s) 225 222 220 195 190 

 

 

30 ppm 

Sensitivity 

(Ra/ Rg) 

13.7 12 9.4 3.06 1.9 

Rt (s) 130 128 122 118 112 

Ret (s) 270 258 240 210 189 

 

 

40 ppm 

 

Sensitivity 

(Ra/ Rg) 

24.5 21 14.6 3.72 2.1 

Rt (s) 125 122 120 115 102 

Ret (s) 470 365 310 255 150 
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Figure 3.28. (a)                                                          Figure 3.28 (b) 

Figure 3.28 variation of sensitivity with operating temperature and concentration of H2S gas; 

(a) for sample 1M1 and (b) for sample 1M4. 

It was analysed from the above tables and graphs that as the precursor concentration increase 

time of response and recovery reduced because of the Cu concentration. The gas response 

toward hydrogen sulphide was tested of sample having lowest and highest thickness. It was 

found from the figures that sample 1M1 of thickness 378nm have high sensitivity in 

comparison of sample 1M4 of thickness 721 nm. 

3.15 Selectivity of gas sensor  

An attempt was made to study selectivity of CuO films for 40 ppm concentration of H2S as 

compared to the sensitivities of ethanol and NH3. Below figure shows the bar chart made from 

data obtained from various gases for selectivity. 

It is observed from the figure 3.29 that thin films of CuO have high sensitivity toward H2S as 

compared to other gases. This high sensitivity of CuO thin films for H2S indicates that sensor 

made from CuO films is selective for this gas. Different interactions between the sensor film 

and the adsorbed gas can be used to explain this higher sensitivity. CuO is a p-type material 

that experiences a drop-in charge carrier density when it interacts with reducing gases like H2S, 

ethanol, and many others. Conductivity falls as a result, and film resistance rises. 
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Our work is updated to H2S gas sensing only. So, other gases we have used just to test the 

selectivity of our thin films for H2S gas only. 

 

Figure 3.29 Gas responses of CuO sensor film (0.75M4 sample) toward 40 ppm of H2S, NH3, 

and ethanol. 
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CHAPTER 4 

GROWTH AND CHARACTERIZATION OF Sn DOPED CuO THIN 

FILMS. 

In this chapter, we present the synthesis and characterization of pure CuO thin films for gas 

sensing applications. 

4.1 Introduction  

Because of the toxic nature, high flammability and rotten egg like smell, H2S gas is easily 

recognized. The main source of production of H2S gas is decay of organic matters such as 

human and animal’s waste by anaerobic digestion. The other sources of this poisonous gas are 

paper mills, oil-field and power station, tannery, water sewages and also through food 

processing [1-2]. A number of studies reveal the harmful effect of H2S on human health and 

environmental quality. Therefore, it is very important to monitor its concentration for safety 

applications.  

To detect H2S gas, there are effective methods such as fluorescent probe [3], gas 

chromatography [4] and chemical method [5]. Due to their complex detection process and high 

cost, there is vast demand of simple and portable gas sensors. For domestic as well as industrial 

applications, it is commanding to develop H2S gas sensor with fast response and recovery time, 

long repeatability, low operating temperature and high sensitivity/ stability. Recently, metal 

oxides have received great attention in gas sensing applications because of their low cost, 

simple fabrications, portability and compatibility [6-7]. On the basis of their charge carriers 

these metal oxide semiconductors are categorized into two types i.e. p-type and n-type. The 

SnO2-based gas sensor has drawn more attention than other metal oxide semiconductor sensors 

because of its very high sensitivity [8]. 

As reported in literature, sensitive materials for H2S detection are NiO, ZnO, TiO2, SnO, WO3, 

SnO2 and CuO. The best performance shown by SnO2 for hydrogen sulphide gas detection [9-

12]. It is a wonderful material which is broadly used for gas sensor applications [13-14]. 

Because of their high operating temperature, poor selectivity, and incapacity to detect tiny 

concentrations of gas effectively, single metal oxides have been the subject of extensive 

research in recent decades as semiconductor gas-sensing materials [15-16]. Researchers have 

suggested using composite nanomaterial technology. 
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Li-Yuan Zhu et al. [17] produced a heterojunction p-CuO/n-SnO2 core-shell nanowire (NW)-

based high-sensitivity and high-selectivity gas sensor. CuO semiconductor is widely used in 

gas detection due to exhibition of good response toward toxic gases like CO and H2S. CuO thin 

films achieve appreciable gas sensing response due to change in resistance on changing 

environmental conditions. Due to its transformation from p-type semiconducting CuO to CuS, 

a degenerate semiconductor caused by ion vacancies (Cu or S), CuO is a remarkable activator 

of H2S sensing.  

However, SnO2 that is semiconducting n-type and has a large energy band gap of 3.6 eV. SnO2 

responded strongly to ethanol [18]. Furthermore, Phouc et al. [19] found that the product had 

the maximum response to H2S at an operating temperature of 200 oC. They created SnO2 porous 

nanofibers by electro spinning method. In addition, the porous SnO2 films exhibited a strong 

reaction to triethylamine due to their abundance of oxygen vacancies [20]. The main problems 

associated with these sensors is that they can’t be used in environments containing very low 

concentration of H2S gas at low operating temperature. Also, the preparatory techniques of 

CuO-SnO2 sensor elements as reported in literature are complicated and time consuming. 

Therefore, an attempt was made to make low operating gas sensor by using Sn doped CuO thin 

films.  

In this work, CuO thin films were prepared by using Sn as dopant. These films were 

characterized by two-probe set up, UV spectrometer and through X-Ray diffraction. Thickness 

of samples was analyzed by using gravimetric analysis. The obtained band gap of samples 

varies from 3.27eV to 3.83eV as the thickness of samples decrease from 570nm to 165nm. 

These synthesized films were used to detect response of H2S gas at various concentrations and 

several operating temperatures. Among these prepared films, the highest response was found 

for thin films of thickness 165nm. 

4.2 Experimental procedure for preparation of nanostructured CuO thin films 

There were various steps involve during the preparation of doped CuO thin films, including 

preparing glass substrate, used chemicals and cleaning procedure of glassware discussed in 

subsection 3.2 to 3.4 in chapter 3. All the chemicals used in present investigation are of high 

purity obtained from sigma Aldrich and used in the form as received. 

Nanocrystalline thin films of CuO have been developed via sol-gel spin coating technique using 

copper acetate dihydrate and iso-propanol as precursors. Stannous chloride di-hydrate 

(SnCl2.2H2O) was used as a dopant to form Sn doped copper oxide thin films. To form the 
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CuO sample, first of all sol-gel have to be formed to deposit on glass substrate. The detail of 

gel formation and experimental procedure is described as below 

 

Figure 4.1 The formation of Sn doped thin films. 

Table 4.1 The prepared samples of Sn doped thin films of CuO 

Concentration of 

prepared 

solution 

Name of sample Spinning speed 

(RPM) 

Deposition 

temperature 

Thickness 

(nm) 

 

 

0.75M 

0.75MD1 3000  

 

 

 

 

400oC 

165 

0.75MD2 2500 337 

0.75MD3 2000 461 

0.75MD4 1500 570 

 

1M 

1MD1 3000 181 

1MD2 2500 288 

1MD3 2000 413 

1MD4 1500 528 
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Various samples were prepared by using different concentration and by varying spinning speed. 

Four samples of 0.75M concentration was synthesized named as 0.75MD1, 0.75MD2, 

0.75MD3 and 0.75MD4 of spinning speed 3000rpm, 2500 rpm, 2000 rpm and 1500 rpm 

respectively.  Similarly, four samples of 1 molar concentration were also prepared by varying 

spinning speed. The synthesized samples were labelled in the manuscript as 1MD1 for 

3000rpm, 1MD2 for 2500rpm, 1MD3 for 2000rpm and 1MD4 for 1500rpm for discussion  

4.3 Characterization of Sn doped CuO thin Films 

An enumerated number of techniques was employed to explore the structural, optical, 

morphological and electrical characteristics of the films, presented as below: 

4.3.1 Morphological properties  

In this work, morphological study of surface of Sn doped CuO thin films was doing by FESEM 

technique. As seen in figure 4.2 below, the CuO: SnO2 target material's micrograph has a 

homogeneous distribution with a semi-spherical shape. It displays the deposited films' EDX 

spectra side by side, confirming the samples' purity. The illustrations below illustrate the 

investigation and display of both morphology and elemental composition. 

 

 

a
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Fig 4.2 SEM micrographs and EDX spectra of (a) 0.75M1 sample of thickness 165 nm, (b) 

0.75M2 sample of thickness 337nm and (c) 1M1 sample of thickness 181nm.  

The study revealed that there was a corresponding increase in grain size from 50nm to 54nm 

with an increase in thickness from 165nm to 337nm in films made at a 0.75M concentration. 

This was probably brought about by the elimination of carbon traces from the particle's surface, 

which forced nearby particles to aggregate and eventually form massive particles [21]. It can 

be observed that the rough, net-like shape is changing as concentration rises. Similar growth 

behavior was reported in Sn-doped ZnO [22 ] and CuO-doped Wo3 films [23]. In samples (a) 

b 

c 
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and (b), the surface grows rougher, whereas in sample (c), the surface becomes smoother with 

increasing concentrations. Samples with rough surfaces always have more sites available for 

gas molecules to adsorb onto them. Consequently, for optimal gas sensing performance, the 

surface of the sample prepared at 0.75M concentration is appropriate. 

4.3.2 Structural properties  

X-ray diffraction spectra recorded for Sn doped CuO thin films of different molarities prepared 

by sol-gel spin coating technique.  

 

Figure 4.3 XRD pattern of Sn doped CuO thin films. 

In figure 4.3, we have reported produced CuO thin films' XRD pattern. These films are of 

different thickness at a constant annealing temperature of 400°C for different precursor 

concentrations of 0.75M and 1M. The preferred orientation of the film, seen in the above figure, 

was along the planes (111) and (200) with diffraction angles of 38.76° and 44.89°, respectively. 

It has been observed that these peaks exist for all Sn doped CuO films and their intensity 

increase on increasing the molarity from 0.75 M to 1M. In addition, other low intensity peaks 

were observed at 2Ɵ = 27.20o, 64.96o and 77.89o corresponding to atomic plane (110), (112) 

and (321) respectively, (JCPDS card no. 82-087). The obtained peaks resemble with the results 

obtained by S.R. Cynthia [24] showing that this would make it possible for CuO and SnO2 to 

form a p-n heterojunction. The calculated structural parameters are shown by given table. 
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Table 4.2 Structural parameters of Sn doped CuO thin films. 

Name of sample Thickness (nm) Crystallite size 

(nm) 

Strain (m) Dislocation 

density (1015  

m−2) 

0.75MD1 165 14.33 0.00523 4.869 

0.75MD2 337 16.83 0.00202 3.531 

1MD1 181 23.61 0.00133 1.794 

1MD2 288 43.79 0.00057 0.0521 

 

It was noted from the calculated parameters that crystallite size goes on increasing as the 

molarity of films increasing. The rise in molarity causes an increase in the concentration of Cu, 

which causes more condensation of Cu atoms and a quicker nucleation rate, both of which 

result in the formation of larger crystallite sizes. These findings were agreed with Shabu et.al., 

[25].  

 

Figure 4.4 Variation of strain and dislocation density with crystallite size. 

From figure 4.4, it was found that both dislocation density and strain decrease on increasing 

crystallite size. This is due to the reason as the crystallite size increases, more regular will be 

the crystalline structure. The decreasing order of both dislocation density and strain shows the 

improvement in high quality of thin films.  
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4.3.3 Optical Properties 

By using Tauc relationship, we can obtain the direct band of CuO thin films which is shown 

by given table. 

Table 4.3 The variation of band gap on varying thickness. 

Name of Sample Thickness 

(nm) 

Direct Band Gap 

(eV) 

0.75MD1 165 3.83 

0.75MD2 337 3.72 

0.75MD3 461 3.66 

0.75MD4 570 3.27 

1MD1 181 2.36 

1MD2 288 2.20 

1MD3 413 1.70 

1MD4 528 1.45 

 

It was noted from the table that band gap gets reduce on increasing the thickness which 

demonstrates how films are getting better.  



142 
 

 

Figure 4.5 (a) Direct band gap of 0.75MD1 sample of Sn doped CuO films. 

 

Figure 4.5 (b) Direct band gap of 0.75MD2 sample of Sn doped CuO films. 



143 
 

 

Figure 4.5 (c) Direct band gap of 0.75MD3 sample of Sn doped CuO films. 

 

Figure 4.5 (d) Direct band gap of 0.75MD4 sample of Sn doped CuO films. 
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Figure 4.6 (a) Direct band gap of 1MD1 sample of Sn doped CuO films. 

 

Figure 4.6 (b) Direct band gap of 1MD2 sample of Sn doped CuO films. 
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Figure 4.6 (c) Direct band gap of 1MD3 sample of Sn doped CuO films. 

 

Figure 4.6 (d) Direct band gap of 1MD4 sample of Sn doped CuO films. 

As seen from the above graph, band gap of sample has been obtained from the spectral variation 

of (αhv)2. Band gap can be calculated by extrapolating a straight line until it reaches the point 

where (hv)2 = 0. It is found to lie between 3.84 to 3.27eV of sample prepared from 0.75M and 
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between 2.20 to 1.45eV for sample prepared from 1M. With increasing the molarity 

concentration of precursor solution from 0.75M to 1M, the optical band gap reduces from 3.84 

to 1.45 eV. These values agree with those reported earlier for CuO.   

4.3.4 Electrical Properties 

To check electrical properties, two electrodes were made on samples by using silver paste 

through which we can analyse current. It was found that current linearly increase on increasing 

the voltage which reveals that prepared films were of ohmic in nature. 

At room temperature, the electrical resistance of films prepared from 0.75M Sn doped CuO is 

found to lie between 2.23 × 107 Ω to 1.66× 106 Ω. The resistance of 0.75MD1 films is found 

to be comparatively lower than 0.75MD2, 0.75MD3 and 0.75MD4 films. The range of 

electrical resistance of sample prepared from 1M concentration was in range of 0.5 × 107 Ω to 

0.2× 107 Ω. It was noted from the below graph that lower resistance of sample 1MD4 and 

highest resistance of sample 1MD1. This variance of resistance might due to thickness of 

prepared samples from both precursor concentration of 0.75M and 1M. 

 

 

Figure 4.7 I-V properties of thin Sn-doped CuO films of 0.75 Molarity. 
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Figure 4.8 I-V properties of thin Sn-doped CuO films of 1M concentration. 

 

Figure 4.9 Variation of resistivity and conductivity of Sn doped CuO thin films of 0.75M 

concentration as function of thickness. 
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Figure 4.10 Variation in resistivity and conductivity of Sn doped CuO thin films of 1M 

concentration with thickness. 

The lowest resistivity was 6.04Ὠ-m at 570nm while highest resistivity was about 11.86 Ω-m 

at 165nm for sample prepared from 0.75M concentration of Sn doped CuO. The highest and 

lowest value of conductivity of 1MD sample are 0.1105 (Ω-m)-1 and 0.0947 (Ω-m)-1 

respectively. It was noted from the figure 4.9 and 4.10 that resistivity of doped sample 

decreases on increasing the thickness of films. Due to increased electron and hole carrier 

concentration, resistance reduced and conductivity increased.  

Furthermore, as thin films become thinner, electron scattering at various interfaces becomes 

more prominent. Grain boundaries, surfaces, and interfaces serve as scattering centers that 

hinder electron flow. In thicker films, electrons have a higher probability of avoiding these 

scattering sites due to their greater average distance from them. However, as thickness 

decreases, electrons encounter these scattering sites more frequently, leading to enhanced 

scattering and subsequently increased resistivity.  

As the thickness of sample increases then conductivity increase due to enhancement in large 

number of charge carriers. On increasing the molarity of precursor solution, change in 

resistivity was noted. It was found that resistivity gets reduce on increasing the molarity of 

solution.   
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4.4 Gas Sensor 

Sn doped CuO thin films of different precursor concentration 0.75M and 1M have been tested 

for various concentration of hydrogen sulphide gas at 25oC. The sensitivity, response time and 

recovery time toward hydrogen sulphide gas at different ppm of gas has been described in 

upcoming section. The fabrication of gas sensor using thin films of CuO has already described 

in chapter 3, section 3.7.  The difference is that here we use Sn doped CuO films as a testing 

material instead of pure CuO films. 

4.5 Mechanism of Gas Sensor fabricated from Sn doped CuO thin films. 

CuO films' sensing mechanism relies on changes in their conductivity and resistance after 

exposure to H2S gas [26]. It can be understood by the following reaction that occurs when this 

gas is supplied and it reacts with the adsorbed oxygen at the sensor surface: 

     R+ O- (ads) → RO + e- (4.1) 

O- (ads) is the oxygen ion adsorption, R is the reducing gas and e- are liberated electrons. [27-

28]. The CuO/SnCl2 thin film offers more surface area for the gas molecules to adsorb and 

disperse. 

 

                                          (a)                                                  (b) 

Figure 4.11 Mechanism of gas sensor; (a) in presence of air and (b) in presence of H2S gas. 

The above figure 4.11 (a) shows high resistivity of sensing materials in air is caused by the 

charge carrier depletion layer that forms at the p-CuO/n-SnCl2 interface. When H2S gas is 

exposed then p-n junction gets break down by transforming CuO to CuS. Due to this junction 

breakdown depletion layer becomes thin and we obtained low resistance of sensing materials 

as shown in figure 4.11 (b).   
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4.6 Gas Sensing Performance  

The sensing results obtained from Sn doped CuO based sensor of various samples of different 

doping (3%, 5% and 7%) are presented below.  

4.7 H2S sensing toward Sn doped 0.75M concentration films of CuO 

Gas response of prepared Sn (3%) doped CuO thin sheets from 0.75M concentration has been 

calculated by using equation (3.13) as described in section 3.12, chapter 3. Figure 4.12. (a) – 

(d) shows response for different concentration of gas. 

 

Figure 4.12. (a)                                                              Figure 4.12. (b) 
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Figure 4.12 (c)                                                                 Figure 4.12 (d) 

Figure 4.12 (a), 4.6. (b), 4.6. (c) and 4.6. (d) Sensitivity of sample 0.75MD1, 0.75MD2, 

0.75MD3 and 0.75MD4 respectively with operating temperature and concentration of H2S 

gas. 

It was noticed from the above figures that the highest gas response of all samples was achieved 

at room temperature. It was observed that response of films also starts decreasing as the 

operating temperature increases which is explained by the phenomena of adsorption and 

desorption of oxygen. These results are in close agreement with [29-31]. 

The obtained response time, recovery time and calculated response of different samples are 

provided in table 4.4. – 4.7. Amongst the samples named as 0.75MD1, 0.75MD2, 0.75MD3 

and 0.75MD4, it was found that 0.75MD1and 0.75MD4 sample have highest and lowest gas 

response of 74.63 and 17.13 respectively. At room temperature, sample 0.75MD1 have lowest 

response time of 5 seconds and sample 0.75MD4 have highest response time of 50 seconds. 

The highest sensitivity and lowest response time are due to the reason of lesser thickness of 

sample 0.75MD1. It has also been noticed that Sn doped CuO thin films fully recovered their 

resistance due to smaller molecule size of hydrogen sulphide gas. On the basis of obtained 

results we can conclude that the response time and recovery time can be reduced by doping of 

Sn to thin films of CuO. 
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Table 4.4 Fluctuations of sensitivity toward H2S gas, time of response and recovery of sample 

0.75MD1 with concentration of gas and operating temperature. 

Concentration 

of Gas 

Response 

Parameters 

Operating Temperature (oC) 

25 50 75 100 

 

 

10 ppm 

Sensitivity 

(Ra/ Rg) 

2.44 2.33 2.53 1.12 

Rt (s) 15 15 14 12 

Ret (s) 125 125 122 120 

 

 

20 ppm 

Sensitivity 

(Ra/ Rg) 

5.33 3.77 3.88 1.39 

Rt (s) 10 10 8 8 

Ret (s) 140 137 120 120 

 

 

30 ppm 

Sensitivity 

(Ra/ Rg) 

7 10.17 7.66 4.33 

Rt (s) 8 7 8 7 

Ret (s) 150 150 140 142 

 

 

40 ppm 

 

Sensitivity 

(Ra/ Rg) 

74.5 25 17 9.11 

Rt (s) 5 5 5 5 

Ret (s) 160 160 150 148 
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Table 4.5 Fluctuations of sensitivity toward H2S gas, time of response and recovery of sample 

0.75MD2 with concentration of gas and operating temperature. 

Concentration 

of Gas 

Response 

Parameters 

Operating Temperature (oC) 

25 50 75 100 

 

 

10 ppm 

Sensitivity 

(Ra/ Rg) 

5.75 2.41 1.96 1.24 

Rt (s) 18 18 17 16 

Ret (s) 126 126 120 114 

 

 

20 ppm 

Sensitivity 

(Ra/ Rg) 

12.07 5.3 4.31 3.77 

Rt (s) 16 16 15 12 

Ret (s) 132 132 130 128 

 

 

30 ppm 

Sensitivity 

(Ra/ Rg) 

20.01 10.27 8.19 6.29 

Rt (s) 14 14 10 10 

Ret (s) 142 140 140 132 

 

 

40 ppm 

 

Sensitivity 

(Ra/ Rg) 

34.72 17.12 14.87 8.28 

Rt (s) 12 12 10 10 

Ret (s) 180 178 170 160 
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Table 4.6 Fluctuations of sensitivity toward H2S gas, time of response and recovery of sample 

0.75MD3 with concentration of gas and operating temperature. 

Concentration 

of Gas 

Response 

Parameters 

Operating Temperature (oC) 

25 50 75 100 

 

 

10 ppm 

Sensitivity 

(Ra/ Rg) 

12.6 1.68 1.42 1.63 

Rt (s) 22 22 21 20 

Ret (s) 130 125 125 120 

 

 

20 ppm 

Sensitivity 

(Ra/ Rg) 

13.84 2.27 1.72 4.28 

Rt (s) 20 20 20 18 

Ret (s) 136 132 130 128 

 

 

30 ppm 

Sensitivity 

(Ra/ Rg) 

20 5.59 2.75 6.86 

Rt (s) 18 18 17 15 

Ret (s) 140 140 138 132 

 

 

40 ppm 

 

Sensitivity 

(Ra/ Rg) 

26 7.81 4.15 10.27 

Rt (s) 15 15 13 12 

Ret (s) 150 148 140 130 
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Table 4.7 Fluctuations of sensitivity toward H2S gas, time of response and recovery of sample 

0.75MD4 with concentration of gas and operating temperature. 

Concentration 

of Gas 

Response 

Parameters 

Operating Temperature (oC) 

25 50 75 100 

 

 

10 ppm 

Sensitivity 

(Ra/ Rg) 

2.68 2.53 1.4 1.12 

Rt (s) 25 25 24 23 

Ret (s) 135 135 132 130 

 

 

20 ppm 

Sensitivity 

(Ra/ Rg) 

6.1 3.88 2.1 1.39 

Rt (s) 22 22 20 20 

Ret (s) 140 137 132 128 

 

 

30 ppm 

Sensitivity 

(Ra/ Rg) 

8.3 7.33 3.14 1.66 

Rt (s) 19 19 18 16 

Ret (s) 148 145 145 138 

 

 

40 ppm 

 

Sensitivity 

(Ra/ Rg) 

17.11 11.17 4.55 2.94 

Rt (s) 17 16 15 12 

Ret (s) 160 158 150 138 

 

4.8 H2S sensing toward Sn doped CuO thin films of 1M concentration 

 In our work, molarity changes from 0.75M to 1M then thickness increase from 165 to 181nm. 

Similar type of observation has also been reported by Shabu et al [25]. The sensitivity of sample 
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prepared from 3% doping of Sn to thin films of CuO is shown by given table 4.8- 4.11 and 

figure 4.13 (a) – 4.13 (d). 

Table 4.8 The sensitivity toward H2S gas, response and recovery time for sample 1MD1 with 

gas concentration and operational temperature. 

Concentration 

of Gas 

Response 

Parameters 

Operating Temperature (oC) 

25 75 100 150 

 

 

10 ppm 

Sensitivity 

(Ra/ Rg) 

3.1 2.88 1.4 1.2 

Rt (s) 25 25 24 24 

Ret (s) 120 120 110 108 

 

20 ppm 

 

Sensitivity 

(Ra/ Rg) 

19 17 16.8 4.5 

Rt (s) 22 22 20 19 

Ret (s) 130 130 120 120 

 

 

30 ppm 

Sensitivity 

(Ra/ Rg) 

89 60 32.8 8.2 

Rt (s) 21 20 20 18 

Ret (s) 150 149 149 148 

 

 

40 ppm 

 

Sensitivity 

(Ra/ Rg) 

1036 450 61.6 7.76 

Rt (s) 18 18 18 15 

Ret (s) 180 180 178 175 
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Table 4.9 The sensitivity toward H2S gas, response and recovery time for sample 1MD2 with 

gas concentration and operational temperature. 

Concentration 

of Gas 

Response 

Parameters 

Operating Temperature (oC) 

25 75 100 150 

 

 

10 ppm 

Sensitivity 

(Ra/ Rg) 

18.6 14 10 5.68 

Rt (s) 28 28 248 27 

Ret (s) 125 125 122 120 

 

20 ppm 

 

Sensitivity 

(Ra/ Rg) 

32 25 20.09 7.33 

Rt (s) 26 26 26 24 

Ret (s) 130 128 126 124 

 

 

30 ppm 

Sensitivity 

(Ra/ Rg) 

364 180 36.09 19.3 

Rt (s) 24 24 22 21 

Ret (s) 140 149 149 148 

 

 

40 ppm 

 

Sensitivity 

(Ra/ Rg) 

833 340 65.54 24.6 

Rt (s) 18 18 18 15 

Ret (s) 160 158 158 150 
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Table 4.10 The sensitivity toward H2S gas, response and recovery time for sample 1MD3 

with gas concentration and operational temperature. 

Concentration 

of Gas 

Response 

Parameters 

Operating Temperature (oC) 

25 75 100 150 

 

 

10 ppm 

Sensitivity 

(Ra/ Rg) 

2.5 1.69 1.46 1.16 

Rt (s) 32 32 30 30 

Ret (s) 138 138 136 136 

 

20 ppm 

 

Sensitivity 

(Ra/ Rg) 

52.5 12.85 2.26 1.88 

Rt (s) 30 30 28 27 

Ret (s) 136 136 132 134 

 

 

30 ppm 

Sensitivity 

(Ra/ Rg) 

116.5 53.85 4.4 3.03 

Rt (s) 29 29 28 26 

Ret (s) 134 133 132 130 

 

 

40 ppm 

 

Sensitivity 

(Ra/ Rg) 

420 100 6.86 4.03 

Rt (s) 25 25 24 22 

Ret (s) 154 154 150 150 
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Table 4.11 The sensitivity toward H2S gas, response and recovery time for sample 1MD4 

with gas concentration and operational temperature. 

Concentration 

of Gas 

Response 

Parameters 

Operating Temperature (oC) 

25 75 100 150 

 

 

10 ppm 

Sensitivity 

(Ra/ Rg) 

5.15 3 1.57 1.1 

Rt (s) 35 35 34 34 

Ret (s) 145 142 140 136 

 

20 ppm 

 

Sensitivity 

(Ra/ Rg) 

67 7.5 5.25 1.37 

Rt (s) 33 32 32 31 

Ret (s) 148 148 144 142 

 

 

30 ppm 

Sensitivity 

(Ra/ Rg) 

116.5 53.85 4.4 3.03 

Rt (s) 32 30 30 28 

Ret (s) 150 150 148 145 

 

 

40 ppm 

 

Sensitivity 

(Ra/ Rg) 

420 100 6.86 4.03 

Rt (s) 30 30 27 25 

Ret (s) 170 164 160 150 
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Figure 4.13. (a)                                                          Figure 4.13 (b) 

 

Figure 4.13 (c)                                                           Figure 4.13 (d) 

Figure 4.13 variation of sensitivity with operating temperature and concentration of H2S gas; 

(a) for sample 1MD1, (b) for sample 1MD2, (c) for sample 1MD3 and (d) for sample 1MD4. 
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It was concluded from the above obtained data that a 3% doping of Sn enhance the sensitivity 

of the CuO thin film to target gas i.e. hydrogen sulphide gas. This is due to reason that the 

presence of Sn atoms increases molecule adsorption in gas and increase sensitivity toward 

target gas. Response increase due to formation of small dispersed SnO2 with CuO to form large 

no of p-n junction, consequently response increase toward H2S sensing [32].   

To check the further effect of doping on sensitivity of sample, doping increase upto 7%. The 

synthesized samples with 5% Sn doping was classified as 1MD1(5% Sn), 1MD2(5% Sn), 

1MD3(5% Sn) and 1MD4(5% Sn) for 3000 rpm, 2500 rpm, 2000 rpm and 1500 rpm 

respectively.  

 

Figure 4.14 variation of sensitivity of 5% Sn doped CuO films with operating temperature (at 

25oC) and various concentration of H2S gas. 

Figure 4.14 shows the variation of sensitivity at 25oC temperature and concentration of H2S 

gas of sample 1MD1, 1MD2, 1MD3 and 1MD4 with 5% doping of Sn to films of CuO.  It was 

noticed from the above figure that the highest gas response of all samples was achieved at room 

temperature by increasing the concentration of target gas. Amongst these four samples, it was 

found that 1MD4 (5% Sn) and 1MD1(5% Sn) sample have highest and lowest gas response of 

100 and 53 respectively.  

Similarly, for 7% doping samples codes were given as 1MD1(7% Sn) for 3000 rpm, 1MD2(7% 

Sn) for 2500 rpm and 1MD3(7% Sn) for 2000 rpm.     
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Figure 4.15 variation of sensitivity of 7% Sn doped CuO films with operating temperature (at 

25oC) and various concentration of H2S gas. 

It was found from the above figure 4.15 that the highest gas response of all samples was 

achieved at room temperature and highest gas response of 79.51 achieve for sample 1MD1(7% 

Sn). CuO thin films are copper oxide films that have been doped with varying percentages of 

tin (Sn) atoms. The doping of tin into copper oxide can affect the sensitivity of the thin films, 

particularly in gas sensing applications. As the concentration increase from 0.75M to 1M then 

surface morphology and structure both were influenced. Surface of films become more porous 

and sensitivity increase for 3% of Sn dopant. It was observed from the obtained results that 

high doping (5% and 7%) don’t provide an sufficient results of sensitivity because the surface 

of prepared films become smooth. The effect on sensitivity can vary depending on the dopant 

concentration. However, there will be a noticeable deterioration in responsiveness at even 

greater doping of Sn. This is due to the fact that p-n junctions can only be formed by using a 

portion of tin.  

We observed that a moderate concentration of tin doping (5%) could further enhance the 

sensitivity of the CuO thin film. At this level of doping, the film's surface potentially leading 

to improved gas interaction and greater sensitivity to hydrogen sulphide gas. We use doping 

up-to 7% because beyond a certain point, too much doping can lead to the formation of 

secondary phases or structural changes that could reduce sensitivity or introduce unwanted 

properties. Overall, the effect of tin doping on sensitivity in CuO thin films depends on a 

balance between the altered surface chemistry, defects, and potential changes in the film's 
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structural properties. Proper tuning of the doping concentration is crucial to achieve the desired 

level of sensitivity for specific gas sensing applications. 
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CHAPTER 5 

SUMMARY AND CONCLUSIONS 

5.1 Summary and Conclusions 

Gas sensing technology has a big impact on many different industries, including the healthcare 

sector, monitoring of the environment, aviation, automotive applications, and spacecraft. Due 

to the enormous tender range, the need for inexpensive, power-hungry, portable, and 

dependable gas detecting equipment is becoming increasingly crucial. In all fields of material 

science and physics application, metal oxides serve as an example of a separate class of 

materials that includes everything from metals to semiconductors and insulators. It has been 

discovered, particularly in detection of hazardous gases, that the quantity and configuration of 

the poisonous gases affect how much electrical resistance can resist a sensing element based 

on metal oxides. 

The introduction chapter begins with description of the peculiar traits of several types of gas 

sensors, principle of operation for reducing gases, parameters of sensor materials. Various 

techniques to improve the sensitivity of sensor, occurrence of H2S gas and necessity of 

hydrogen sulphide gas sensor is provided. The production of CuO films along with their 

electrical, optical, structural, morphological and gas sensing characteristics have received the 

majority of attention. It is also discussed the superiority of spin coating method over all others 

synthesis methods. The applications of thin films as solar cells and gas sensing toward a target 

gas have been discussed.  

Based on literature, CuO thin films has generated a lot of interest in the study of gas sensors 

because of its strong catalytic, adsorption, thermal and n-type conductivity abilities. Sol-gel 

spin coating has produced thin CuO films that can sense tiny reducing gas concentrations at 

low temperatures. The samples were manufactured using varied spinning speeds and analysis 

of structural, optical and electrical properties for solar cells and gas sensing characteristics. 

Brief overview of findings from chapter 3 and 4 which is provided below. 

In summary, thin CuO films were grown successfully on glass substrate with the help of the 

sol gel spin coating technique at 400oC annealing temperature. The optimized parameters were 

spinning speed and precursor molarity. It has been observed that both parameters effect the 

various properties of thin films used for gas sensing and solar cell applications. 
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XRD revealed that all of prepared samples have (200) and (111) atomic planes at 2 theta value. 

The monoclinic phase of CuO and polycrystalline nature of prepared films was shown by the 

XRD measurement. It was found that crystallinity of films increases as the spinning speed 

increases. The crystallite size and dislocation density increase and decrease respectively which 

shows that films synthesized at higher spinning speed are of high quality. 

It was found that intensity of peak observes at (111) plane increases for sample synthesize by 

one molar concentration. It confirms that films have good crystallinity as concentration change 

from 0.75M to 1M. The crystallite size increase with increasing of the molar concentration and 

lies in the range of 10.18 nm to 3.29 nm. From the obtained results of XRD, it was concluded 

that pure crystalline films of CuO achieve at spinning speed in range of 1000 to 3000 rpms. 

Morphological study shows that grain size decrease as the thickness of films decreases. 

Optical investigation shows that transmission drops by 15% as film thickness increases from 

75 to 239 nm owing to film density. Thinner sheets absorb more photons, making them less 

transparent. Obtained band gap lies in range from 1.69 eV to 2.23 eV which makes the prepared 

samples useful for solar cell applications. To verify the ohmic nature of films, silver electrode 

has been deposited on surface of films and observe that current linearly goes on increasing with 

increasing voltage. From the calculation of resistivity and conductivity, it was analysed that 

resistivity falls and conductivity increase on increasing spinning speed. Samples of 1M 

concentration have lowest and highest resistivity value of 10.23 ohm-m and 22.9 ohm-m 

respectively.  

Doped sample of CuO also prepared by using Sn as dopant with 3 moles %, 5 moles % and 7 

mole % using sol-gel method. Transparent solution prepares after aging of 90 minutes. This 

solution was used to synthesize films on substrate of glass. Debye Scherrer formula was used 

to calculate the size of crystallite and found that it lies in the range of 14.33 nm to 16.83 nm 

for Sn doped sample of 0.75M concentration and 23.61 nm to 43.79 nm for Sn doped sample 

prepared from 1 M concentration. XRD shows that films are oriented along (111) and (200) 

planes. It was observed from the calculation that dislocation density decreases indicating the 

more regularity of crystalline structure.  

Optical properties of doped films from 1 molar concentration shows the band gap in range of 

2.36 eV to 1.45 eV. This obtained band gap makes the samples suitable for absorber layer in 

solar cell. From I-V characteristics, it was seen that all of doped sample have ohmic nature. It 
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was analysed from the figure 4.8 and figure 4.9 that resistivity decrease and conductivity 

increase on doping of Sn material to CuO. 

These prepared samples were studied at various temperature and different concentration of H2S 

gas for gas sensing applications. It was found that 25oC is the best operating temperature due 

to high gas response and less time taken for showing change in resistance and also for 

recovering. 10 ppm to 40 ppm hydrogen sulphide gas was passed to sample and analyse the 

sensitivity. It was noticed from the figure 3.27 that sensitivity goes on increasing as the 

concentration of gas increase. It has been found that lowest thickness sample show more 

sensitivity toward H2S gas with minimum time taken for responding and recovering. The 

selective nature of CuO films was also verified by passing ethanol, ammonia and H2S of 40 

ppm at 25oC temperature. It was observed from the figure 3.29 that sensor fabricated from CuO 

was selective for H2S gas.  Among the testing of pure and doped sample of CuO, it was found 

that sample minimum responding time taken by sensor was 5 seconds. We can conclude based 

on the results that doping of Sn to thin CuO films reduces response and recovery time. A 

moderate dose of tin doping (3%) increase CuO thin film sensitivity.  

Besides that, the investigation on the structural and morphological properties of the copper 

oxide thin films could be performed using different annealing temperature. In future, we can 

explore the feasibility of incorporating the Sn doped CuO thin films into practical gas sensing 

devices for real time monitoring of environmental pollutants or industrial gases. Prepared thin 

films of CuO can also use as absorbing layer in photovoltaic devices for improving their 

performance and stability.  

 

 

 

 

 

 

 

 



169 
 

                                                    List of Conferences 

 International Conference on “Scientific Developments in the Current Era” (ICSDCE-

2021), 9-10 April, 2021, I.B. College, Panipat. 

 International Conference on “Recent Advances in Fundamental and Applied Sciences” 

(RAFAS-2021), 25-26 June, 2021, Lovely Professional University, Punjab. 

 International Confrence on “ Recent advances in basic and applied Sciences” 

(ICRABAS-2021) (online), 27-28 August, 2021, BMU, Rohtak. 

 International Conference of Emerging Technologies: ICMET-2021, 18-19 Feb, 2022, 

Lovely Professional University, Punjab. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



170 
 

List of Publication 

1. “Investigation of effect of spinning speed on structural, electrical and optical properties of 

CuO thin films prepared by sol–gel spin coating technique”, Jyoti, Rajesh Kumar.  

Journal of optics (2022), DOI: 10.1007/s12596-022-00942-9. 

2. “Variation In Electrical, Optical and Structural Properties Of CuO Thin Films Prepared By 

Sol-Gel Spins Coating Technique By Varying Thickness”, Jyoti, Rajesh Kumar. 

American Institute of Physics (2023), DOI:10.1063/5.0163464. 

3. “Effect of Spin Speed on the Physical Characteristics of CuO Films Synthesized with Sol-

Gel Spin Coating for H2S Gas Sensing”, Jyoti, Rajesh Kumar. 

Journal of Electronics and Materials (2024), DOI:  10.1007/s11664-024-11236-0. 

4. “Synthesis and characterization of Sn doped CuO thin films for gas sensor toward H2S gas 

sensing”, Jyoti, Rajesh Kumar, Ashok Kumar. 

Journal of Electronics and Materials (2024), DOI:  10.1007/s11664-024-11249-9. 

5. “Design and characteristics of various types of gas sensors for hydrogen sulphide gas 

detection- A review”, Jyoti, Rajesh Kumar.  

Journal of physics (2022), DOI: 10.1088/1742-6596/2267/1/012008. 

6. “SENSOR BASED METHOD TO DETECT AND MONITOR H2S GAS –A REVIEW”, 

Rajesh Kumar, Jyoti, 

Poll Res. 41 (1): 286-291 (2022), DOI: 10.53350/PR.2022.v41i01.042.  

 

 

 

 

 

 


