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1  ABSTRACT 

ABSTRACT 

In this study, a Localized surface plasmon resonance (LSPR)- based sensor for 

volatile organic compounds (VOCs) detection is developed. The sensors are 

fabricated as a hybrid nanostructure of gold nanoparticles (Au NPs) coated with a 

tantalum oxide (TaO) and Tungsten oxide (WO3) thin film on a glass slide substrate 

through magnetron sputtering and thermal solid-state dewetting techniques. The 

thickness of the TaO and WO3 film varies between 10 and 70 nm. The optical 

properties of samples are characterized by UV-Vis-NIR spectrophotometry, while 

their morphologies are confirmed via transmission electron microscopy. The results 

show the shift of the minimum optical transmittance related to the TaO and WO3 

thickness. Electrical field simulations are performed to predict the sensitivity of the 

prepared samples for VOC detection. In addition, the sensors are tested with 

different VOCs, including formaldehyde, isopropanol, acetone, methanol and 

Toluene which show good potential for practical applications. 
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CHAPTER 1 

INTRODUCTION 

1.1   Statement of the Problems 

Volatile organic compounds (VOCs) constitute a diverse class of chemicals with 

boiling points ranging from 50-100 °C to 240-260 °C and molecular weights spanning 

from 50-70 to approximately 300 daltons[1]. These compounds are frequently used as 

ingredients in household products or industrial processes, where they vaporize at 

room temperature and can be inhaled. Unfortunately, many VOCs are known to have 

adverse health effects[2], [3]. Hence, the VOCs detection in environment is very 

important. While traditional analytical methods like gas chromatography-mass 

spectroscopy (GC-MS) offer accuracy and reliability[4]. However, this method was 

laboratory-based, highly skilled operators, time-consuming, and expensive, which are 

not applicable for point-of-use or real time detection[5], [6]. Consequently, the 

development of VOCs sensor platform has focused on cost-effectiveness, easy-to-use, 

portable size, and high sensitivity[7]. Several types of sensors for measuring volatile 

organic compounds in electric and optical platforms have been conducted in different 

aspects[8]. Nowadays, the electrical VOCS sensor platforms such as metal-oxide-

semiconductor (MOS-type) sensors[9]and electrochemical sensors[10]are considered 

the best compromise in terms of technology maturity, sensitivity, cost, and device 

miniaturization potential. However, the performance of MOS-type sensors requires 

high operating temperatures (typically 150–500 °C) and poor gas selectivity. In the 

case of electrochemical sensors, they are limited by their low sensitivity in complex 

molecules and low stability[11]. The optical VOCs sensor platform presents 

numerous advantages, including low electromagnetic interference, low power 

consumption, room-temperature operation, and simplified sensor geometry, making 

fabrication straightforward[12]. In this context, the optical platform based on guided 

mode resonance (GMR) stands out as a notable option[13]. A distinctive characteristic 

of this sensor is its utilization of a thin film grating layer with a nanoscale pattern, and 

thin film waveguides that effectively trap light (optical waveguide). This 

configuration enables real-time monitoring and multiplexed detection of multiple 

VOCs. However, the challenge lies in the complex design required for producing 

nano-level patterns, which can only be achieved in a limited area. To avoid these 

problems, the VOCs detection based on localized surface plasmon resonance (LSPR) 

was represented. Which have recently emerged as a competitive technology platform 

with high sensitivity, fast response, and significant miniaturization potential. The 

phenomenon of localized surface plasmon resonance (LSPR)[14], which results from 

the plasmonic response of nanoparticles by incident electromagnetic waves, can be 

applied in the sensing of analytes. The mechanism is based on detecting the change in 

the environmental refractive index (RI). Recently, I. Tanyeli et al.[15]proposed a 

hybrid structure of nanoplasmonics combined with a metal oxide thin film. This 

hybrid structure can detect NO2 gas in the air by changing the plasmonic signal in the 

presence of NO2 gas.  
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Herein, we report on the fabrication of LSPR-based VOCs optical sensor chips. 

These chips consist of Au nanodots coated with the ultra-thin TaO and WO3 film, 

fabricated through magnetron sputtering and solid-state dewetting methods. Notably, 

these fabrication processes enable mass production with lithography-free techniques, 

offering simplicity and cost-effectiveness. The effect of film thickness of the TaO and 

WO3 layer from 10-70 nm was investigated. As a proof of concept, the VOCs sensing 

performance of our prepared chips was evaluated for detecting formaldehyde, 

isopropanol, acetone, methanol and Toluene. Our results demonstrated that the chip 

coated with an optimized TaO and WO3 film thickness exhibited highly sensitive and 

selective responses to VOCs vapor. 

1.2  Objectives 

1.2.1 To study and develop hybrid plasmonic nanostructure of gold nanodots 

coated metal oxide thin film using DC magnetron sputtering and solid-state 

dewetting techniques. 

1.2.2 To study parameters on the fabrication of nanostructures plasmonic layer 

and metal oxide thin film. 

1.2.3 To characterize the physical and optical properties of the plaasmonics 

nanostructure and metal oxide thin film sensor. 

1.2.4 To study VOC gas sensing of hybrid plasmonics nanostructure and metal 

oxide (MO) thin film sensor. 

1.3  Scope of Study 

1.3.1 Fabricate hybrid plasmonics nanostructure of gold nanodots coated 

tantalum oxide thin film at various thickness using DC magnetron sputtering and 

solid-state dewetting techniques. 

1.3.2 Fabricate hybrid plasmonics nanostructure of gold nanodots coated 

tungsten oxide thin film at various thickness using DC magnetron sputtering and 

solid-state dewetting techniques. 

1.3.3 Characterize the morphologies and optical characteristics of fabricated 

hybrid plasmonics nanostructure. 

1.3.4 VOCs sensitivity and response test with fabricated hybrid plasmonics 

nanostructure. 
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1.4   Expected outcome 

1.4.1 VOCs optical sensor-based hybrid plasmonic nanostructure of gold 

nanodots coated metal oxide thin films. 

1.4.2 Sensitivity and response database of hybrid plasmonic nanostructure related 

to the material and thickness of metal oxide thin film layer. 

1.4.3 Knowledge of VOCs sensing mechanism through the fabricated hybrid 

plasmonic nanostructure of gold nanodots coated metal oxide thin films. 
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2 CHAPTER 2 

LITERATURE REVIEW 

2.1 Volatile Organic Compounds (VOCs) Gas sensor 

Volatile organic compounds (VOCs) are high vapor pressure of carbon-based      

compounds at room temperature and pressure and constitute a diverse class of 

chemicals with boiling points ranging from 50- 100°C to 240-260°C. The molecular 

weight range is from 50-70 to about 300 dalton[1]. which are frequently used as 

ingredients in household products or industrial processes. They are easily inhaled in 

daily life and known to have adverse health effects. When the molecules of those 

substances change to gas, they evaporate into the surrounding atmosphere in large 

amounts. It is directly harmful to the environment and human health. This vapor, if 

accumulated in the body for a long time, can damage the central nervous system. and 

increase the risk of cancer[16]. Standard concentrations of VOCs are shown in 

TABLE 2-1. 

TABLE 2-1  Average standard concentrations of volatile organic compounds[17] 

Volatile Organic 

Compounds 

VOCs 

concentration 

standards, 

Pollution Control 

Department 

(μg/m3)  

Occupational 

Safety and Health 

Administration 

Permissible 

Exposure Limit 

(OSHA PEL) 

(mg/m3)  

Immediately 

Dangerous to Life 

or Health 

Concentrations 

(IDLH) (ppm) 

1,3-Butadiene  

Benzene  

Carbon  

tetrachloride  

Chloroform  

Dichloromethane  

1,2-

Dichloroethane  

Trichloroethylene  

< 5.3 

< 7.6 

< 150 

< 57 

< 210 

< 48 

< 130 

2.21 

3.19 

62.9 

240 

86.8 

202.5 

537 

2,000 

500 

200 

500 

2,300 

50 

1,000 

 

In addition to VOCs found in industrial products, VOCs are produced by organisms, 

both plants and animals. It can also release vapor. especially plants or meat that have 

been processed into raw food. When those foods are processed, the food degradation 

process begins immediately. This depends on environmental factors such as 

temperature, humidity, oxygen, amount of microorganisms, light. Quality degradation 

and deterioration that occurs in food means that the quality of food changes in terms 

of color, aroma, taste, shape, appearance, texture, and nutritional value. as well as 

safety for consumption[18]. The main factor of food deterioration is caused by 

microorganisms each type of food has different chemical components such as 
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carbohydrates, proteins, fats, vitamins, minerals, resulting in different values of the 

acid-base or pH and amount of water that are appropriate for microbial growth vary 

depending on the type and quantity found. The shelf life of fresh food therefore 

varies. As shown in TABLE 2-2. 

TABLE 2-2  Shelf life of various types of food at 21 degrees Celsius[19] 

Type of foods Shelf life (days) 

Meat 

Fruits 

Vegetable 

Tuber 

Dried fruit 

1 – 2 

1 – 7 

1 – 2 

7 – 20 

> 360 

 

Foods that are high in protein, such as meat, seafood, milk, and nuts, deterioration is 

often caused by bacteria (proteolytic enzymes) such as protease, that breaks down 

large protein molecules (amino acids). Furthermore, decomposes them into Volatile 

substances that have a bad smell, such as the decomposition of amino acids that 

contain sulfur (sulfur) as a component, such as the amino acid (cystein) produce 

hydrogen sulfide gas (hydrogen sulfide, H2S). which has an odor. Rotten eggs, the 

breakdown of the amino acid tryptophan produces indole and skatole, which have a 

putrid odor similar to feces or in the case of foods that are high in fat Microorganisms 

that have lipolytic enzymes, such as lipase, will digest triglycerides. (triglyceride) into 

a free fatty acid molecule (free fatty acid). If it is a short chain fatty acid, it evaporates 

easily and has an odor. Free fatty acids, which are unsaturated fatty acids, can also 

react with oxygen in the air (lipid oxidation) causing rancidity. Examples of reactants 

and products from spoilage by microorganisms Shown in TABLE 2-3. 

TABLE 2-3  Products of microbial decomposition[20] 

Reactant Substances produced by 

bacteria 

TMAO 

cysteine 

methionine 

carbohydrates and lactate 

inosine, IMP 

amino acids (glycine, serine, leucine)  

amino acids, urea 

TMA 

H2S 

CH3SH, (CH3)2S 

acetate, CO2, H2O 

Hypoxanthine 

esters, ketones, aldehydes 

NH3 
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2.2 Localized surface plasmon resonance (LSPR) 

      Surface plasmon resonance (SPR) is a phenomenon in which light interacts with 

electrons on the metal surface where the light hits. This causes plasmon which results 

from free electrons on the metal surface vibrating perpendicular to the surface and 

propagating parallel to the metal surface. As shown in FIGURE 2-1, when the 

frequency of light incident on a metal surface is equal to the natural frequency of free 

electrons, it causes resonance or resonance, causing the incident light to be absorbed. 

Can absorption and convert to plasmon the highest[21-24] 

 

 

 

 

 

 

 

FIGURE 2-1 Surface and propagating parallel to the metal surface 

Although measurement techniques based on the surface plasmon resonance 

phenomenon of gold thin films can measure specific biomolecules, however, the 

plasmon field generated by the SPR phenomenon will affect the surface of the gold 

thin film over 250 to 1,000 nm, as shown in FIGURE 2-2. However, in measuring 

surface changes such as the adhesion of molecules on the surface. The field of 

plasmons is too high from the surface. It easily causes interference from the 

surrounding environment. To solve this problem Localized surface plasmon resonance 

(LSPR) is a phenomenon that occurs when light hits nanoscale structures. Plasmonic 

nanostructures have therefore been developed to measure surface changes that require 

high responsiveness. This is because the resulting plasmon field affects only 20 to 40 

nanometers from the surface of the nanostructure, as shown in FIGURE 2-2 [21-22], 

[25]. 
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FIGURE 2-2 Plasmon field generated by the SPR and LSPR phenomenon 

To measure surface changes using the LSPR phenomenon, the optical transmission 

signal of plasmonic nanostructures is measured, which has a unique pattern. The 

optical transmittance is lowest at specific wavelengths. As shown in FIGURE 2.3, this 

wavelength is called Resonance Wavelength. When molecules adhere to the surface 

of the plasmonic nanostructure, or within a range where the plasmon field from the 

LSPR phenomenon still has an effect. The optical transmission signal changes as the 

resonance wavelength position shifts away from the original value[21], [25]. As 

shown in FIGURE 2.3. 

 

 

FIGURE 2-3 Schematic of optical transmission signal in LSPR phenomenon 

2.2.1 Factors affecting the occurrence of LSPR phenomenon on Metal surfaces  

   From the literature review It was found that the type of metal has a direct  

effect on the absorption range of light that causes the LSPR phenomenon on the 

surface of the metal. Silver (Ag) and gold (Au) have a response to light in the 

range. visible light to near infrared (NIR)[26], while aluminum (Al) responds to 

light in the range of ultraviolet (UV) to visible light as shown in TABLE 2-4. The 

vast majority of LSPR sensing experiments have been carried out on gold or silver 

nanoparticles. Gold is often chosen because of its chemical stability and resistance 

to oxidation, but silver has sharper resonances and higher refractive index 

sensitivity. However, when considering its chemical stability (chemical stability) 

It was found that gold metal is the most stable when oxidized. As a result, gold 

metal is widely synthesized into nanoscale structures for the LSPR 

phenomenon[27]. 
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TABLE 2-4  Plasmonic properties and chemical stability of various metals[27] 

Metals 
Plasmonic Characteristics 

Chemical stability 
Ultraviolet Visible light Near-infrared 

Silver (Ag) - ✓ ✓ Easily oxidized 

Gold (Au) - ✓ ✓ Stable 

Aluminum 

(Al) 
✓ ✓ - Easily oxidized 

 

2.3 Sputtering Mechanism 

 The techniques used for the Tantalum oxide (TaO) and Tungsten Trioxide (WO3) 

thin film deposition purposes could be broadly classified as Physical Vapor 

Deposition (PVD) and Chemical Vapor Deposition (CVD) processes. In this research, 

Tantalum oxide (TaO) and Tungsten Trioxide (WO3) thin film are decorated by the 

sputtering method. Notably, these fabrication processes enable mass production with 

lithography-free techniques, offering simplicity and cost-effectiveness. Sputtering, 

one of the most important techniques of PVD processes employs momentum transfer 

between the impacting ion and target. The ion bombardment causes an atom-by-atom 

ejection of the target material that can then condense and deposit on the substrate 

place opposite the target. As shown in Figure, when an ion approaches the surface of 

a solid (target) one or all the following phenomena may occur[28]. 

 

 

 

 

 

 

 

 

 

 

FIGURE 2-4   The Interactions of ions with surfaces[28]. 
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a) The ion may be reflected, probably being neutralized in the process. 

b) The impact of the ion may cause the target to eject an electron, usually 

referred to as a secondary electron. 

c) The ion may become buried in the target. This is the phenomenon of ion 

implantation. 

d) The ion impact may also be responsible for some structural rearrangements 

in the target material. 

e) The ion impact may set up a series of collisions between atoms of the target, 

possibly leading to the ejection of one of these atoms. This ejection process is 

known as sputtering. 

When an ion with energy of more than 30 eV hits a surface, a small fraction of the 

energy and momentum of the incoming ion will, through lattice collisions, be reversed 

and may cause ejection of surface atoms, i.e. sputtering[29]. The sputtered atoms 

leave the target surface with relatively high energies (~10 eV) compared with 

evaporation atoms (~0.1 eV). The average number of atoms ejected from the surface 

per incident ion is called the sputtering yield[29]. The ion source is usually plasma 

(i.e., an electrically neutral mixture of positive ions and electrons) generated by 

electron impact in a noble gas at subatmospheric pressures (typically 2 - 10 Pa). The 

ions are accelerated in an electric field obtained by applying a negative potential with 

respect to the plasma potential to an electrode immersed in that plasma. The ejected or 

sputtered atoms can be condensed on a substrate to form a thin film. The sputtering 

yield (S) depends on many factors, such as the mass and the energy of the incident 

particles, the mass and the binding energy of the sputtered atoms, the crystallinity of 

the target, etc., and can be described as[30], [31]: 

 

 S = const (Eion – Ethres) = const e(Vp – Vdc -Vthres), (2-1) 

   

 Ethres = 8Us(M1/M2)2/5 (2-2) 

 

Where: 

Eion is the energy of the incident ion 

Ethres is a threshold energy 

Vp is the plasma potential 

Vdc is the dc voltage on the target (discharge voltage) 
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Us is the surface potential barrier and M1 and M2 are the mass number of the ion and 

the target. The deposition rate R is proportional to the sputtering yield S, and I(1 - γ), 

with I the discharge current and γ the secondary electron emission coefficient[32] 

 

R = const SI(1-γ)      (2-3) 

      

   2.3.1 DC Sputter Deposition[28-29], [33] 

   The momentum transfer process that accompanies the bombardment of a 

surface by a high-energy ion can result in the physical sputtering of a surface 

atom. This sputtered surface, called a “sputtering target”, is the vaporization 

source for the sputter deposition. In plasma-based sputtering, ions are formed in 

plasma and accelerated to the surface under an applied potential. The simplest of 

these plasma configurations is DC sputtering, where a high DC voltage is applied 

to a conductive surface in a gas, plasma is formed near the surface, and ions are 

accelerated to the surface, as shown in FIGURE 2-5. In the DC glow discharge, 

the electric field strength is high near the cathode and most of applied voltage is 

“dropped” across a region near the surface, call cathode dark space. The cathode 

dark space region is very important to sustain the discharge as well as the 

sputtering process. The large voltage drop that occurs across dark space is 

responsible for the acceleration of ions that enter the dark space by diffusion from 

the negative glow region. These ions impact upon the cathode with considerable 

energy to give rise to the sputtering process. The ions also are neutralized by the 

impact of the cathode and give rise to the liberation of electrons from the cathode. 

These latter electrons are accelerated away from the cathode by the dark space 

field and quickly gain enough energy to engage in ionizing collisions with neutral 

argon gas atoms. For the discharge to be self-sustaining, each argon ion that is 

neutralized at the cathode must be replaced by another argon ion generated by 

ionizing collision caused by a liberate electron. Otherwise, the cathode would 

drain ions from the negative glow region. Neutralize these, and the discharge 

would quickly be extinguished. This latter condition can occur if the anode is 

brought very close to the cathode surface, and electron reach the anode before 

causing a sufficient number of ionizing collisions. The anode spacing needed to 

accomplish such discharge extinction is the dark space distance. Therefore, to 

prevent a discharge from forming near some portions of the cathode surface, the 

placement of an anode at the distance less the dark space length it required. 
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FIGURE 2-5   DC discharges showing the potential distribution between the  

electrodes and the behavior of the electrons and ion in the cathode dark-space 

region[28] 

The dark space length is a function of pressure as well as the nature of the gas. As 

the pressure is reduced, the dark space length becomes equal to anode cathode 

spacing, and discharge extinguish. This even limits the practical utilization of DC 

diode sputtering to   pressure of the order of 40 mTorr. However, if these electrons 

were better utilized, the pressure at which dc sputtering occurs would be reduced. 

Suitably oriented magnetic field accomplishes this by causing the electrons to 

move in spiraling paths, thereby substantially increasing the electron path in 

traveling from cathode to the anode. As might be expected, the use of such 

magnetic fields caused the dark space length to decrease. Typical dark space 

lengths encountered in DC diode sputtering range from 1-2 cm, whereas in some 

magnetically enhanced dc magnetron method, as will be discussed in section 

2.3.2, the dark space length is reduced to 0.5 mm. The mean free part of electrons 

is a function of gas density n (atoms/cm3) and the effective collision cross-section 

() 

 

L = 1/n       (2-4) 

 

The cross section for ionizing type collisions between an electron and inert gas is 

a function of electron velocity. The atom will appear large to slowly moving 

electrons, and small to rapidly moving electrons. Thus, the event in the dark space 
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can now be visualized as follows: some electrons, purely by change suffer an 

ionizing collision an argon atom very early in their travels through the dark space. 

These electrons are slowed and create another slow electron. The mean free path 

remains short because these electrons are moving slowly. Other electrons, again 

purely by chance, travel a long distance through dark space, and thereby gain 

large amounts of energy from the dark space field. These electrons now do not 

suffer any ionizing collisions because of their long mean free part, the bombard 

the substrate with the full energy gained by traversing the dark space field. These 

high-energy secondary electrons are the single most important source of substrate 

heating encountered in DC sputtering. 

2.3.2 Magnetron Sputtering Deposition [28-29], [33-34] 

   Magnetrons sputtering devices have become popular from easiness in 

technical adjustment and film quality. Magnetrons have been more routinely used 

to rapidly deposit thin metal films for a broad range of applications from 

architectural glass and food packaging to thin films microelectronics. The DC 

diode sputtering configuration is not widely used because of its poor sputtering 

efficiency. This is because the secondary electrons that are accelerated away from 

the cathode are not effective in producing ionization, and the high gas pressure 

necessary to sustain the discharge prevent ions from attaining high energies before 

they strike the sputtering target. Compared to the DC diode sputtering process 

shown in FIGURE 2-6 (a), the planar target in its simplest form is shown 

schematically in FIGURE 2-6 (b). It consists of the target material backed by 

permanent magnets that provide a toroidal confinement field with the field lines 

forming a closed tunnel on the target surface. The field strength is chosen to 

provide effective confinement for electrons while allowing heavier ions 

considerable freedom. 

 

 

 

 

 

 

 

 

FIGURE 2-6 Schematic illustrations of the (A) convention dc-diode and (B) 

planar magnetron cathode sputtering (a. magnet field line, b. the wall of vacuum 

chamber, c. cathode, d. target, e. plasma, f. substrate, g. anode)[29]. 
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Magnetrons are a class of cold cathode discharge devices used generally in a 

diode mode. The plasma is initiated between the cathode and the anode at 

pressures in the mTorr range by the application of a high voltage that can be either 

DC or RF. The plasma is sustained by the ionization caused by secondary 

electrons emitted from the cathode due to ion bombardment which are accelerated 

into the plasma across the cathode sheath. What differentiates a magnetron 

cathode from a conventional diode cathode is the presence of a magnetic field. 

The magnetic field in the magnetron is oriented parallel to the cathode surface. 

The local polarity of magnetic field is oriented such that E×B drift of the emitted 

secondary electrons forms a closed loop. Due to the increased confinement of the 

secondary electrons in this E×B drift loop compared to a DC or RF diode device, 

the plasma density will be much higher, often by an order of magnitude or more, 

than a conventional RF or DC diode system. The result of the high plasma density 

and its proximity to the cathode is a high current, relatively low voltage discharge. 

Typical discharge parameters for a magnetron might be a voltage of 500 V and a 

current of 5 A, whereas a non-magnetized diode might operate at 2500 V and 0.5 

A. Due to the effective trapping of the energetic secondaries close to the cathode, 

a high plasma density can be sustained at significantly lower chamber pressures 

than similar power RF or DC diode plasma. A magnetron operates at a pressure 

ranging from 1-2 mTorr to 30-40 mTorr, whereas a typical RF diode might 

operate at 15-200 mTorr. The low operating pressure results in a significant 

reduction in gas scattering between the sputtered atoms and the background gas. 

The result of this reduction is an effective increase in the average kinetic energy of 

the sputtered atom (less thermalization) and an increase in the probability of atom 

transport from the cathode to the substrate. The result of the high discharge 

currents is the ability to sputter the cathode at a high rate. The deposition rate on 

surfaces within 5-10 cm from the cathode may be as high as several 

microns/minute for high sputter yield materials. Usually, the typical limiting 

factor to the maximum deposition rate in a magnetron device is the ability to cool 

the cathode. Magnetrons have been developed in a wide range of geometries: each 

of which satisfies the requirement that the E×B drift path forms a closed loop. 

Three basic classes of geometries exist: the planar, the cylindrical and the conical 

designs. The planar design (FIGURE 2-7(a)) is available in a circular geometry at 

diameters of from 5 to a few 10’s of cm. The rectangular or “racetrack” 

magnetron (FIGURE 2-7(b)) has been developed at lengths exceeding the meter 

range. Cylindrical geometry is characterized by a central, cylindrical cathode with 

an axial magnetic field (FIGURE 2-7(c)). The magnetic field in this case is radial 

and the resultant E×B drift path forms a band around the cathode. The third 

geometry is the conical design (FIGURE 2-7(d)), which is somewhat similar to 

the circular planar device.  
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FIGURE 2-7  (a) Circular planar magnetron, (b) rectangular planar   magnetron, 

(c) cylindrical posy magnetron and (d) conical magnetron[28] 

2.3.3 Reactive Sputtering[30] 

Reactive sputtering is the method in which thin films of compounds are 

deposited on substrates by sputtering from metallic targets using both the inert 

working gas and a reactive gas. The dynamics of this process as a function of 

reactive gas flow is depicted in FIGURE 2-8. At low flow rates all the reactive 

gas is incorporated into the deposited film (metallic mode). As the gas flow 

rate is increased, a threshold is reached where the target surface experiences 

compound formation. When this compound formation exceeds the removal 

rate of material, a threshold is reached that is accompanied by a sharp decrease 

in sputtering rate and discharge voltage (compound mode). This decrease is 

due to the fact that compounds generally have lower sputtering rates and 

higher secondary electron emissions. Additionally, a third cause for the drop 

in sputtering rate is due to less efficient sputtering by reactive gas ions than by 

inert ions. When the reactive gas flow is sufficiently reduced the system will 

revert to metallic mode. However, metallic mode sputtering will not 

commence at the same flow rate, because the compounds remaining on the 

target need to be removed before normal sputtering can resume. 
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FIGURE 2-8 Generic hysteresis curve for voltage vs. reactive gas flow rate[30]. 

 

2.4  Nucleation and Growth of thin film 

     The nucleation and growth process of thin film begins as sputtered particles arrive 

at the substrate surface and become physically absorbed. Initially these particles are 

not in thermal equilibrium with the substrate, so it move and interacts with other 

particles. The mobility of atoms arriving at the substrate depends on the substrate 

temperature and the binding energy of atoms. Clusters of particles that form are not 

thermodynamically stable will be desorbed from the surface. Thermodynamically 

stable clusters have overcome the nucleation barrier and will begin to grow[35] 

These nuclei grow across the surface of the substrate by atom surface diffusion until 

islands grow large enough to coalescence and begin to grow vertically by the arrival 

of sputtered species. The coalescence growth stage arises when these islands grow 

large enough to touch and continues until the film reaches continuity (Westwood, 

1976). The islands start to coalesce to reduce the overall surface area of the growing 

film. This tendency to form larger islands is known as agglomeration. When the 

islands grow together, the film goes from a discontinuous islands type to a porous 

network type. This type of growth will continue until all islands have grown together 

and will a continuous film[35]. There are three nucleation and growth stages for 

deposition in FIGURE 2-9. Films grown by coalescence of islands are known as 

Volmer-Weber type[35]Volmer-Weber occurs when sputtered atoms are bound more 

tightly to each other than the substrate, such as in the growth of metal films on 

insulators.  
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Films that grow layer by layer are known as Frank-van der Merwe type. Frank-van 

der Merwe growth occurs when lattice mismatch is small and the binding energy of 

sputtered atoms is equal to or less than the binding energy of sputtered atoms to the 

substrate. Those that grow by a mixture of the two are called StranskiKrastanov 

type[35].  A graphical summary of the initial growth stages as shown in FIGURE 2-

10. 

 

 

 

 

 

FIGURE 2-9 Basic of film growth process: (a) nucleation, vapor atom condense 

and bind together to create atomic-scale nuclei at random surface location, (b) island 

growth,  (c) coalescence of islands together to form a void Thin film and (d) dense 

thin film.  

 

 

 

 

 

 

 

 

 

 

 

FIGURE 2-10  Basic modes of thin-film growth mechanism[36]. 

(a) Layer (or Frank-van der Merwe) 

(b) Island (or Volmer-Weber) 

(c) Stranski-Krastanov 
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2.5  Structure Zone Model [30], [35], [37-42] 

 Films prepared by physical vapor deposition show a wide range of 

microstructures and properties, both of which are highly dependent on the preparation 

conditions. In case of sputter deposition, which is the method of interest in this work, 

the transport of the atoms to the substrate is controlled by parameter such as the 

apparatus geometry and working gas pressure, while diffusion steps are controlled 

largely by the substrate temperature but may be significantly influenced by energetic 

particle bombardment. Various models describe the influence of the deposition 

parameters on the structure of thin films. The microstructure and morphology of thick 

evaporated coating have been extensively studied by Movchan and 

Demchishin(1969). They concluded that the coatings could be represented as a 

function of T/Tm in terms of three zones, each with its own characteristic structure and 

physical properties. Thornton (1975) extended this model to sputtering by adding an 

additional axis to account for the effect of the sputtering gas. Messier [41](1984) 

revised the zone model by adding the effect of ion bombardment- and thermal-

induced mobility when a bias to the substrate is applied. Later Kelly et 

al.[42]developed a structure zone model relating to the closed field unbalanced 

magnetron sputtering system, where coating structures are described in terms of 

homologous temperatures, bias voltage and ion-to-atom incident at the substrate. 

Barna and Adamik[43](1998) modified further the structure zone model constructed 

in conjunction with the concentration of impurities. By analyzing the structure zone 

models published in the literature, the various structure zones can be characterized by 

the following way FIGURE 2-11.  

 

 

 

 

 

 

 

 

 

FIGURE 2-11 Schematic representation of the influence of substrate temperature 

and argon pressure on the microstructure of metal coatings deposited by 

cylindrical magnetron sputtering. The ratio of substrate Ts to film melting (Ts/Tm) 

increases in the direction Z1 → ZT → Z2 → Z3.[44] 
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In zone I, the film is composed of fibers of small diameters (1-10 nm) determined by 

the nucleation density and statistical fluctuation. The crystalline fibers grow out of the 

primary nuclei and proceed to the top of the film. 

The fibers are often collected into bundles. This is a rather homogeneous structure 

along the thickness of the film with increasing diameter of fibers by increasing Ts/Tm. 

The crystals contain probably high density if defects and the grain boundaries are 

porous. This structure belongs to the temperature interval 0< Ts/Tm <0.2 where neither 

the bulk diffusion nor the self-surface diffusion has a remarkable value. 

In zone T, the structure is inhomogeneous along the film thickness. There are fine 

crystalline phases at the substrate, composed of V-shape grains in the next thickness 

range. The grains may become columnar in the upper part of thick films. This zone 

belongs generally to the temperature interval 0.2< Ts/Tm <0.4 in which self-surface 

diffusion is remarkable but the grain boundary migration is strongly limited. 

Zone 2 represents a homogeneous structure along the film thickness composed of 

columns penetrating from the bottom to the top of the film. The grain boundaries are 

nearly perpendicular to the film plane. This zone corresponds to the area of high 

substrate temperatures (Ts/Tm >0.4). 

In zone 3, the structure is characterized by equiaxed (globular) three-dimension 

grains. This kind of structure is generally attributed to the high substrate temperature 

range. 

 

 

 

 

 

 

 

 

 

   FIGURE 2-12  Basic structure zone with various thickness[30] 
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FIGURE 2-12 illustrates the structures at various temperatures with increasing film 

thickness. Nucleation density determines lateral sizes of the fibers in the temperature 

interval corresponding to Zone 1. The orientation of fibers follows the random 

orientation of the nuclei. The competitive growth of differently oriented neighboring 

crystals is developed in Zone T. The texture changes with the thickness in this zone. 

The near substrate part shows random orientation while the competitive growth 

texture is increasing as film grows. As the temperature increases, the effect of grain 

boundary migration increases. Randomly oriented small grains are dissolved 

gradually by coalescence and grain coarsening. This strong reconstruction is 

controlled by the minimization of the interface and surface energy and develops the 

reconstructive growth texture. 

2.6  Solid-state dewetting Technique (SSD) 

 From the literature review it was found that in the film coating process using 

Physical Vapor Deposition (PVD) Techniques, including Sputtering techniques is 

widely used for Thin-film solid-state dewetting (SSD) for metallic nanostructures. in 

which the thin-film undergo void nucleation, film rupture, rim retraction and 

nanostructure formation[45], [46] as seen in FIGURE 2-13. As the process of 

nanostructure formation is relatively random, the low-developed nanostructures in 

early SSD stage can obtain wiggly shapes and thus lead to the various dielectric 

properties for individual nanostructures. 

 

 

 

 

 

 

 

FIGURE 2-13 Diagrams of (a) Au film evolution (b) through solid-state-

dewetting  [47] 

Used gold thin films as plasmonic chips, The gold thin film must have the appearance 

of nanodots with a size of approximately 100 nanometers, which is similar to the 

structure of the gold thin film prepared by the physical vapor deposition technique 

during the initial formation. It is an island nanostructure. However, the size of the 

island nanostructure is much smaller than 100 nanometers, making it impractical for 

practical use. Therefore, the idea was to take the porous thin film and anneal it with 

heat (Thermal annealing) close to the temperature at the melting point of the gold thin 

film. This causes the gold thin film to shrink around the cracks and causes them to 
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separate each separated gold mass shrinks and solidifies into a nanodot structure of 

gold material on the surface of the support plate as the temperature decreases[48], 

[49].  
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CHAPTER 3 

RESERCH METHODOLOGY 
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Instrumentation and Experimental 

 

In this chapter the instruments and experimental methods used for the preparation 

and characterization of Hybrid plasmonic and metal oxide (TaO and WO3) thin films. 

These films are prepared on glass slide substrates using a pulse DC reactive 

magnetron sputtering system with Au nanoplasmonics (Au NPs) and pure TaO, WO3 

metal targets. The characterization methods employed include Field Emission 

Scanning Electron Microscopy (FE-SEM), Transmission Electron Microscopy 

(TEM), UV-VIS-NIR spectrophotometry (UV-VIS), and VOCs optical measurement 

setup. Additionally, various instruments, electronic devices and chemical materials 

used for film preparation and characterization have been supported by multiple 

institutions. 

3.1 Film Deposition Instruments and Substrate preparations 

This research has been prepared by various institutions for instruments for   

substrate preparation and thin-film deposition. 

3.1.1 Thin-film Deposition by Sputtering Systems 

    In this research, LSPR-based VOC optical sensors were fabricated on a glass 

slide substrate using a commercial magnetron sputtering system (AJA 

International, Inc. ATC 2000-F) at The Optical Thin Film Laboratory, National 

Electronics and Computer Technology Center (NECTEC), as shown in Figure 3-1 

A High-Temperature Furnace (EF-6L), depicted in Figure 3-2, was also used.  

The sputtering system is equipped with DC, pulsed DC, and RF generator power 

supplies, delivering up to 500 watts of power and controlling the heating system 

up to 700 °C. The vacuum system comprises a mechanical rotary pump 

(ALCATEL) and a turbo-molecular pump (Shimadzu, TMP-803-LM). Samples 

were prepared in a turbo-pumped load lock chamber, reaching a base pressure 

lower than 10-7 Torr in both the main and load lock chambers. The equipment is 

supported by a cooling water system. 
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FIGURE 3 -1 (a) The schematic of DC, DC pulsed, and RF magnetron sputter 

deposition system (b) AJA International, Inc. (ATC 2000-F) at The Optical Thin 

Film Laboratory, National Electronics and Computer Technology Center 

(NECTEC) 
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3.1.2 Substrate and cleaning process 

         Concisely, to obtain a high-quality film, it is necessary to clean substrate 

thoroughly, a glass slide substrate, made in German. was sequentially cleaned in 

an ultrasonic bath are listed as the following: 

(1) Rinsed and sonicated in deionized water 

(2) Ultrasonic oscillation in Acetone for 10 min 

(3) Ultrasonic oscillation in Isopropanol for 10 min 

(4) Ultrasonic oscillation in Deionized water for 10 min 

(5) Dry blowing with Nitrogen flow 

(6) Plasma cleaning by Argon ion for 10 min  

 

3.2  AuNPs Deposition 

         After the substrates were prepared by ultrasonic washer with Acetone, 

Isopropanol, Deionized water and dried with nitrogen flow, successively. And loaded 

it into the load lock chamber. When the pressure at the load lock chamber below 10-5 

Torr, Then the substrates were into the main chamber. Prior to the Gold (Au) 

deposition, the substrate was cleaned by Argon plasma ion at 5 mTorr for 10 minutes 

to ensure a non-contaminated surface. 

 

TABLE 3 -1  The deposition condition of AuNPs thin film 

 

Deposition Parameters  

Substrate 

 

Target 

Based Pressure 

Operating Pressure 

Ar Flow rate 

O2 Flow rate 

Sputtering Power (DC-

pulse) 

Rotation Speed 

Glass slide (25 × 25 × 1 

mm) 

Au (99.5%) 

5×10-6 mTorr 

5×10-3 mTorr 

20 sccm 

7 sccm 

100 Watt 

 

20 rpm 

 

The samples are annealed at a temperature of 500°C. The Au (99.5%) in the thin film 

will be annealed in Muffle Furnace (EF-6L). due to its high surface energy When gold 

melts, the surface energy decreases. At the same time, the liquid gold is pulled back 

into a small sphere (dot), resulting in the AuNPs nanodot structure. The Thermal 

annealing process is shown as follows 

(1) Heated in a muffle furnace at 500°C for 2 hours 

(2) Cooled at room temperature 

Due to the sample must heated at range from room temperature (25°C) to 500°C, the 

temperature-time relationship is as shown in Figure 3-3. 
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FIGURE 3 -2  High-Temperature Furnace (EF-6L) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 3 -3  Temperature-Time relationship 

 

3.3 TaO and WO3 Thin film deposition 

        After the sputtered Au samples were annealed at 500°C for 2 hours in ambient air 

and cooled naturally to room temperature (25°C). Next, the ultra-thin TaO and WO3 

thin films were deposited on an annealed Au sample by reactive magnetron 

sputtering. The 2-inch diameter with 99.995% high purity Tantalum (Ta) and 

Tungsten (W) (KJ.Lesker), Ar and O2 were used as the sputtered target, sputtered gas, 

and reactive gas, respectively. During the film deposition The growth parameter of 

TaO and WO3 thin films are listed in Table 3.2 In addition, the thickness of the TaO 

and WO3 layer was set at 10, 20, 30, 50, and 70 nm, which was controlled through the 

deposition rate and time. 
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TABLE 3 -2  The deposition condition of TaO and WO3 thin films. 

 

Deposition Parameters TaO WO3 

Substrate 

Target 

Based Pressure 

Operating Pressure 

Ar Flow rate 

O2 Flow rate 

Sputtering power (DC-

pulse) 

Rotation Speed 

Au NPs samples 

Ta (99.995%) 

5×10-6 mTorr 

5×10-3 mTorr 

15 sccm 

7 sccm 

150 Watt 

 

20 rpm 

Au NPs samples 

W (99.995%) 

5×10-6 mTorr 

5×10-3 mTorr 

15 sccm 

7 sccm 

150 Watt 

 

20 rpm 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 3 -4 Schematic diagram of LSPR-based VOCs optical sensors 

fabrication process 

 

3.4 The Structure Analyses of TaO and WO3 the Ultra-Thin Films 

3.4.1 Field Emission Scanning Electron Microscopy (FE-SEM) 

Scanning electron microscope of Hitachi, model SU8030, installed at 

NSTDA Characterization and Testing Service Center; NCTC) is used to analyze 

the thickness and physical structure of thin films in perspective. Cross section 

view and surface analysis of thin films in top view of tantalum oxide thin film. 

The working principle is that electrons are produced. From the origin of the field-

emission source is accelerated by an electric field and determined direction with a 

set of magnetic lenses, resulting in a beam of electrons that travels across the 

surface of the sample to create Secondary electrons are detected and interpreted as 



 

 

 

39 
 

 

an image signal. To reveal the characteristics of thin film samples in specific 

positions, magnification was in the range of 50,000 and 100,000. 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 3 -5  The field-emission scanning electron microscope (FE-SEM; 

SU8030) used to analyze the morphology of thin film 

3.4.2   High-resolution Transmission Electron Microscope (HR-TEM) 

    The high-resolution transmission electron microscope (HRTEM; JEOL 

JEM-2010), as illustrated in Figure 3-6 (a), was used to determine microstructure 

of thin film especially for microcrystalline sample. The essence of HRTEM is to 

detect the electrons that are transmitted through the sample as an image. which 

shows clearly different microstructure phases of the specimen. Because the 

electron must be transmitted through the sample, the etching process is needed to 

reduce the thickness of sample to be less than a micron. In this research, the 

samples were etched by the focused ion beam (FIB; FEI Versa 3D dual beam) in 

FE-SEM unit as represented in Figure 3-6 (b). 



 

 

 

40 
 

 

 

(a)                                                                     (b) 

FIGURE 3 -6  (a) High-resolution transmission electron microscope (TEM, JEOL 

JEM-2010) and (right) field-emission electron microscope/focused ion beam (FE-

SEM/FIB, FEI Versa 3D dual beam). 

3.5  Optical Measurement  

3.5.1 UV-VIS-NIR Spectrophotometer  

The UV-VIS-NIR Spectrophotometer (Agilent Cary7000 with UMA) with 

universal reflectance accessory is used to determine transmission and reflection 

percentage within the spectral range of 400-800 nm at 1 nm intervals, located 

Photonic Technology Laboratory, NECTEC, as seen in Figure 3-7 

 

 

 

 

 

 

 

 

 

FIGURE 3 -7 UV/VIS spectrophotometer with the universal transmittance 

accessory, manufactured by Agilent technologies; Cary 7000 universal 

measurement spectrophotometer located at NECTEC, Thailand. 
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3.6 VOCs Optical Measurement Setup 

The basic of optical gas sensors detection was based on the changing Refractive 

Index of the metal oxide material which depended on the chemical adsorption of the 

gas molecules. The metal oxide material detected the various VOCs. Generally, the 

gas sensor system had been investigated as shown in Figure 3-8. The VOCs 

sensitivity of sensors was tested with the vapor generating system using a gas 

bubbling technique. Air zero, containing 21% oxygen with dried and high-purity 

nitrogen, was used as a carrier gas, which adjusted its flow rate through the mass flow 

controller (MFC; MKS). In this system, MFC1 was used to control the gas flow rate 

of the main carrier gas while MFC2 was used for bubbling out the VOC vapor from 

the liquid source, including Formaldehyde (CH₂O), Isopropanol (C3H8O), Acetone 

(CH3COCH3), Methanol (CH3OH) and Toluene (C6H5CH3). The gases from both 

lines were directly into the chamber. The real-time measurements of optical 

transmittance spectra were performed with the VOCs sensitivity testing. The 

tungsten-halogen light source (Ocean Optics; HL2000) coupled to a fiber guided the 

light to incident on the back side of the sensor. The incident light was collimated by 

the lens and fixed as linear polarized light by a linear polarizer. The transmitted light 

was collected through the fiber probe, which was connected to a compact charge-

coupled device (CCD) spectrometer (Thorlabs: CCS200) for spectrum analysis using 

Thorlabs OSA software. The instruments of the gas sensor system located at National 

electronic and computer technology center (NECTEC). 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 3 -8  Schematic diagram the vapor generating system for VOCs 

sensitivity testing of sensors 
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The gas sensor system was controlled by Gas testing Controller (beta) Lab-View 

control program from the computer as followed: 
(a) Mass flow controller 

(b) Connecting controller 

(c) Concentration controller 

(d) Total flowrate 

(e) Startup time 

(f) Gas inject time 

(g) Gas stop time 

(h) Status on testing time 

(i) Concentration sequences 

(j) Start/stop gas testing 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

FIGURE 3 -9  Gas testing Controller (beta) Lab-View control program 
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CHAPTER 4 

RESULTS AND DISCUSSION 

This chapter covers the results of the fabrication of Hybrid Au nanoplasmonics (Au 

NPs) with Tantalum oxide (TaO) and Tungsten oxide (WO3) nanostructures, 

including their characteristics and their application for volatile organic compounds 

(VOCs) gas sensing applications. 

The results of the experiments were arranged in three parts. Firstly, the main point 

was the preparation of Au NPs by DC-magnetron sputtering and combined with the 

solid-state dewetting technique in Section 4.1. In addition, the prepared samples were 

characterized by a Field-emission scanning electron microscope (FE-SEM). 

Secondly, hybrid Au nanoplasmonics with Tantalum Oxide thin films were fabricated 

via a DC-magnetron sputtering system. The effect of deposition parameters on the 

film’s morphologies and optical transmission were characterized by a Transmission 

electron microscope (TEM) and UV-VIS-NIR spectrophotometer. The proposed 

structure was used to simulate the electric field distributions via a COMSOL physics 

program through the finite element method (FEM) to analyze and discuss in Section 

4.2. In addition, the hybrid Au NPs with TaO were used to test for sensitivity 

performance of the VOCs at room temperature and various VOC concentrations and 

kinds of gases, i.e., formaldehyde (CH2O), isopropanol (C3H8O), acetone ((CH3)2CO), 

methanol (CH3OH), and toluene (C6H5CH3). 

Thirdly, hybrid Au nanoplasmonics with Tungsten Trioxide thin films were fabricated 

via a DC-magnetron sputtering system. The effect of deposition parameters on the 

film’s optical transmission were characterized by UV-VIS-NIR spectrophotometer in 

Section 4.3. In addition, the hybrid Au NPs with WO3 were used to test for sensitivity 

performance of the VOCs at room temperature and various VOC concentrations and 

kinds of gases, i.e., formaldehyde (CH2O), isopropanol (C3H8O), acetone ((CH3)2CO), 

methanol (CH3OH), and toluene (C6H5CH3). 

4.1 Preparation of Au NPs film for by dc macnetron sputtering and thermal 

dewetting technique 

4.1.1 The Thermal dewetting Effect of Au NPS nanostructure 

The sputtered Au samples were annealed at 500°C for 2 hours in ambient air 

and cooled naturally to room temperature (25°C) by High-Temperature Furnace 

(EF-6L). The prepared Au sample was first observed in its surface morphologies 

via a field-emission scanning electron microscope (FE-SEM) to confirm the 

growth of Au nanodots on a glass substrate and determine their diameter and gap 

between them as shown in FIGURE 4-1 
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The surface of as-deposited Au and annealed Au films were compared before and 

after thermal dewetting through FE-SEM, as represented in FIGURE 4-1(a) and 

(b), respectively. The result shows that the as-sputtered Au film shows the 

nanoisland structure, which follows the Volmer-Weber model in the initial growth 

stage. After annealing, the nanoisland structure was changed to nanodots due to 

the solid-state dewetting effect. FIGURE 4.1(c) shows the solid-state dewetting 

process. When the nanoisland Au film was heated close to its melting point, 

depression occurred at the defect area on the film. Moreover, the boundary of the 

gold was shrunk, which made the Au particles disperse from the others and 

become nanodots after cooling back to the solid state. 

 

 

 

 

 

 

 

FIGURE 4 -1  FE-SEM images of (a) as-deposited and (b) annealed Au thin film, 

which transformed follows (c) solid-state dewetting effect. 

The hybrid Au nanoplasmonic coated with TaO and WO3 thin films were 

deposited by a DC magnetron sputtering system (AJA International, Inc., ATC 

2000-F). The 2-inch-diameter tantalum (Ta) and tungsten (W) with 99.995% 

purity (KJ Lesker) were used as sputtering targets, while the Au NPs sample was 

used as substrates. High-purity argon (99.999%) and oxygen (99.999%) were used 

as sputtering and reactive gases, respectively. The base pressure of the deposition 

chamber was pumped down to 5.0×10-6 mbar using a mechanical pump and a 

turbomolecular pump. Prior to deposition, the Ta-target and W-target were pre-

sputtered at 150 watts. During the deposition, the argon and oxygen flow rates 

were controlled at 15 and 7 sccm, respectively, which makes the operating 

pressure 5.0×10-3 mbar. The samples of thin films were divided into two sets: 

1st set: The deposited films were labeled as Au NPs, Au-TaO 10nm, Au-TaO 

20nm, Au-TaO 30nm, Au-TaO 50nm and Au-TaO 70nm for deposition thickness 

at 10, 20, 30, 50 and 70 nm with 826, 1652, 2478, 4130 and 5782 sec of coating 

time respectively. 

2nd set: The deposited films were labeled as Au NPs, Au-WO3 10nm, Au-WO3 

20nm, Au-WO3 30nm, Au-WO3 50nm and Au-WO3 70nm for deposition 
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thickness at 10, 20, 30, 50 and 70 nm with 826, 1652, 2478, 4130 and 5782 sec of 

coating time respectively. 

4.2  Preparation of Hybrid Au nanoplasmonics (Au NPs) and Tantalum oxide 

(TaO) film for the Volatile organic compound sensing application  

4.2.1 The Deposition thickness effect 

    The effects of the parameters on morphologies and optical transmission of 

thin films were characterized by transmission electron microscopy (TEM) and 

UV-VIS-NIR spectrophotometers. FIGURE 4-2(a) shows the transmittance 

spectra of the Au NPs films and TaO film coated Au NPs at different TaO 

thicknesses. The result indicates that upon depositing ultra-thin TaO films, the 

resonance wavelength (the position at the lowest transmittance) was shifted due to 

the change in refractive index. A consistent red shift with a broadening resonance 

wavelength could be observed by increasing the thickness of ultra-thin TaO films 

Figure 4.2(b), which could be related to the shift in electric field density. 

Additionally, Figure 4.3 presents cross-sectional TEM images of the Au-TaO 50 

nm sample. This confirmed that our fabrication method effectively controls the Au 

NPs on a glass slide substrate with full ultra-thin TaO film layer coverage. 

 

 

 

 

 

 

 

 

FIGURE 4 -2    (a) Optical transmittance spectra with (b) determined LSPR 

resonance wavelength of fabricated LSPR-based VOCs optical sensors and (c) 

cross-sectional TEM image of Au-TaO50nm sample. 
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4.2.2 Simulation the electric field distribution of Au NPs and hybrid Au NPs and      
Tantalum Oxide (TaO) 

     To investigate the effect of the thin TaO film, the electric field distribution 

was evaluated numerically using the two-dimensional finite element method in 

COMSOL Multiphysics software. The model was created for one unit cell of Au 

nanoplasmonics coated with a thin TaO film on a glass slide substrate, with 

Floquet boundary conditions to account for periodicity. The model includes a 100 

nm-thick glass layer, circular Au nanoparticles with a 17 nm radius, a thin TaO 

film layer, and 300 nm of air, as illustrated in FIGURE 4-3 Different thicknesses 

of the thin TaO film coated on the Au nanoparticles were compared. The input for 

each periodic port in the model was set with the x-component electric field 

amplitude vector, and the angle of incidence was set at 0 degrees in the z-

direction. The refractive index of the glass slide (quartz) is 1.5. The average 

electric field in the x-component (Ex) above the Au-TaO area (monitor) is 

computed and compared in FIGURE 4-3. The results show different induced 

electric field distributions related to the TaO thickness. The average Ex on the top 

surface of Au NPs, Au-TaO10nm, Au-TaO20nm, Au-TaO30nm, Au-TaO50nm, 

and Au-TaO70nm were determined as 1.12×105 V/m, 1.46×105 V/m, 1.39×105 

V/m, 1.41×105 V/m, 1.49×105 V/m, and 1.46×105 V/m, respectively. Based on 

the bulk refractive index sensing, the LSPR resonance peak shifts provide 

information about the surface of the plasmonic nanoparticles. This characteristic 

enables localized sensing for highly enhanced E-field intensity; as a result, the 

local refractive index changes from the molecular detection near the surface. 

 

 

FIGURE 4 -3  Electric field distribution simulations of Au NPs and TaO-coated 

Au NPs at different film thicknesses. 



 

 

 

47 
 

 

4.2.3 Sensitivity for Volatile organic compound of Hybrid Au nanoplasmonics      

and Tantalum Oxide 

The prepared samples were tested firstly for the sensitivity of acetone 

(CH3)2CO), isopropanol (C3H8O), methanol (CH3OH), toluene (C6H5CH3) and 

formaldehyde (CH2O) at a concentration of 40% by the vapor generating system. 

The shift of resonance wavelength was determined when the VOC molecules were 

bubbled and fed into the gas testing chamber for 10 minutes, as represented in 

FIGURE 4-4. The results clearly showed the different sensitivity related to the 

thickness of the TaO layer.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 4 -4  Resonance wavelength shift signals from fabricated sensors testing 

with 40% concentration of (a) acetone (b) isopropanol (c) methanol (d) toluene 

and (e) formaldehyde respectively. 
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The Au-TaO50nm sample showed the highest resonance wavelength shift, which 

was better than the bare Au NPs. Moreover, greater sensitivity from the Au-

TaO50nm sample agrees with previous electric field simulation results in section 

4.2.2. 

In addition, The Au-TaO50nm sample showed the best resonance wavelength 

shift of 1.80 nm, which was better than the bare Au NPs sensor by 2.5 times due 

to the TaO layer trapping the formaldehyde molecules better than the Au NPs 

through the chemical bonding on its surface.  

Due to the result of resonance wavelength shift, The Au-TaO 50nm shows the best 

performance of sensitivity with Formaldehyde. The Au NPs and Au-TaO50nm 

sensors were tested with the multi-loop of formaldehyde at varied concentrations 

from 25% to 40% with 5% intervals as compared in FIGURE 4-5 The results 

showed the improved resonance wavelength shift related to increased 

formaldehyde concentrations for both sensors. The Au-TaO50nm represented the 

greater resonance wavelength shift at all testing concentrations compared to the 

bare Au NPs sensor. Notably, formaldehyde was detected at a small level, diluted 

at a concentration of 25%. 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 4 -5  Resonance wavelength tracking along multi-loop of formaldehyde 

sensitivity testing at varied concentrations from 25% to 40%. 
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FIGURE 4 -6  Comparison of resonance shift along different VOC sensitivity 

testing at a concentration of 40% using Au NPs and Au-TaO50nm sensors. 

The selectivity of both bare Au NPs and Au-TaO50nm sensors was tested using 5 

types of VOCs at a concentration of 40%, as shown in FIGURE 4-6. The result 

indicated that Au-TaO50nm showed greater sensitivity to all VOC types 

compared to the bare Au NPs. This observation aligns with the simulated electric 

field result described in section 4.2.2. Furthermore, the Au-TaO50nm 

demonstrated high selectivity towards the formaldehyde, possibly due to the 

chemical reaction and bonding between the TaO surface and formaldehyde. 

 

4.3 Preparation of WO3 Hybrid nanoparticle structure film for the Volatile 

organic compound sensing application 

4.3.1 The Deposition thickness effect 

   The effects of the parameters on optical transmission of thin films were 

characterized by UV-VIS-NIR spectrophotometers. FIGURE 4-7 (a) shows the 

transmittance spectra of the Au NPs films and WO3 film coated Au NPs at 

different WO3 thicknesses. The result indicates that upon depositing ultra-thin 

WO3 films, the resonance wavelength (the position at the lowest transmittance) 

was shifted due to the change in refractive index. A consistent red shift with a 

broadening resonance wavelength could be observed by increasing the thickness 

of ultra-thin WO3 films FIGURE 4-7 (b) 
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FIGURE 4 -7   (a) Optical transmittance spectra with (b) determined LSPR 

resonance wavelength of fabricated LSPR-based VOCs optical sensors 

4.3.2 Sensitivity for Volatile organic compound of Hybrid Au nanoplasmonics and 

Tungsten Trioxide 

In the same VOC sensing setup sequence as hybrid Au nanoplasmonics and 

tantalum oxide is section 4.2.3. The prepared samples were tested firstly for the 

sensitivity of acetone (CH3)2CO), methanol (CH3OH), isopropanol (C3H8O), 

formaldehyde (CH2O) and toluene (C6H5CH3) at a concentration of 40% by the 

vapor generating system. The shift of resonance wavelength was determined when 

the VOC molecules were bubbled and fed into the gas testing chamber for 10 

minutes, as represented in FIGURE 4-8. The results clearly showed the different 

sensitivity related to the thickness of the WO3 layer.  

 

 

 

 

 

 

 

FIGURE 4 -8 Resonance wavelength shift signals from fabricated sensors testing 

with 40% concentration of (a) acetone (b) methanol (c) isopropanol (d) 

formaldehyde and (e) Toluene respectively. 
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FIGURE 4 -8 (CONTINUED) Resonance wavelength shift signals from 

fabricated sensors testing with 40% concentration of (a) acetone (b) methanol (c) 

isopropanol (d) formaldehyde and (e) Toluene respectively. 

The result in this section shows The Au-WO3 10nm sample showed the highest 

resonance wavelength shift, which was better than the bare Au NPs. Except for 

the Toluene sensing that shows The Au-WO3 20 nm have the highest sensitivity 

However, In this section some of sensing performance has a specific result like 

Isopropanol and Formaldehyde that show a minus sensitivity, Possibly WO3 can 

undergo reactions that lead to degradation, particularly when used as a sensitive 

layer in environments with reactive chemicals or under specific environmental 

conditions (e.g., humidity, light exposure)[50]. 

Due to the result of Resonance wavelength shift, The Au-WO3 20nm shows the 

best performance of sensitivity with Toluene. The Au NPs and The Au-WO3 

20nm sensors were tested with the multi-loop of Toluene at varied concentrations 

from 25% to 40% with 5% intervals as compared in FIGURE 4-9 . 
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FIGURE 4 -9  Resonance wavelength tracking along multi-loop of toluene  

sensitivity testing at varied concentrations from 25% to 40%. 

 

 

 

 

 

 

 

 

 

FIGURE 4 -10  Comparison of resonance shift along different VOC sensitivity 

testing at a concentration of 40% using Au NPs and Au-WO3 20nm sensors. 

 

 

580.0

580.5

581.0

581.5

582.0

582.5

550.0

550.5

551.0

551.5

552.0

552.5

C7H8

 40%

C7H8

 35%

C7H8

 30%

C7H8

 25%

C7H8

 25%

 
Time

 Au-WO
3
 20nm

Air Air Air

AirAirAir

C7H8

 40%

C7H8

 35%

C7H8

 30%

 

 

R
es

o
n

a
n

ce
 p

ea
k

 (
n

m
)

 Au NPs

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

R
es

o
n

a
n

ce
 s

h
if

t 
(n

m
)

Concentration VOC (40%)

 Au NPs

 Au-WO3 10nm

A
ce

to
n

e

Is
o
p

r
o
p

a
n

o
l

M
e
th

a
n

o
l

F
o
rm

a
ld

e
h

y
d

e

T
o
lu

e
n

e



 

 

 

53 
 

 

 

The selectivity of both bare Au NPs and Au-WO3 10nm sensors was tested using 

5 types of VOCs at a concentration of 40%, as shown in FIGURE 4-10. The result 

indicated that Au-WO3 10nm showed greater sensitivity to all VOC types 

compared to the bare Au NPs. Furthermore, the Au-WO3 10nm demonstrated high 

selectivity towards the Toluene, possibly due to the chemical reaction and bonding 

between the WO3 surface and Toluene. 
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CHAPTER 5 

CONCLUSION 

 

In this research, the aim was to fabricate of hybrid Au nanoplasmonics (Au NPs) with 

tantalum oxide (TaO) and tungsten oxide (WO3) nanostructures by DC-magnetron 

sputtering which control film formation and structure, including their characteristics 

and their sensing performance for volatile organic compounds (VOCs) were also 

present. 

5.1 Summary of the preparation of hybrid Au nanoplasmonics (Au NPs) with 

tantalum oxide (TaO)  

In the first section, the fabrication of the Au NPs with a TaO thin film was based 

on DC-magnetron sputtering with Thermal dewetting technique. The morphologies of 

Au NPs was observed by field-emission scanning electron microscope (FE-SEM). 

The result shows the transmittance spectra of the Au NPs films and ultra-thin TaO 

film-coated Au NPs at different TaO thicknesses. The result indicates that upon 

depositing ultra-thin TaO films, the resonance wavelength was shifted due to the 

change in refractive index 

The morphologies of TaO thin film nanostructures were controlled by various 

deposition time and various deposition thickness. At the deposition thickness of TaO 

50nm the Au-TaO 50nm thin film on glass slide substrate was observed by a 

transmission electron microscope (TEM) a cross-sectional TEM images of the Au-

TaO 50 nm sample confirmed that our fabrication method effectively controls the Au 

NPs on a glass slide substrate with full ultra-thin TaO film layer coverage. 

The simulated electric field distributions indicated a correlation between the electric 

field density and the optimized TaO film thickness layer. The results show different 

induced electric field distributions related to the TaO thickness. The average Ex on 

the top surface of Au NPs, Au-TaO10nm, Au-TaO20nm, Au-TaO30nm, Au-

TaO50nm, and Au-TaO70nm were determined as 1.12×105 V/m, 1.46×105 V/m, 

1.39×105 V/m, 1.41×105 V/m, 1.49×105 V/m, and 1.46×105 V/m, respectively.  

The prepared samples were tested firstly for the sensitivity of VOCs with the 

formaldehyde, isopropanol, acetone, methanol and toluene. at a concentration of 40% 

by the vapor generating system. The results clearly showed the different sensitivity 

related to the thickness of the TaO layer. 

The sensitivity of Au-TaO50nm with a formaldehyde sample showed the highest 

resonance wavelength shift of 1.80 nm, which was better than the bare Au NPs sensor 

by 2.5 times due to the TaO layer trapping the formaldehyde molecules better than the 

Au NPs through the chemical bonding on its surface. 
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The Au NPs and Au-TaO50nm sensors were tested with the multi-loop of 

formaldehyde at varied concentrations from 25% to 40% with 5% intervals as 

compared. The results showed the improved resonance wavelength shift related to 

increased formaldehyde concentrations for both sensors. The Au-TaO50nm 

represented the greater resonance wavelength shift at all testing concentrations 

compared to the bare Au NPs sensor. However, the Au-TaO50nm had a longer 

recovery time, as indicated by the returned resonance wavelength shifting after the 

stopped feeding loop. It might be affected by the strong formaldehyde trapping of the 

TaO layer, which could reduce the recovery time by small heating to the sensors 

 

5.2 Summary of the preparation of hybrid Au nanoplasmonics (Au NPs) with 

tungsten oxide (WO3) 

In the second section, the fabrication of the Au NPs with a WO3 thin film was 

based on DC-magnetron sputtering with Thermal dewetting technique. The 

morphologies of WO3 thin film nanostructures were controlled by various deposition 

time and various deposition thickness. At the deposition thickness. 

The prepared samples were tested firstly for the sensitivity of VOCs with 

formaldehyde, isopropanol, acetone, methanol and toluene. at a concentration of 40% 

by the vapor generating system. The results clearly showed the different sensitivity 

related to the thickness of the WO3 layer. However, some samples showed negative 

sensitivity responses to isopropanol and formaldehyde, possibly due to the WO3 

layer's porous, thin-film structure. 

The sensitivity of Au-WO3 20nm with a Toluene sample showed the highest 

resonance wavelength shift. The Au NPs and Au-WO3 20nm sensors were tested with 

the multi-loop of Toluene at varied concentrations from 25% to 40% with 5% 

intervals as compared. The Au-WO3 20nm represented the greater resonance 

wavelength shift at all testing concentrations compared to the bare Au NPs sensor.  

However, The results showed the improved resonance wavelength shift not related to 

increased Toluene concentrations for both sensors. Possibly have some problems with 

the surface sensor after testing with other gas 

Furthermore, the results from this section suggest that exploring various WO3 

morphologies for sensing VOC vapors at 40% concentration reveals significant 

differences among the samples. Overall, the Au-WO3 10 nm sample demonstrated the 

highest sensitivity for detecting most VOCs, except for toluene, where the Au-WO3 

20 nm sample exhibited the highest sensitivity. This may be due to the density 

packing in the WO3 layer resulting from the thin-film operating pressure deposition 

experiment. 

Suggestion for further study 
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1. Optimization of layer thickness and morphology 

Further research on optimizing the thickness and morphology of TaO and 

WO3 layers could enhance sensitivity and selectivity toward specific VOCs. 

Studying how different deposition methods impact layer structure and density 

would help improve sensor performance. 

2. Multi-layer and hybrid nanostructures 

Investigating hybrid structures combining TaO and WO3 with other plasmonic 

metals e.g. silver or creating multi-layered configurations could provide 

improved sensitivity, broader detection ranges, and enhanced stability. 

3. Long-Term stability and reusability testing 

Conducting long-term stability studies to assess sensor degradation over time, 

as well as testing the reusability. 

4. Investigation parameters of sensitive layer 

The results obtained for the fabricated gas sensing layers indicate unavoidable 

variations in film parameters when tested with different VOCs, Further 

research is needed to clarify the key factors such as gas interaction 

mechanisms, film thickness, and humidity that most significantly impact the 

performance of these sensing layers. 

5. Computational modeling and simulation studies 

Using simulation tools to model for selectivity of VOC molecules. 

6. Broadening detection range and lowering limit of detection 

expanding the detection range to include additional VOCs and lowering the 

limit of detection for existing VOC targets, making the sensors suitable for 

detecting trace amounts of harmful gases. 
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