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Abstract of the thesis presented to the Senate of Universiti Putra Malaysia in fulfilment 

of the requirement for the degree of Doctor of Philosophy 

 

DEVELOPMENT OF CHEMICAL SENSORS BASED ON TAPERED 

OPTICAL 

 FIBER TIP COATED WITH NANOSTRUCTURED THIN FILMS 

 

 

By 

ARAFAT ABDALLAH ABDELWADOD SHABANEH 

May 2015 

Chairman: Mohd Hanif Yaacob, PhD 

Faculty:      Engineering 

 

In this PhD research, novel chemical sensors based on nanomaterial thin films on 

tapered optical fiber tips were developed and investigated. Nanotechnology enabled 

chemical sensors have been reported to show better sensing performance as compared 

to the conventional sensors towards target analytes due to their high surface area. 

Nevertheless, the previous developments were mostly concentrated on the thick films 

and electrical based sensors rather than optical based sensors. Therefore, this PhD 

research project is to explore the sensing potential of the tapered optical sensor and 

comprehensively study various kinds of nanomaterial thin films as the chemical 

sensing layers. This was undertaken with the aspirations of enhancing the performance 

of the nanomaterial thin films based tapered optical fiber sensors as compared to the 

conventional based sensors. 

  

Two of the chemicals frequently utilized in biomedical, chemical and food industries 

are ammonia (NH3) and ethanol. NH3 is used in the food industries although it is a 

colorless gas with a strong offensive odor. Some sources of this gas are power plants, 

chemical industries and fertilizer manufacturing. It can be extremely hazardous to 

humans if inhaled. On the other hand, ethanol sensors are also widely deployed for 

health applications such as breath analyzer. Therefore it is important to have a sensing 

system that can detect the presence and concentration of these chemicals in the 

environment. In this project, the developed sensor system is tested towards NH3 gas and 

aqueous ethanol. 

 

One of the most suitable optical transducing platforms for sensing applications is 

tapered optical fiber. In this PhD work, tapered optical fibers were fabricated using 

Vytran glass processing workstation to achieve tapers with different tip diameters. The 

tips were coated with different nanomaterials thin films known to be sensitive towards 

NH3 and ethanol. The nanomaterials under investigation are zinc oxide (ZnO), 

polyaniline (PANI), graphene oxide (GO) and carbon nanotubes (CNTs). These 
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materials are known to have optical, mechanical and excellent physiochemical 

properties. However, their potential in optical based chemical sensing applications has 

yet to be fully explored especially in their nanostructure forms. Optical sensors require 

a thin catalytic metal layer such as palladium (Pd) or gold (Au) to dissociate the gas 

molecules into the nanomaterials thin films. The deposition of these catalysts and 

nanomaterials were done via different deposition techniques such as DC-sputtering, dip 

coating as well as drop casting. Micro-nano characterization techniques such as 

FESEM, XRD, EDX, AFM, Raman and UV-vis-NIR spectroscopies were employed to 

obtain detailed structural properties of these nanomaterials in order to fundamentally 

understand their functionalities with respect to the optical sensors’ performance. 

 

The investigations of the chemical sensing performance of the developed tapered 

optical sensors were carried out. The nanomaterial thin films were deposited onto the 

tapered optical fiber tip and tested towards the chemicals using reflectance 

measurement in a customized chamber. The optical fiber tip was connected to a 

spectrophotometer system (Ocean Optics) to measure the optical signal. The chamber 

was connected to mass flow controllers (MFC-Aalborg). The optical sensing 

mechanism of the molecules and sensing layer interaction of the nanomaterials coated 

onto the optical fiber tip towards NH3 and ethanol were explained. Furthermore, the 

NH3 sensing performance was also compared for ZnO and PANI nanostructured thin 

films with different catalysts (Au and Pd). The sensing performances of these 

nanomaterials were investigated towards NH3 and ethanol with concentrations 0.25% - 

1% and 5% - 80%, respectively. 

 

For the first time, tapered optical fiber sensors based on Pd/ZnO and Au/PANI 

nanostructure thin films which are sensitive towards NH3 with low concentrations 

0.25% at room temperature were successfully developed. Au and Pd were proven to be 

highly efficient in improving the optical response as compared to coated sensors 

without catalyst. Furthermore, the superior optical response exhibited by the Au/ZnO 

and Pd/PANI nanostructure thin films towards NH3 has never been reported before and 

thus, can be considered as a significant contribution to the body of knowledge. This 

was proven with high sensitivity and fast response of the tapered optical fiber tip 25 

µm in diameter. The response and recovery times were 38 s and 55 s for Au/ZnO and 

58 s and 80 s for Pd/PANI nanostructured thin films coated fiber tip, respectively. The 

sensitivity of Au/ZnO coated tapered optical fiber sensor is 70.4/vol% NH3 

concentration and has slope linearity of more than 99%. The sensitivity of the Pd/PANI 

coated tapered optical fiber is shown to be 45.8/vol% NH3 concentration and linearity 

of 95%. 

 

 

The tapered optical fiber tip sensor with a 50 µm diameter which coated with GO 

exhibited fast sensing performance by having both response and recovery time of less 

than 25 s at room temperature. The tapered optical fiber tip (50 µm) coated with CNT 

nanostructured thin films showed an excellent dynamic performance with both 

response and recovery time. The response and recovery time are less than 1 minute in 

the visible spectrum range at room temperature. 
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Finally, this PhD work also included the remote sensing of the developed tapered 

optical fiber sensors for NH3 and ethanol with a distance of 3 km. the results of the 

remote sensing experiments are stable and repeatable with low reflectance spectrum as 

compared to the normal sensor. As a result of this PhD research project, several novel 

tapered optical fiber tip sensors for NH3 and ethanol sensors based on the nanomaterials 

thin films were developed and investigated.   
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Dalam kajian PhD ini, buat pertama kalinya sensor kimia berasaskan filem nipis 

nanobahan yang disalut ke atas hujung gentian optik yang ditiruskan telah dikaji dan 

dibangunkan dengan lebih mendalam. Telah dilaporkan bahawa nanoteknologi 

membolehkan sensor kimia berfungsi dengan lebih baik dari segi 

pengesanan/penderiaan berbanding dengan sensor konvensional terhadap analit sasaran 

kerana kawasan permukaan yang lebih luas. Walau bagaimanapun, perkembangan 

sebelumnya lebih tertumpu kepada filem-filem tebal dan sensor berasaskan elektrik dan 

bukannya berasaskan sensor gentian optik. Oleh itu, projek penyelidikan PhD ini 

adalah untuk menerokai potensi penderiaan sensor gentian optik yang tirus dan kajian 

komprehensif ke atas pelbagai jenis nanobahan filem nipis sebagai lapisan yang 

digunakan untuk mengesan secara kimia. Kajian ini telah dijalankan dengan aspirasi 

secara meningkatkan prestasi nanobahan filem nipis berasaskan sensor optik tirus 

berbanding dengan sensor berasaskan konvensional.  

 

 

Dua daripada bahan kimia yang sering digunakan dalam industri seperti bioperubatan, 

kimia dan makanan adalah ammonia (NH3) dan etanol. NH3 sering kali digunakan 

dalam industri makanan walaupun ia adalah gas tidak berwarna beserta bau busuk yang 

kuat. Sesetengah sumber gas ini adalah daripada loji kuasa, industri kimia, pembuatan 

baja dan pembakaran di dalam kenderaan bermotor. Ia boleh menjadi amat berbahaya 

kepada manusia jika dihidu. Sebaliknya, sensor etanol juga digunakan secara meluas 

bagi aplikasi kesihatan seperti penganalisa nafas. Oleh yang demikian, adalah penting 

untuk mempunyai sistem penderiaan yang boleh mengesan kehadiran dan kepekatan 

bahan kimia ini yang berada di persekitaran. Dalam projek ini sistem sensor yang 

dibangunkan akan diuji terhadap gas NH3 dan cecair etanol. Salah satu platform 

transducing optik yang paling sesuai untuk aplikasi penderiaan adalah gentian optik 

tirus. Dalam projek ini, gentian optik tirus telah direka dan dihasilkan dengan 

menggunakan Vytran pemprosesan kaca untuk mencapai diameter yg berbeza pada 

hujung gentian optik tersebut. Hujung gentian optik tirus kemudiannya disalut dengan 

pelbagai nanobahan yang dikatakan peka dalam penderiaan terhadap NH3 dan etanol. 

Nanobahan yang telah kaji adalah Graphene Oksida (GO), Carbon Nanotube (CNTs), 
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Zink Oksida (ZnO) dan Polyaniline (PANI). Bahan-bahan ini diketahui mempunyai 

sifat fizikal, kimia dan mekanik yang terbaik. Walau bagaimanapun, potensi mereka 

dalam aplikasi penderiaan kimia berasaskan optik masih belum diterokai sepenuhnya 

terutama sekali dari segi struktur berskala nano. Sensor optik juga memerlukan lapisan 

nipis pemangkin logam seperti palladium (Pd) atau emas (Au) untuk memisahkan 

molekul gas ke dalam nanobahan filem nipis. Salutan pemangkin dan nanobahan telah 

dilakukan melalui teknik salutan yang berbeza seperti sputtering, dip coating dan juga 

drop casting. Teknik mikro-pencirian nano seperti SEM, XRD, EDX, AFM, Raman 

dan spektroskopi UV-vis-NIR telah digunakan untuk mendapatkan sifat-sifat struktur 

yang terperinci bagi nanobahan ini untuk memahami fungsi asas mereka terhadapat 

prestasi gentian optik sebagai sensor. 

 

 

Kajian mengenai prestasi penderiaan kimia daripada sensor gentian optik tirus telah 

dijalankan. Nanobahan filem nipis disalut ke atas hujung gentian optik yang telah 

ditirus dan kemudiannya diuji terhadap bahan kimia yang mana system ini diukur 

dengan menggunakan pantulan cahaya dalam kebuk yang disediakan. Gentian optik 

tersebut disambungkan kepada sistem spektrofotometer (Model Ocean Optics) untuk 

mengukur isyarat optik dan kebuk disambungkan kepada mass flow system (Model 

Aalborg). Mekanisma penggunaan penderiaan optik yang mana interaksi antara 

molekul dan lapisan penderiaan yang bersalut nanobahan di hujung gentian optik 

terhadap NH3 dan etanol telah dijelaskan. Tambahan pula, prestasi penderiaan NH3 

juga telah dibandingkan bagi nanobahan ZnO filem nipis dengan pemangkin yang 

berbeza (dan Au Pd). Prestasi penderiaan daripada nanobahan ini telah disiasat 

terhadap NH3 dan etanol dengan setiap satu kepekatan berbeza dari 0.25% - 1% dan 

5% - 80%. 

 

 

Buat pertama kalinya, satu sensor optik tirus berdasarkan Au/ZnO dan Au/Pani 

berstruktur nano filem nipis yang sensitif terhadap NH3 dengan kepekatan serendah 

0.25% pada suhu bilik berjaya dibangunkan. Pd telah terbukti sangat berkesan dalam 

menambah baik respon optik berbanding Au. Tambahan pula, respon optik yang 

unggul dipamerkan oleh Au/Pani dan Pd/Pani berstruktur nano filem nipis ke arah NH3 

tidak pernah dilaporkan sebelum ini dan dengan itu, boleh dianggap sebagai 

sumbangan terbesar dalam pengajian ini. 

 

 

Tirus optik sensor dihujung gentian dengan diameter sebesar 50 μm disalut dengan GO 

telah menunjukkan prestasi penderiaan pantas di mana kedua-dua masa tindak balas 

dan pemulihan adalah kurang daripada 25 s pada suhu bilik. Malahan sensor CNT yang 

mempunyai prestasi dinamik yang sangat baik dengan kedua-dua masa tindak balas dan 

pemulihan kurang daripada 1 minit dalam julat spectrum visible pada suhu bilik. 

 

 

Akhir kata, kajian PhD ini juga meliputi penderiaan jauh ke atas tirus sensor gentian 

optik untuk NH3 dan etanol. Jarak penderiaan jauh adalah sebanyak 3 km. Bedasarkan 

keputusan eksperimen penderiaan jauh, hasilnya adalah stabil dan boleh berulang 

dengan spektrum pantulan agak rendah jika dibandingkan dengan sensor yang 

dibangunkan sebelum ini. Hasil daripada projek penyelidikan PhD ini, beberapa novel 
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tirus optik NH3 dan etanol sensor berdasarkan nanobahan filem nipis telah dibangunkan 

dan disiasat dengan mendalam.  
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CHAPTER 1 

 

INTRODUCTION 

 

The first chapter of this thesis presents the work carried out in this PhD research 

project. It comprises of motivations, problem statement, objectives, achievements 

and the thesis organization. 

 

1.1 Background and Motivations 

 

There has been an increasing interest in research on chemical sensing as wider 

applications of chemicals are deployed in the industries. Chemical sensor measurement 

plays an important role in controlling the inputs of many production processes. 

Chemicals are utilized in different industries as raw materials for production; they can 

also be harmful to the environment [1]. Some of the important chemicals for industrial 

applications are ammonia (NH3) and ethanol. In addition, they can be toxic, flammable 

and volatile. Therefore, it is extremely significant to develop highly sensitive and 

reliable NH3 and ethanol sensors to detect or monitor the chemicals as well as to 

prevent safety hazards. 

 

 

NH3 or azane is formed from chemical composition of hydrogen and NH3 having 

pungent smells. NH3 plays important rule in terrestrial organisms’ nutrition which is a 

precursor for food and fertilizer. It is a colorless gas that is frequently used in 

pharmaceuticals product and in some cleaning industries. It is also chemical that is 

hazardous and caustic [2]. 

 

 

As manufacturing technology improved the applications that uses NH3 continue grow 

and reach the community. Worldwide production of NH3 was estimated to be 198 

million tonnes in 2012 [3]. This figure is 35% increments over the evaluated worldwide 

production in 2006 [4]. 

 

 

Fifteen homes were evacuated after a leak was discovered in an anhydrous ammonia 

tank in Clarks Grove as shown in Figure 1.1.  
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Figure 1.1: Leakage in an anhydrous ammonia tank in Clarks Grove [5] 

 

 
Anhydrous ammonia billows past grain bins at the Clarks Grove grain elevator after a 

leak was discovered in the tank. Part of Clarks Grove was evacuated as the gas can be 

harmful and potentially lethal if breathed in. 

 

 

Despite the benefits of NH3, there is need for major safety owing to its properties. The 

auto-ignition temperature property of 651˚C is higher than those of other fuels. Leaking 

from NH3 is hazardous due to usual electrostatic discharge (ESD) which is sufficient to 

cause ignition. The ignition temperature of NH3-air mixture is commonly higher than 

the temperature of the flame. The flammability of NH3 in the air is around 16–25% [6]. 

Due to small ignition energy with huge flame propagation velocity, the risks posed by 

NH3 leak are obvious. Therefore, it is greatly significant to design effective sensors for 

monitoring and detecting ammonia with high reliability to prevent safety hazards 

related to the gas. 

 

 

The lowest concentration of NH3 detectable by smell is 5 ppm. 7 ppm concentration is 

needed to be detectable which is hazard to human health. 6 - 20 ppm and above causes 

eye irritation and respiratory problems and 40 - 200 ppm causes headache, nausea, 

reduced appetite, irritation to airways, nose and throat. 

 

 

Apart from that, another chemical widely used in the industries is ethanol. The ethyl 

alcohol (ethanol) has the following properties; colourless liquid, flammable, less odour 

and volatile. It is one of famous psychoactive drug which is taken by people especially 

in rural areas which intoxicate them. Some used it for medicine by combine with herbs. 

It is best known kind of alcohol from alcoholic beverages; it serves as thermometric 

liquid, and as a fuel. It is usually called alcohol (spirit) [7]. 
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The city of west Sacramento and a Texas-based gasoline company are battling over 

whether it is riskier to ship large amounts of ethanol through city streets on trains or on 

tanker trucks. Figure 1.2 shows how ethanol is being transported by train in cities. 

  

 
Figure 1.2: Ethanol tanks [8] 

 

 
In order to resolve the dispute between the city and the chemical company, the ethanol 

can be transported through pipes where sensors will be deployed to monitor any 

leakage. 

 

 

There are many development of chemical sensing technologies for NH3 and ethanol 

using different conventional techniques such as thermal conductivity, mass 

spectrometry, gas chromatography and catalytic bead [9]. All these techniques are 

utilised in the industry and known to be expensive. These sensing technologies can 

perform high detection of the chemicals but not suitable for in-situ applications [10].  

 

The fast development in applications of optical components as result of big 

commercialization in optoelectronic and telecommunication has shifted the focus of 

researchers and manufacturers to deploy it in sensing applications. Optical sensor is 

considered new and less endeavoured with regards to electrical sensors. Owing to 

properties of the optical signal, its benefits are numerous in respect to electrical signal. 

Part of the significant properties of optical signal are immune to electromagnetic 

interference, resistance to corrosive, flammable environments and reactive give rise to 

application of optical sensor in chemical sensing [11]. When optical sensors are 

integrated with available optical fibre networks, it permits remote and distributed 

sensing. From author point of view, the scope of utilizing optical sensors for volatile 

environments can be a strong alternative in reducing the risks due to the leakage of the 

chemicals especially in factories. Therefore, there is need to detect and monitor 
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aqueous ethanol with the aid of adequate sensors that are reliable in prevent safety 

hazards. 

 

 

1.2 Nanotechnology Enabled Optical Chemical Sensors 

 

Currently, the development in the nanotechnology field paved the way for designing, 

fabricating and deploying nanomaterials, such as sensors in chemical industries. 

Nanomaterials are defined as the materials that contain at least one dimension in 

nanoscale range (<100 nm) [12]. Based on this range, the characteristic of 

nanomaterials are significantly unique from bulk materials in terms of chemical, 

electronic, physical, optical, biological and mechanical properties [12]. 

 

 

The use of nanomaterials in chemical sensors is expected to enhance the sensing 

performance. Nanomaterials have high surface area compared to bulk materials thus, 

the interaction of the chemicals with the sensory device is stronger for the sensor 

integrated with nanomaterials [12]. The maximum response can be achieved by 

improving the interaction between the chemicals with the nanostructured sensing layer. 

The characteristics such as higher sensitivity and lower operating temperature are 

peculiar to nanomaterials based sensors compared to traditional sensors towards 

chemicals. Additionally, the time taken for molecules diffusion of the films in and out 

is reduced due to nanomaterials properties, therefore the response and recovery time of 

the sensor is significantly improved. Other characteristics that are peculiar to 

nanomaterial based sensors are high sensitivity and lower operating temperature as 

compared to the traditional sensors [12]. Utilizing the nanomaterials with optical 

transducer such as optical fiber can be produce new sensors for chemicals detection. 

 

 

Integration of the nanomaterials thin film with optical sensors yields better 

performance. In optical sensor with an applied thin films, these nanostructured 

materials are added with different type of transducing platforms, like optical 

fiber/waveguide (planar and channel) and transparent substrates. The optical techniques 

employed to measure response in chemical sensing applications are mounted on 

reflectance, absorbance, refractive index, surface plasmon resonance (SPR) and the 

luminescence change induced due to interaction between the nanostructured films and 

different chemical molecules. 

 

 

Many researchers working on combining nanomaterials with optical transducers. 

Lazcano- Hernández et al. [13] analyzed the optical response of tungsten trioxide 

(WO3) using sputtered thin films to NH3 gas, sensing via transmittance changes. Due to 

sputtering, films that have a combination of monoclinic and triclinic crystalline 

structure were achieved. They had integrated optical NH3 sensor using glass waveguide 

coated with WO3 thin film. In their publication, NH3 gas molecules adsorbed on the 

metal surface and separated into H ions and electrons [14]. The ions would diffuse into 

the metal oxide layer and as a result, optical properties of the layer changed. Increase in 

NH3 concentrations was found to increase the absorbance of the film. In their work, 



© C
OPYRIG

HT U
PM

       

5 

 

Lazcano- Hernández et al. observed the response for optical wavelength to be around 

1550  nm [13]. 

 

 

In another study, Mutschall et al. [15] stated that, electrical conductivity measures with 

various tests, gases confirm the suitability of molybdenum trioxide (MoO3) layers for 

NH3 detection in operating temperatures between 400 and 450°C. The reactive 

sputtering was used to deposit thin films of MoO3 for gas sensing applications with 

molybdenum target. The response time at an operating temperature of 400°C is less 

than 30 s.  

 

 

Illyaskutty et al. [16] model a novel zinc oxide (ZnO) incorporated MoO3 

nanostructured thin film system that shows high level of sensitivity and selectivity for 

ethanol. The MoO3 and ZnO nanostructures showed improved ethanol sensing 

performance in non-humid and humid atmospheres. The sensors utilized have 

characteristics of high sensitivity, maximum stability and fast response/recovery time 

for ethanol out of five different gases according to their study. 

 

 

The advancement in the nanomaterial fabrication creates big opportunity for the 

researchers to develop high sensitivity sensors. However, there are plenty room of 

improvement in integrating the nanomaterials with optical sensors. There are also many 

issues related to the sensor development which will be discussed in the next 

subsections. 

 

 

1.3 Problem Statement 

 

Recently, most of the chemical sensors were developed using electrical based 

transducers.  Electrical sensors are well established and highly sensitive, but it has 

limitations on its deployment in the environment especially where there is high risk of 

explosion. Also it cannot be employed in the environment that is prone to 

electromagnetic interference. Hence, the development of simple, fast and safe sensors 

for monitoring NH3 and ethanol concentrations in volatile environment is demanded. 

 

 

Furthermore, nanomaterials based sensors have been developed and gained popularity 

as practical and highly sensitive devices towards chemicals with low concentrations. 

However, new nanomaterials developed such as ZnO, polyaniline (PANI), graphene 

oxide (GO) and carbon nanotubes (CNT) are yet to be fully explored as a sensing layer 

towards NH3 and ethanol. 

 

 

Currently, optical fiber sensors based on tapered optical fiber has received more 

attention in the field of optical sensing than the conventional optical fiber sensors. This 

is because optical fiber sensors based on tapered optical fiber is more sensitive to the 

surrounding environment [17]. It is expected that highly sensitive and fast response 

sensors will be realized by employing tapered optical fiber sensor in a volatile 
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environment for NH3 and aqueous ethanol sensing. Consequently, reducing the risk 

associated with leakage of NH3 and ethanol. However, the fabrication technology in 

optical fiber such as tapering process is also not fully explored for sensing purposes. 

 

 

1.4 Objectives and Research Questions 

 

The aim of this research is to design and fabricate tapered optical sensors for chemicals 

by integrating nanomaterial thin films. The objectives to achieve this include: 

 

 

1. to investigate on the nanomaterials that are sensitive towards NH3 

and ethanol in terms of morphology and roughness. 

2.  to design of untapered and tapered optical fiber as the transducing 

platforms. 

3. to synthesis and deposit the nanomaterial onto appropriate optical 

fiber transducers. 

4. to investigate the optical sensing properties of the developed sensors 

towards NH3 and ethanol with low concentrations.  

5. to investigate in details on the micro-nanocharacteristics of the 

nanomaterials and their relation with clarifying the optical sensor’s 

performance.  

6. to analyse and understand the chemical molecules-sensing layer 

interaction mechanism of these optical sensors specifically the tapered 

fiber tips. 

 

 

In order to attain the stated objectives, the author highlighted the 

following research questions: 

 

  

• What are the nanomaterials that alter their optical properties when in 

contact with chemicals especially NH3 and ethanol? 

• What are the deposition techniques or synthesis methods accessible 

to fabricate nanomaterials onto optical fibers? 

• What are the optimized dimensions of the tapered optical fiber tips as 

chemical sensor? 

• Which optical measurement techniques will be employed to examine 

the chemicals response of the developed sensors towards NH3 and 

ethanol? 

 

 

Based on these research questions, the author focused the investigation on a few types 

of nanomaterials popular for their optical, mechanical and excellent physiochemical 

properties. It is also proposed that the nanomaterials possess the ability to show 

excellent chemical details properties. Owing to this hypothesis, a tapered optical fiber 

sensors tip were modeled based on nanostructured thin films utilizing ZnO, PANI, GO 

and CNT combined with palladium (Pd) and gold (Au) as the catalysts. The 

nanostructured thin films were deposited onto various optical transducing platforms to 
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measure their sensing performance through several optical techniques. The 

fundamental understanding of the chemical response in the optical sensors is achieved 

by analyzing both the nanomaterials properties and the developed sensors testing 

results.  

 

 

1.5 Outcomes and Author’s Achievements 

 

This research has provided significant results which add to the existing knowledge in 

chemical sensors using optical fiber coated with nanomaterial thin films. In this work, 

the researcher outlines a detailed analysis based on experiments and theories of novel 

tapered optical fiber sensors exposed to NH3 and ethanol with low concentrations, at 

room temperature. The contributions of this study are presented below: 

 

 

 Tapered optical sensors coated with various catalytic 

layer/nanomaterial thin films were successfully developed and 

showed outstanding sensing performance towards NH3 with low 

concentration (<1%). The developed sensors achieved strong 

response at room temperature as compared to the conventional 

electrical sensors which requires elevated operating temperature 

(>150 °C).  

 The tapered optical sensors with 25 µm diameter coated Pd and Au 

were found to show superior response towards NH3 as compared to 

the sensors coated without catalyst. 

 Novel chemical sensors were developed using tapered optical fiber 

tip coated with Au/ZnO nanocrystalline, Pd/PANI nanostructured 

thin films, GO nanostructured thin films and CNT nanostructured 

thin films for NH3 and ethanol sensing applications. These sensors 

showed optical response towards NH3 and ethanol with 

concentrations as low as 0.25% and 5%, respectively.  

 Remote sensing analysis of the tapered optical fiber sensors coated 

with nanomaterials thin films were performed for fiber distance of  

3.050 km. The remote chemical testings are the first of their kind to 

the best of the author's knowledge using tapered fiber sensors. 

 Remote chemical testings has shown that the NH3 gas and aqueous 

ethanol interaction mechanisms with the nanomaterials coated optical 

fiber were studied to understand their sensing properties.  

 

 

This Phd study successfully achieved its objectives to investigate and develop 

novel chemical sensors using tapered optical fiber coated with nanomaterial thin 

films. The findings has been publicated in high impact journals and presented in 

several international conferences. These consist of 5 main author and 5 co-author 

publications in: IEEE Photonics Journal, Sensors, Sensors and Actuators B: 

Chemical, Optics Communication, and Journal of the European Optical Society-

Rapid publications. The details of the author’s journal publications are as follows:  

 



© C
OPYRIG

HT U
PM

       

8 

 

1. A. Shabaneh, S. Girei, P. Arasu, S. Rashid, Z. Yunusa, M. Mahdi, et al., 

"Reflectance Response of Optical Fiber Coated with Carbon Nanotubes for 

Aqueous Ethanol Sensing." IEEE Photonics Journal, 2014. 

2. Arafat Shabaneh, Saad Girei, Punitha Arasu, Mohd Mahdi, Suraya Rashid, 

Suriati Paiman  and Mohd Yaacob, "Dynamic Response Of Tapered 

Optical Multimode Fiber Coated With Carbon Nanotubes For Ethanol 

Sensing Application," Sensors, (Accepted). 

3. A. Shabaneh, S. Girei, P. Arasu, W. Rahman, A. Bakar, A. Sadek , et al., 

"Reflectance response of tapered optical fiber coated with graphene oxide 

nanostructured thin film for aqueous ethanol sensing," Optics 

Communications, vol. 331, pp. 320-324, 2014. 

 

 

The author’s also successfully published and presented personally, 6 research 

papers in highly established sensor conferences. Throughout the candidature, the 

author personally attended the following conferences: 

 

 

1- Conference on Photonics (ICP), Malacca, Malaysia, October 28-30, 

2013. 

2- The 7th Asia-Pacific Conference on Transducers and Micro/Nano 

Technologies, June 29 - July 2, 2014 / EXCO, Daegu, Korea. 

3- The 4th Advanced Lasers and Photon Sources (ALPS’15), Yokohama, 

April 22 - April 24, 2015, Japan. 

 

 

The author is also writing another research paper titled "Dynamic Response of Zinc 

Oxide Nanocrystalline Coated on Tapered Optical Fiber for Ammonia Sensing” 

which will be submitted to Sensors and Actuators B: Chemical. The complete l ist 

of the author's publications is shown in the list of publications. 

 

1.6 Thesis Organization 

 

This thesis consists of seven chapters and four appendices. The thesis presentation is 

outlined as follows: 

 

 

 Chapter 1 contains the introduction and the author’s motivation to 

embark on this study. This includes tapered optical fiber sensors 

using for chemical sensing applications. The research objectives and 

the author's summary of the achievement contributions to the body of 

knowledge.  

 Chapter 2 describes the rationales behind the research and critical 

review on optical sensors for chemical using various nanostructured 

thin films. Properties of NH3 and ethanol (optical) apart from 

nanostructured materials like ZnO, PANI, GO, CNT, and catalytic 

metals (Pd, Au) for sensors used in chemical were reviewed. It is also 

details the principles of optical measurement as well as transducing 
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platforms on optical fiber tip sensor. The target is the measurement 

principles applying reflectance. The optical transducing platforms 

under studied in this chapter are spectrophotometer based and optical 

fiber. It covers the tapering technique for the optical fiber tip. Also, 

the NH3 and ethanol sensing mechanisms for optical sensors 

involving the nanostructured thin films is also covered. 

 Chapter 3 highlights the design and fabrication processes of both 

untapered and tapered optical transducers. It also explains the 

synthesis and deposition of the nanomaterials. Several techniques 

applied for the physical deposition and chemical synthesis to produce 

different types of nanomaterials thin films serve as the optical 

sensing layer are explained in details. 

 Chapter 4 presents the characterization of the nanomaterials 

employed as the optical sensing layer. The outcomes of micro-

nanocharacterization were achieved through series of characterization 

techniques, such as FESEM, SEM, XRD, EDX, AFM and Raman 

spectroscopy.  

 Chapter 5 describes various chemical testing setup for the developed 

optical sensors. This includes setup to integrate reflectance response 

of the tapered optical fiber tip as well as chemical chamber 

constructions their testing procedures.  

 Chapter 6 outlines the experimental results obtained from the tapered 

optical fiber sensors performance towards NH3 and ethanol via UV-

Vis-NIR spectroscopy. The effect of nanostructured materials’ 

morphology and different catalytic metals on the sensor responses 

towards different concentrations of NH3 and ethanol are described in 

details. The performance of the remote sensing of the tapered optical 

fibers are discussed and configured for different nanomaterial 

coatings. This includes also the selectivity and reproducibility of the 

developed sensors. The optical sensing mechanisms for NH3 and 

ethanol interact with different nanomaterials are explained. 

 Chapter 7 concludes the research findings and the author's 

contributions in the area of optical fiber sensors. Recommendations 

for the future works in the area are also presented. 

 

  



© C
OPYRIG

HT U
PM

       

179 

 

REFERENCES 

 

[1] A. Milbrandt and M. Mann, "Hydrogen Resource Assessment Hydrogen 

Potential from Coal, Natural Gas, Nuclear, and Hydro Power," National 

Renewable Energy Laboratory, Colorado, 2009. 

[2] B. Peng and J. Chen, "Ammonia borane as an efficient and lightweight 

hydrogen storage medium," Energy & Environmental Science, vol. 1, pp. 479-

483, 2008. 

[3] Ceresana, "Market Study Ammonia," p. 530 2012. 

[4] W. Wiley-VCH, "Ammonia, in Ullmann's Encyclopedia of Industrial 

Chemistry.," Max Appl, 2006. 

[5] " Tank leaks; 15 homes in Clarks Grove evacuated [Online]. Available " 

http://www.albertleatribune.com/2014/12/part-of-clarks-grove-to-be-

evacuated/, [Accessed: 28-Jan-2015]. 

[6] A. Earnshaw, "Chemistry of the Elements," Oxford: Pergamon Press, p. 485, 

1984. 

[7] R. J. Ritchie, "Consistent sets of spectrophotometric chlorophyll equations for 

acetone, methanol and ethanol solvents," Photosynthesis Research, vol. 89, 

pp. 27-41, 2006. 

[8] "West Sacramento says no to ethanol trains [Online] Available," in 

http://www.sacbee.com/news/local/article4779009.html, [Accessed 28-Jan-

2015]. 

[9] P. Soundarrajan, "Hydrogen-Specific Sensing for Industrial Process Control 

and Safety," in Sensors Weekly: Questex Media, 2008. 

[10] S. Kandasamy, "Investigation of SiC based field effect sensors with gas 

sensitive metal oxide layers for hydrogen and hydrocarbon gas sensing at high 

temperatures," 2007. 

[11] S. Sekimoto, H. Nakagawa, S. Okazaki, K. Fukuda, S. Asakura, T. Shigemori, 

et al., "A fiber-optic evanescent-wave hydrogen gas sensor using palladium-

supported tungsten oxide," Sensors and Actuators B: Chemical, vol. 66, pp. 

142-145, 2000. 

[12] K. Kalantar-Zadeh and B. N. Fry, Nanotechnology-enabled sensors: Springer, 

2008. 

[13] H. Lazcano-Hernández, C. Sánchez-Pérez, and A. García-Valenzuela, "An 

optically integrated NH3 sensor using WO3 thin films as sensitive material," 

Journal of Optics A: Pure and Applied Optics, vol. 10, p. 104016, 2008. 

[14] M. Yaacob, M. Breedon, K. Kalantar-Zadeh, and W. Wlodarski, "Absorption 

spectral response of nanotextured WO3 thin films with Pt catalyst towards 

H2," Sensors and Actuators B: Chemical, vol. 137, pp. 115-120, 2009. 

[15] D. Mutschall, K. Holzner, and E. Obermeier, "Sputtered molybdenum oxide 

thin films for NH3 detection," Sensors and Actuators B: Chemical, vol. 36, pp. 

320-324, 1996. 

[16] N. Illyaskutty, H. Kohler, T. Trautmann, M. Schwotzer, and V. M. Pillai, 

"Enhanced ethanol sensing response from nanostructured MoO3: ZnO thin 

films and their mechanism of sensing," Journal of Materials Chemistry C, vol. 

1, pp. 3976-3984, 2013. 

[17] A. Shabaneh, S. Girei, P. Arasu, W. Rahman, A. Bakar, A. Sadek, et al., 

"Reflectance response of tapered optical fiber coated with graphene oxide 

http://www.albertleatribune.com/2014/12/part-of-clarks-grove-to-be-evacuated/
http://www.albertleatribune.com/2014/12/part-of-clarks-grove-to-be-evacuated/
http://www.sacbee.com/news/local/article4779009.html


© C
OPYRIG

HT U
PM

       

180 

 

nanostructured thin film for aqueous ethanol sensing," Optics 

Communications, vol. 331, pp. 320-324, 2014. 

[18] G. Korotcenkov, "Metal oxides for solid-state gas sensors: What determines 

our choice?," Materials Science and Engineering: B, vol. 139, pp. 1-23, 2007. 

[19] S. Capone, A. Forleo, L. Francioso, R. Rella, P. Siciliano, J. Spadavecchia, et 

al., "Solid state gas sensors: state of the art and future activities," Journal of 

Optoelectronics and Advanced Materials, vol. 5, pp. 1335-1348, 2003. 

[20] S. Deb, "Opportunities and challenges of electrochromic phenomena in 

transition metal oxides," Solar energy materials and solar cells, vol. 25, pp. 

327-338, 1992. 

[21] E. Della Gaspera, D. Buso, M. Guglielmi, A. Martucci, V. Bello, G. Mattei, et 

al., "Comparison study of conductometric, optical and SAW gas sensors based 

on porous sol–gel silica films doped with NiO and Au nanocrystals," Sensors 

and Actuators B: Chemical, vol. 143, pp. 567-573, 2010. 

[22] K. Zakrzewska, M. Radecka, and M. Rekas, "Effect of Nb, Cr, Sn additions on 

gas sensing properties of TiO2 thin films," Thin Solid Films, vol. 310, pp. 161-

166, 1997. 

[23] Y. Li, W. Wlodarski, K. Galatsis, S. H. Moslih, J. Cole, S. Russo, et al., "Gas 

sensing properties of p-type semiconducting Cr-doped TiO2 thin films," 

Sensors and Actuators B: Chemical, vol. 83, pp. 160-163, 2002. 

[24] W. Gopel, J. Hesse, and J. N. Zemel, "Sensors: A Comprehensive Survey," 

VCH, 1990. 

[25] N. Yamazoe, "Toward innovations of gas sensor technology," Sensors and 

Actuators B: Chemical, vol. 108, pp. 2-14, 2005. 

[26] A. Hernández Battez, R. González, J. Viesca, J. Fernández, J. M. Díaz 

Fernández, A. Machado, et al., "CuO, ZrO2 and ZnO nanoparticles as antiwear 

additive in oil lubricants," Wear, vol. 265, pp. 422-428, 2008. 

[27] Ü. Özgür, Y. I. Alivov, C. Liu, A. Teke, M. Reshchikov, S. Doğan, et al., "A 

comprehensive review of ZnO materials and devices," Journal of applied 

physics, vol. 98, p. 041301, 2005. 

[28] B. Renganathan, D. Sastikumar, G. Gobi, N. Rajeswari Yogamalar, and A. 

Chandra Bose, "Nanocrystalline ZnO coated fiber optic sensor for ammonia 

gas detection," Optics & Laser Technology, vol. 43, pp. 1398-1404, 2011. 

[29] Q. Wan, Q. Li, Y. Chen, T.-H. Wang, X. He, J. Li, et al., "Fabrication and 

ethanol sensing characteristics of ZnO nanowire gas sensors," Applied Physics 

Letters, vol. 84, pp. 3654-3656, 2004. 

[30] Y. Okamoto and W. Brenner, "Polymers " in Organic Semiconductors, 

Reinhold, vol. Ch. 7 pp. pp. 125–158 1964. 

[31] Z. Jin, Y. Su, and Y. Duan, "Development of a polyaniline-based optical 

ammonia sensor," Sensors and Actuators B: Chemical, vol. 72, pp. 75-79, 

2001. 

[32] Y.-S. Lee, B.-S. Joo, N.-J. Choi, J.-O. Lim, J.-S. Huh, and D.-D. Lee, "Visible 

optical sensing of ammonia based on polyaniline film," Sensors and Actuators 

B: Chemical, vol. 93, pp. 148-152, 2003. 

[33] K. P. Loh, Q. Bao, G. Eda, and M. Chhowalla, "Graphene oxide as a 

chemically tunable platform for optical applications," Nature chemistry, vol. 

2, pp. 1015-1024, 2010. 

[34] W. S. Hummers Jr and R. E. Offeman, "Preparation of graphitic oxide," 

Journal of the American Chemical Society, vol. 80, pp. 1339-1339, 1958. 



© C
OPYRIG

HT U
PM

       

181 

 

[35] D. R. Dreyer, S. Park, C. W. Bielawski, and R. S. Ruoff, "The chemistry of 

graphene oxide," Chemical Society Reviews, vol. 39, pp. 228-240, 2010. 

[36] Y. Shao, J. Wang, H. Wu, J. Liu, I. A. Aksay, and Y. Lin, "Graphene based 

electrochemical sensors and biosensors: a review," Electroanalysis, vol. 22, 

pp. 1027-1036, 2010. 

[37] Y. Liu, X. Dong, and P. Chen, "Biological and chemical sensors based on 

graphene materials," Chemical Society Reviews, vol. 41, pp. 2283-2307, 2012. 

[38] S. Eigler, C. Dotzer, and A. Hirsch, "Visualization of defect densities in 

reduced graphene oxide," Carbon, vol. 50, pp. 3666-3673, 2012. 

[39] X. Li, M. Liu, Z. Yan, Q. Wang, Y. Wang, Y. Wang, et al., "All-fiber all-

normal-dispersion passively mode-locked Yb-doped ring laser based on 

graphene oxide," in Photonics Global Conference (PGC), 2012, 2012, pp. 1-4. 

[40] J. A. Kim, T. Hwang, S. R. Dugasani, R. Amin, A. Kulkarni, S. H. Park, et al., 

"Graphene based Fiber Optic Surface Plasmon Resonance for Bio-chemical 

Sensor Applications," Sensors and Actuators B: Chemical, 2013. 

[41] Q. Bao and K. P. Loh, "Graphene photonics, plasmonics, and broadband 

optoelectronic devices," ACS nano, vol. 6, pp. 3677-3694, 2012. 

[42] S. Some, Y. Xu, Y. Kim, Y. Yoon, H. Qin, A. Kulkarni, et al., "Highly 

Sensitive and Selective Gas Sensor Using Hydrophilic and Hydrophobic 

Graphenes," Scientific reports, vol. 3, 2013. 

[43] X. Wang, Q. Li, J. Xie, Z. Jin, J. Wang, Y. Li, et al., "Fabrication of ultralong 

and electrically uniform single-walled carbon nanotubes on clean substrates," 

Nano letters, vol. 9, pp. 3137-3141, 2009. 

[44] S. Gullapalli and M. S. Wong, "Nanotechnology: A Guide to Nano-Objects," 

Chemical Engineering Progress, vol. 107, pp. 28-32, 2011. 

[45] L. Valentini, C. Cantalini, I. Armentano, J. Kenny, L. Lozzi, and S. Santucci, 

"Highly sensitive and selective sensors based on carbon nanotubes thin films 

for molecular detection," Diamond and Related Materials, vol. 13, pp. 1301-

1305, 2004. 

[46] Y. Lin, W. Yantasee, and J. Wang, "Carbon nanotubes (CNTs) for the 

development of electrochemical biosensors," Front. Biosci, vol. 10, p. 582, 

2005. 

[47] S. Liu and C. Cai, "Immobilization and characterization of alcohol 

dehydrogenase on single-walled carbon nanotubes and its application in 

sensing ethanol," Journal of Electroanalytical Chemistry, vol. 602, pp. 103-

114, 2007. 

[48] R.-J. Wu, Y.-C. Huang, M.-R. Yu, T. H. Lin, and S.-L. Hung, "Application of 

m-CNTs/NaClO4/Ppy to a fast response, room working temperature ethanol 

sensor," in Sensors and Actuators B: Chemical vol. 134, ed, 2008, pp. 213-

218. 

[49] Z. Sun, X. Zhang, N. Na, Z. Liu, B. Han, and G. An, "Synthesis of ZrO2-

carbon nanotube composites and their application as chemiluminescent sensor 

material for ethanol," The Journal of Physical Chemistry B, vol. 110, pp. 

13410-13414, 2006. 

[50] S. Brahim, S. Colbern, R. Gump, A. Moser, and L. Grigorian, "Carbon 

nanotube-based ethanol sensors," Nanotechnology, vol. 20, p. 235502, 2009. 

[51] B.-Y. Wei, M.-C. Hsu, P.-G. Su, H.-M. Lin, R.-J. Wu, and H.-J. Lai, "A novel 

SnO2 gas sensor doped with carbon nanotubes operating at room temperature," 

Sensors and Actuators B: Chemical, vol. 101, pp. 81-89, 2004. 



© C
OPYRIG

HT U
PM

       

182 

 

[52] J. Jang and J. Bae, "Carbon nanofiber/polypyrrole nanocable as toxic gas 

sensor," Sensors and Actuators B: Chemical, vol. 122, pp. 7-13, 2007. 

[53] B. Gholamzadeh and H. Nabovati, "Fiber optic sensors," World Academy of 

Science, Engineering and Technology, vol. 42, pp. 335-340, 2008. 

[54] H. Shanak, H. Schmitt, J. Nowoczin, and C. Ziebert, "Effect of Pt-catalyst on 

gasochromic WO3 films: optical, electrical and AFM investigations," Solid 

State Ionics, vol. 171, pp. 99-106, 2004. 

[55] S. Ippolito, S. Kandasamy, K. Kalantar-Zadeh, and W. Wlodarski, "Hydrogen 

sensing characteristics of WO3 thin film conductometric sensors activated by 

Pt and Au catalysts," Sensors and Actuators B: Chemical, vol. 108, pp. 154-

158, 2005. 

[56] C. Bigey, L. Hilaire, and G. Maire, "Catalysis on Pd/WO3 and Pd/WO2 : 

Effect of the Modifications of the Surface States Due to Redox Treatments on 

the Skeletal Rearrangement of Hydrocarbons: Part I. Physical and Chemical 

Characterizations of Catalysts by BET, TPR, XRD, XAS, and XPS," Journal 

of Catalysis, vol. 184, pp. 406-420, 1999. 

[57] A. Georg, W. Graf, R. Neumann, and V. Wittwer, "Stability of gasochromic 

WO3 films," Solar energy materials and solar cells, vol. 63, pp. 165-176, 

2000. 

[58] J.-H. Yoon, H.-J. Lee, and J.-S. Kim, "Ammonia gas-sensing characteristics of 

Pd Doped-WO3," Sensor Letters, vol. 9, pp. 46-50, 2011. 

[59] D. C. Powers and T. Ritter, "Palladium (III) in synthesis and catalysis," in 

Higher Oxidation State Organopalladium and Platinum Chemistry, ed: 

Springer, 2011, pp. 129-156. 

[60] F. Manchester, A. San-Martin, and J. Pitre, "The H-Pd (hydrogen-palladium) 

system," Journal of phase equilibria, vol. 15, pp. 62-83, 1994. 

[61] H. Dannetun, I. Lundström, and L. G. Petersson, "Hydrocarbon dissociation 

on palladium studied with a hydrogen sensitive Pd‐metal‐oxide‐semiconductor 

structure," Journal of applied physics, vol. 63, pp. 207-215, 1988. 

[62] L. G. Petersson, H. Dannetun, J. Fogelberg, and I. Lundström, "Hydrogen 

adsorption states at the external and internal palladium surfaces of a 

palladium‐silicon dioxide‐silicon structure," Journal of applied physics, vol. 

58, pp. 404-413, 1985. 

[63] B. Sutapun, M. Tabib-Azar, and A. Kazemi, "Pd-coated elastooptic fiber optic 

Bragg grating sensors for multiplexed hydrogen sensing," Sensors and 

Actuators B: Chemical, vol. 60, pp. 27-34, 1999. 

[64] D. Zalvidea, A. Diez, J. Cruz, and M. Andres, "Hydrogen sensor based on a 

palladium-coated fibre-taper with improved time-response," Sensors and 

Actuators B: Chemical, vol. 114, pp. 268-274, 2006. 

[65] X. Wei, T. Wei, H. Xiao, and Y. Lin, "Nano-structured Pd-long period fiber 

gratings integrated optical sensor for hydrogen detection," Sensors and 

Actuators B: Chemical, vol. 134, pp. 687-693, 2008. 

[66] M. Yang, H. Liu, D. Zhang, and X. Tong, "Hydrogen sensing performance 

comparison of Pd layer and Pd/WO3 composite thin film coated on side-

polished single-and multimode fibers," Sensors and Actuators B: Chemical, 

vol. 149, pp. 161-164, 2010. 

[67] E. Maciak and T. Pustelny, "An optical ammonia (NH3) gas sensing by means 

of Pd/CuPc interferometric nanostructures based on white light 



© C
OPYRIG

HT U
PM

       

183 

 

interferometry," Sensors and Actuators B: Chemical, vol. 189, pp. 230-239, 

2013. 

[68] Y. Zeng, Z. Lou, L. Wang, B. Zou, T. Zhang, W. Zheng, et al., "Enhanced 

ammonia sensing performances of Pd-sensitized flowerlike ZnO 

nanostructure," Sensors and Actuators B: Chemical, vol. 156, pp. 395-400, 

2011. 

[69] M. Ando, R. Chabicovsky, and M. Haruta, "Optical hydrogen sensitivity of 

noble metal–tungsten oxide composite films prepared by sputtering 

deposition," Sensors and Actuators B: Chemical, vol. 76, pp. 13-17, 2001. 

[70] D. Buso, M. Guglielmi, A. Martucci, G. Mattei, P. Mazzoldi, C. Sada, et al., 

"Growth of Cookie-like Au/NiO Nanoparticles in SiO2 Sol–Gel Films and 

Their Optical Gas Sensing Properties," Crystal Growth and Design, vol. 8, pp. 

744-749, 2008. 

[71] L. K. Randeniya, P. J. Martin, A. Bendavid, and J. McDonnell, "Ammonia 

sensing characteristics of carbon-nanotube yarns decorated with 

nanocrystalline gold," Carbon, vol. 49, pp. 5265-5270, 2011. 

[72] M. Penza, G. Cassano, R. Rossi, M. Alvisi, A. Rizzo, M. Signore, et al., 

"Enhancement of sensitivity in gas chemiresistors based on carbon nanotube 

surface functionalized with noble metal (Au, Pt) nanoclusters," Applied 

Physics Letters, vol. 90, pp. 173123-173123-3, 2007. 

[73] J.-C. Charlier, L. Arnaud, I. Avilov, M. Delgado, F. Demoisson, E. Espinosa, 

et al., "Carbon nanotubes randomly decorated with gold clusters: from 

nano2hybrid atomic structures to gas sensing prototypes," Nanotechnology, 

vol. 20, p. 375501, 2009. 

[74] M. Gautam and A. H. Jayatissa, "Ammonia gas sensing behavior of graphene 

surface decorated with gold nanoparticles," Solid-State Electronics, vol. 78, 

pp. 159-165, 2012. 

[75] A. R. Tao, S. Habas, and P. Yang, "Shape control of colloidal metal 

nanocrystals," Small, vol. 4, pp. 310-325, 2008. 

[76] C. Rao, G. Kulkarni, P. J. Thomas, and P. P. Edwards, "Size‐dependent 

chemistry: Properties of nanocrystals," Chemistry-a European Journal, vol. 8, 

pp. 28-35, 2002. 

[77] A. Georg, W. Graf, R. Neumann, and V. Wittwer, "Mechanism of the 

gasochromic coloration of porous WO3 films," Solid State Ionics, vol. 127, pp. 

319-328, 2000. 

[78] P. Gründler, Chemical sensors: an introduction for scientists and engineers: 

Springer, 2007. 

[79] V. Hopfe, E. Korte, P. Klobes, and W. Grählert, "IR specular reflectance 

studies on rough-surfaced solids and on layered systems with nonuniform 

interfaces: Optical simulations," Journal of molecular structure, vol. 293, pp. 

245-248, 1993. 

[80] M. Yaacob, "Investigation of metal oxide nanostructured thin films based 

optical hydrogen sensors," RMIT University. 

[81] M. Consales, A. Crescitelli, M. Penza, P. Aversa, P. D. Veneri, M. Giordano, 

et al., "SWCNT nano-composite optical sensors for VOC and gas trace 

detection," Sensors and Actuators B: Chemical, vol. 138, pp. 351-361, 2009. 

[82] H. Zhang, A. Kulkarni, H. Kim, D. Woo, Y.-J. Kim, B. H. Hong, et al., 

"Detection of acetone vapor using graphene on polymer optical fiber," Journal 

of nanoscience and nanotechnology, vol. 11, pp. 5939-5943, 2011. 



© C
OPYRIG

HT U
PM

       

184 

 

[83] J. Ou, M. Yaacob, J. Campbell, K. Kalantar-Zadeh, and W. Wlodarski, "H2 

sensing performance of optical fiber coated with nano-platelet WO3 film," 

Procedia Engineering, vol. 5, pp. 1204-1207, 2010. 

[84] C. Bariain, I. R. Matías, C. Fdez-Valdivielso, C. Elosúa, A. Luquin, J. 

Garrido, et al., "Optical fibre sensors based on vapochromic gold complexes 

for environmental applications," Sensors and Actuators B: Chemical, vol. 108, 

pp. 535-541, 2005. 

[85] S. S. Yin and P. Ruffin, Fiber optic sensors: Wiley Online Library, 2002. 

[86] H. Rahman, S. Harun, M. Yasin, S. Phang, S. Damanhuri, H. Arof, et al., 

"Tapered plastic multimode fiber sensor for salinity detection," Sensors and 

Actuators A: Physical, vol. 171, pp. 219-222, 2011. 

[87] W. Cao and Y. Duan, "Optical fiber-based evanescent ammonia sensor," 

Sensors and Actuators B: Chemical, vol. 110, pp. 252-259, 2005. 

[88] A. O. Dikovska, P. Atanasov, A. T. Andreev, B. Zafirova, E. Karakoleva, and 

T. Stoyanchov, "ZnO thin film on side polished optical fiber for gas sensing 

applications," Applied Surface Science, vol. 254, pp. 1087-1090, 2007. 

[89] W. Jin, G. Stewart, M. Wilkinson, B. Culshaw, F. Muhammad, S. Murray, et 

al., "Compensation for surface contamination in a D-fiber evanescent wave 

methane sensor," Lightwave Technology, Journal of, vol. 13, pp. 1177-1183, 

1995. 

[90] J. M. Corres, I. Matias, J. Bravo, and F. Arregui, "Tapered optical fiber 

biosensor for the detection of anti-gliadin antibodies," Sensors and Actuators 

B: Chemical, vol. 135, pp. 166-171, 2008. 

[91] W. Jin, H. Ho, Y. Cao, J. Ju, and L. Qi, "Gas detection with micro-and nano-

engineered optical fibers," Optical Fiber Technology, vol. 19, pp. 741-759, 

2013. 

[92] C. Hussey and J. Minelly, "Optical fibre polishing with a motor-driven 

polishing wheel," Electronics Letters, vol. 24, pp. 805-807, 1988. 

[93] K. T. Grattan and B. Meggitt, Optical fiber sensor technology vol. 1: Springer, 

1999. 

[94] H.-Y. Lin, C.-H. Huang, G.-L. Cheng, N.-K. Chen, and H.-C. Chui, "Tapered 

optical fiber sensor based on localized surface plasmon resonance," Optics 

express, vol. 20, pp. 21693-21701, 2012. 

[95] S. Harun, K. Lim, C. Tio, K. Dimyati, and H. Ahmad, "Theoretical analysis 

and fabrication of tapered fiber," Optik-International Journal for Light and 

Electron Optics, vol. 124, pp. 538-543, 2013. 

[96] S. Guo and S. Albin, "Transmission property and evanescent wave absorption 

of cladded multimode fiber tapers," Optics Express, vol. 11, pp. 215-223, 

2003. 

[97] J. Yuan and M. A. El-Sherif, "Fiber-optic chemical sensor using polyaniline as 

modified cladding material," Sensors Journal, IEEE, vol. 3, pp. 5-12, 2003. 

[98] M. El-Sherif, L. Bansal, and J. Yuan, "Fiber optic sensors for detection of 

toxic and biological threats," Sensors, vol. 7, pp. 3100-3118, 2007. 

[99] P. Mitra, A. P. Chatterjee, and H. S. Maiti, "ZnO thin film sensor," Materials 

Letters, vol. 35, pp. 33-38, 1998. 

[100] S. J. Chang, W. Y. Weng, C. L. Hsu, and T. J. Hsueh, "High sensitivity of a 

ZnO nanowire-based ammonia gas sensor with Pt nano-particles," Nano 

Communication Networks, vol. 1, pp. 283-288, 2010. 



© C
OPYRIG

HT U
PM

       

185 

 

[101] D. Kohl, "The role of noble metals in the chemistry of solid-state gas sensors," 

Sensors and Actuators B: Chemical, vol. 1, pp. 158-165, 1990. 

[102] P. Sahay, "Zinc oxide thin film gas sensor for detection of acetone," Journal 

of Materials Science, vol. 40, pp. 4383-4385, 2005. 

[103] M. Ouyang and W. J. Li, "Reusable CNTs-based chemical sensors," in 

Nano/Molecular Medicine and Engineering (NANOMED), 2009 IEEE 

International Conference on, 2009, pp. 188-192. 

[104] Y. Kang and M. E. Meyerhoff, "Rapid response optical ion/gas sensors using 

dimer–monomer metalloporphyrin equilibrium in ultrathin polymeric films 

coated on waveguides," Analytica chimica acta, vol. 565, pp. 1-9, 2006. 

[105] R. Abdurahman, A. Yimit, H. Ablat, M. Mahmut, J. De Wang, and K. Itoh, 

"Optical waveguide sensor of volatile organic compounds based on PTA thin 

film," Analytica chimica acta, vol. 658, pp. 63-67, 2010. 

[106] A. Airoudj, D. Debarnot, B. Beche, and F. Poncin-Epaillard, "Design and 

sensing properties of an integrated optical gas sensor based on a multilayer 

structure," Analytical chemistry, vol. 80, pp. 9188-9194, 2008. 

[107] W. Lukosz, "Integrated optical chemical and direct biochemical sensors," 

Sensors and Actuators B: Chemical, vol. 29, pp. 37-50, 1995. 

[108] K. Li and J. Meichsner, "In situ infrared fibre evanescent wave spectroscopy 

as a diagnostic tool for plasma polymerization in a gas discharge," Journal of 

Physics D: Applied Physics, vol. 34, p. 1318, 2001. 

[109] G. Keiser, Optical fiber communications: Wiley Online Library, 2003. 

[110] "Overview of Fiber Optic Sensing Technologies," http://www.ni.com/white-

paper/12953/en/, 2011. 

[111] K. Fidanboylu and H. Efendioglu, "Fiber optic sensors and their applications," 

in Proceedings of 5th International Advanced Technologies Symposium 

(IATS’09), 2009. 

[112] C. DeCusatis and C. J. S. DeCusatis, Fiber optic essentials: Academic Press, 

2010. 

[113] A. G. Rays, "Fiber Optics," 1991. 

[114] K. Grattan and T. Sun, "Fiber optic sensor technology: an overview," Sensors 

and Actuators A: Physical, vol. 82, pp. 40-61, 2000. 

[115] P. C. Jerónimo, A. N. Araújo, and M. C. B. Montenegro, "Optical sensors and 

biosensors based on sol–gel films," Talanta, vol. 72, pp. 13-27, 2007. 

[116] P. C. Jerónimo, A. N. Araújo, and M. Conceição BSM Montenegro, "Optical 

sensors and biosensors based on sol–gel films," Talanta, vol. 72, pp. 13-27, 

2007. 

[117] S. Xue, M. A. van Eijkelenborg, G. W. Barton, and P. Hambley, "Theoretical, 

numerical, and experimental analysis of optical fiber tapering," Lightwave 

Technology, Journal of, vol. 25, pp. 1169-1176, 2007. 

[118] K. Q. Kieu and M. Mansuripur, "Biconical fiber taper sensors," Photonics 

Technology Letters, IEEE, vol. 18, pp. 2239-2241, 2006. 

[119] M. Sumetsky, "Optical fiber microcoil resonators," Optics Express, vol. 12, 

pp. 2303-2316, 2004. 

[120] G. Brambilla, F. Koizumi, X. Feng, and D. Richardson, "Compound-glass 

optical nanowires," Electronics Letters, vol. 41, pp. 400-402, 2005. 

[121] G. Brambilla, F. Xu, P. Horak, Y. Jung, F. Koizumi, N. P. Sessions, et al., 

"Optical fiber nanowires and microwires: fabrication and applications," 

Advances in Optics and Photonics, vol. 1, pp. 107-161, 2009. 

http://www.ni.com/white-paper/12953/en/
http://www.ni.com/white-paper/12953/en/


© C
OPYRIG

HT U
PM

       

186 

 

[122] J. Villatoro, D. Monzón-Hernández, and D. Luna-Moreno, "In-line optical 

fiber sensors based on cladded multimode tapered fibers," Applied optics, vol. 

43, pp. 5933-5938, 2004. 

[123] J. P. Golden, G. P. Anderson, S. Rabbany, and F. Ligler, "An evanescent wave 

biosensor. II. Fluorescent signal acquisition from tapered fiber optic probes," 

Biomedical Engineering, IEEE Transactions on, vol. 41, pp. 585-591, 1994. 

[124] S. S. Chong, A. Aziz, and S. W. Harun, "Fibre optic sensors for selected 

wastewater characteristics," Sensors, vol. 13, pp. 8640-8668, 2013. 

[125] C. Qian, "Impact Study of Multimode Fibre Taper in Modal Noise Under 

Restricted Offset Launch Conditions," 2007. 

[126] M. Zibaii, H. Latifi, M. Karami, M. Gholami, S. Hosseini, and M. 

Ghezelayagh, "Non-adiabatic tapered optical fiber sensor for measuring the 

interaction between α-amino acids in aqueous carbohydrate solution," 

Measurement Science and Technology, vol. 21, p. 105801, 2010. 

[127] G. Cao, Synthesis, Properties and Applications: World Scientific, 2004. 

[128] H. S. Nalwa, Nanostructured materials and nanotechnology: concise edition: 

Gulf Professional Publishing, 2001. 

[129] H. Abdullah, N. Ariyanto, B. Yuliarto, I. Asshaari, A. Omar, and M. Razali, 

"Influence of structural and chemical properties on electron transport in 

mesoporous ZnO-based dye-sensitized solar cell," Ionics, vol. 21, pp. 251-

261, 2015. 

[130] H. Abdullah, N. Ariyanto, S. Shaari, B. Yuliarto, and S. Junaidi, "Study of 

porous nanoflake ZnO for dye-sensitized solar cell application," American 

Journal of Engineering and Applied Sciences, vol. 2, p. 236, 2009. 

[131] D. Nicolas-Debarnot and F. Poncin-Epaillard, "Polyaniline as a new sensitive 

layer for gas sensors," Analytica Chimica Acta, vol. 475, pp. 1-15, 2003. 

[132] Z. M. Tahir, E. C. Alocilja, and D. L. Grooms, "Polyaniline synthesis and its 

biosensor application," Biosensors and Bioelectronics, vol. 20, pp. 1690-1695, 

2005. 

[133] H. N. Ming, "Fabrication and characterization of graphene hydrogel via 

hydrothermal approach as a scaffold for preliminary study of cell growth," 

International journal of nanomedicine, vol. 6, 2011. 

[134] H. N. Lim, N. M. Huang, S. Lim, I. Harrison, and C. Chia, "Fabrication and 

characterization of graphene hydrogel via hydrothermal approach as a scaffold 

for preliminary study of cell growth," International journal of nanomedicine, 

vol. 6, p. 1817, 2011. 

[135] W. H. Jr and R. Offeman, "Preparation  of  graphitic  oxide," Journal of the 

American Chemical Society, vol. 208, p. 1339, 1958. 

[136] M. Faisal, S. B. Khan, M. M. Rahman, A. Jamal, and A. Umar, "Ethanol 

chemi-sensor: Evaluation of structural, optical and sensing properties of CuO 

nanosheets," Materials Letters, vol. 65, pp. 1400-1403, 2011. 

[137] D. Yang, A. Velamakanni, G. Bozoklu, S. Park, M. Stoller, R. D. Piner, et al., 

"Chemical analysis of graphene oxide films after heat and chemical treatments 

by X-ray photoelectron and micro-Raman spectroscopy," Carbon, vol. 47, pp. 

145-152, 2009. 

[138] Y.-T. Shieh, G.-L. Liu, H.-H. Wu, and C.-C. Lee, "Effects of polarity and pH 

on the solubility of acid-treated carbon nanotubes in different media," Carbon, 

vol. 45, pp. 1880-1890, 2007. 



© C
OPYRIG

HT U
PM

       

187 

 

[139] E. Della Gaspera, A. Martucci, M. Yaacob, J. Ou, K. Kalantar-Zadeh, and W. 

Wlodarski, "WO3-Au-Pt Nanocrystalline Thin Films as Optical Gas Sensors," 

Sensor Letters, vol. 9, pp. 595-599, 2011. 

[140] M. Yaacob, M. Breedon, K. Kalantar-Zadeh, W. Wlodarski, and Y. Li, 

"Comparative study of the gasochromic performance of Pd/WO3 and Pt/WO3 

nanotextured thin films for low concentration hydrogen sensing," in Sensors, 

2009 IEEE, 2009, pp. 304-307. 

[141] A. Duta, A. Enesca, and L. Andronic, "Tailoring photocatalytic properties of 

tungsten oxide thin films," Advanced Materials Research, vol. 79, pp. 847-

850, 2009. 

[142] W.-C. Hsu, C.-C. Chan, C.-H. Peng, and C.-C. Chang, "Hydrogen sensing 

characteristics of an electrodeposited WO3 thin film gasochromic sensor 

activated by Pt catalyst," Thin Solid Films, vol. 516, pp. 407-411, 2007. 

[143] " K575X Sputter Coater Instruction Manual," Quorum Technologies Ltd, 

company No. 4273003. 

[144] O. F. Company, "All You Wanted To Know About Electron Microscopy," 

2006. 

[145] "Atomic force microscopy [Online] Available 

http://en.wikipedia.org/wiki/Atomic_force_microscopy," From Wikipedia, the 

free encyclopedia, Accessed 29-Jan-2015. 

[146] J. R. Ferraro, Introductory raman spectroscopy: Academic press, 2003. 

[147] P. P. Worsfold, A. Townshend, and C. C. Poole, Encyclopedia of Analytical 

Sciences: Academic Press, 2004. 

[148] C. Pholnak, C. Sirisathitkul, S. Suwanboon, and D. J. Harding, "Effects of 

precursor concentration and reaction time on sonochemically synthesized ZnO 

nanoparticles," Materials Research, pp. 0-0, 2013. 

[149] F. Solís-Pomar, E. Martínez, M. F. Meléndrez, and E. Pérez-Tijerina, "Growth 

of vertically aligned ZnO nanorods using textured ZnO films," Nanoscale 

research letters, vol. 6, pp. 1-11, 2011. 

[150] T. Jun, K. Song, Y. Jeong, K. Woo, D. Kim, C. Bae, et al., "High-performance 

low-temperature solution-processable ZnO thin film transistors by microwave-

assisted annealing," Journal of Materials Chemistry, vol. 21, pp. 1102-1108, 

2011. 

[151] M. Gong, Y. Long, X. Xu, H. Zhang, and B. Sun, "Synthesis, 

Superhydrophobicity, Enhanced Photoluminescence and Gas Sensing 

Properties of ZnO Nanowires," 2012. 

[152] H. Xu, J. Zhang, Y. Chen, H. Lu, and J. Zhuang, "Electrochemical 

polymerization of polyaniline doped with Cu 2+ as the electrode material for 

electrochemical supercapacitors," RSC Advances, vol. 4, pp. 5547-5552, 2014. 

[153] Z. Zhou, X. Zhang, C. Lu, L. Lan, and G. Yuan, "Polyaniline-decorated 

cellulose aerogel nanocomposite with strong interfacial adhesion and 

enhanced photocatalytic activity," RSC Advances, vol. 4, pp. 8966-8972, 

2014. 

[154] A. Vijayan, M. Fuke, R. Hawaldar, M. Kulkarni, D. Amalnerkar, and R. 

Aiyer, "Optical fibre based humidity sensor using Co-polyaniline clad," 

Sensors and Actuators B: Chemical, vol. 129, pp. 106-112, 2008. 

[155] M.-Z. Yang, C.-L. Dai, and W.-Y. Lin, "Fabrication and characterization of 

polyaniline/PVA humidity microsensors," Sensors, vol. 11, pp. 8143-8151, 

2011. 

http://en.wikipedia.org/wiki/Atomic_force_microscopy,


© C
OPYRIG

HT U
PM

       

188 

 

[156] P. Sambyal, A. P. Singh, M. Verma, M. Farukh, B. P. Singh, and S. Dhawan, 

"Tailored polyaniline/barium strontium titanate/expanded graphite multiphase 

composite for efficient radar absorption," RSC Advances, vol. 4, pp. 12614-

12624, 2014. 

[157] L. Wang, Y. Ye, X. Lu, Z. Wen, Z. Li, H. Hou, et al., "Hierarchical 

Nanocomposites of Polyaniline Nanowire Arrays on Reduced Graphene Oxide 

Sheets for Supercapacitors," Scientific reports, vol. 3, 2013. 

[158] A. M. Meftah, E. Gharibshahi, N. Soltani, W. Yunus, and E. Saion, 

"Structural, Optical and Electrical Properties of PVA/PANI/Nickel 

Nanocomposites Synthesized by Gamma Radiolytic Method," Polymers, vol. 

6, pp. 2435-2450, 2014. 

[159] Quillard S, Louarn G, Lefrant S, and M. AG, "Vibrational analysis of poly-

aniline – a comparative study of leucoemeraldine, emeraldine, and perni-

graniline bases," Physical Review B, vol. 50, pp. 12496–508., 1994. 

[160] G. Louarn, M. Lapkowski, S. Quillard, A. Pron, J. Buisson, and S. Lefrant, 

"Vibrational properties of polyaniline isotope effects," The Journal of 

Physical Chemistry, vol. 100, pp. 6998-7006, 1996. 

[161] R. Mažeikienė, A. Statino, Z. Kuodis, G. Niaura, and A. Malinauskas, "In situ 

Raman spectroelectrochemical study of self-doped polyaniline degradation 

kinetics," Electrochemistry communications, vol. 8, pp. 1082-1086, 2006. 

[162] Z. Wei, M. Wan, T. Lin, and L. Dai, "Polyaniline Nanotubes Doped with 

Sulfonated Carbon Nanotubes Made Via a Self‐Assembly Process," Advanced 

materials, vol. 15, pp. 136-139, 2003. 

[163] J. Pereira da Silva, D. De Faria, S. Córdoba de Torresi, and M. Temperini, 

"Influence of thermal treatment on doped polyaniline studied by resonance 

Raman spectroscopy," Macromolecules, vol. 33, pp. 3077-3083, 2000. 

[164] M.-I. Boyer, S. Quillard, E. Rebourt, G. Louarn, J. Buisson, A. Monkman, et 

al., "Vibrational analysis of polyaniline: a model compound approach," The 

Journal of Physical Chemistry B, vol. 102, pp. 7382-7392, 1998. 

[165] D. Lin-Vien, N. B. Colthup, W. G. Fateley, and J. G. Grasselli, The handbook 

of infrared and Raman characteristic frequencies of organic molecules: 

Elsevier, 1991. 

[166] G. M. do Nascimento, C. H. Silva, and M. L. Temperini, "Electronic Structure 

and Doping Behavior of PANI‐NSA Nanofibers Investigated by Resonance 

Raman Spectroscopy," Macromolecular rapid communications, vol. 27, pp. 

255-259, 2006. 

[167] G. M. do Nascimento, V. R. Constantino, and M. L. Temperini, 

"Spectroscopic characterization of doped poly (benzidine) and its 

nanocomposite with cationic clay," The Journal of Physical Chemistry B, vol. 

108, pp. 5564-5571, 2004. 

[168] M. Cochet, G. Louarn, S. Quillard, M. Boyer, J. Buisson, and S. Lefrant, 

"Theoretical and experimental vibrational study of polyaniline in base forms: 

non‐planar analysis. Part I," Journal of Raman Spectroscopy, vol. 31, pp. 

1029-1039, 2000. 

[169] G. Socrates, Infrared and Raman characteristic group frequencies: tables and 

charts: John Wiley & Sons, 2004. 

[170] P. Colomban, S. Folch, and A. Gruger, "Vibrational study of short-range order 

and structure of polyaniline bases and salts," Macromolecules, vol. 32, pp. 

3080-3092, 1999. 



© C
OPYRIG

HT U
PM

       

189 

 

[171] I. Šeděnková, M. Trchová, and J. Stejskal, "Thermal degradation of 

polyaniline films prepared in solutions of strong and weak acids and in water–

FTIR and Raman spectroscopic studies," Polymer Degradation and Stability, 

vol. 93, pp. 2147-2157, 2008. 

[172] M. Shanmugam, T. Bansal, C. A. Durcan, and B. Yu, "Multilayer Graphene 

Oxide/Cadmium Selenide Quantum-Dot-Coated Titanium Dioxide 

Heterojunction Solar Cell," Electron Device Letters, IEEE, vol. 33, pp. 1165-

1167, 2012. 

[173] P. Huang, C. Xu, J. Lin, C. Wang, X. Wang, C. Zhang, et al., "Folic acid-

conjugated graphene oxide loaded with photosensitizers for targeting 

photodynamic therapy," Theranostics, vol. 1, p. 240, 2011. 

[174] S. Eigler, C. Dotzer, and A. Hirsch, "Visualization of defect densities in 

reduced graphene oxide," Carbon, 2012. 

[175] H. N. Lim, N. M. Huang, C. H. Chia, and I. Harrison, "Inorganic 

Nanostructures Decorated Graphene," 2013. 

[176] Z. Yunusa, M. N. H. , and a. S. AbdulRashid, "Growth of Multi-walled 

Carbon Nanotubes on Platinum Substrate," 2013 IEEE Regional Symposium 

on Micro and Nanoelectronics, 2013. 

[177] C. Altavilla, M. Sarno, P. Ciambelli, A. Senatore, and V. Petrone, 

"New'chimie douce'approach to the synthesis of hybrid nanosheets of MoS2 on 

CNT and their anti-friction and anti-wear properties," Nanotechnology, vol. 

24, pp. 125601-125601, 2013. 

[178] T. Belin and F. Epron, "Characterization methods of carbon nanotubes: a 

review," Materials Science and Engineering: B, vol. 119, pp. 105-118, 2005. 

[179] W. Li, C. Liang, W. Zhou, J. Qiu, Z. Zhou, G. Sun, et al., "Preparation and 

characterization of multiwalled carbon nanotube-supported platinum for 

cathode catalysts of direct methanol fuel cells," The Journal of Physical 

Chemistry B, vol. 107, pp. 6292-6299, 2003. 

[180] P. Mahanandia, J. J. Schneider, M. Engel, B. Stühn, S. V. Subramanyam, and 

K. K. Nanda, "Studies towards synthesis, evolution and alignment 

characteristics of dense, millimeter long multiwalled carbon nanotube arrays," 

Beilstein journal of nanotechnology, vol. 2, pp. 293-301, 2011. 

[181] R. A. DiLeo, B. J. Landi, and R. P. Raffaelle, "Purity assessment of 

multiwalled carbon nanotubes by Raman spectroscopy," Journal of applied 

physics, vol. 101, pp. 064307-064307-5, 2007. 

[182] L. Bokobza and J. Zhang, "Raman spectroscopic characterization of multiwall 

carbon nanotubes and of composites," Express Polym. Lett, vol. 6, pp. 601-

608, 2012. 

[183] O. S. Wolfbeis, "Fiber-optic chemical sensors and biosensors," Analytical 

Chemistry, vol. 80, pp. 4269-4283, 2008. 

[184] J. Flores, R. Washenfelder, G. Adler, H. Lee, L. Segev, J. Laskin, et al., 

"Complex refractive indices in the near-ultraviolet spectral region of biogenic 

secondary organic aerosol aged with ammonia," Physical Chemistry Chemical 

Physics, vol. 16, pp. 10629-10642, 2014. 

[185] K. M. Updyke, T. B. Nguyen, and S. A. Nizkorodov, "Formation of brown 

carbon via reactions of ammonia with secondary organic aerosols from 

biogenic and anthropogenic precursors," Atmospheric Environment, vol. 63, 

pp. 22-31, 2012. 



© C
OPYRIG

HT U
PM

       

190 

 

[186] V. Passaro, F. Dell’Olio, and F. De Leonardis, "Ammonia optical sensing by 

microring resonators," Sensors, vol. 7, pp. 2741-2749, 2007. 

[187] A. Shabaneh, P. Arasu, S. Girei, S. Paiman, M. Mahdi, M. Yaacob, et al., 

"Reflectance response of optical fiber sensor coated with graphene oxide 

towards ethanol," in Photonics (ICP), 2013 IEEE 4th International 

Conference on, 2013, pp. 272-274. 

[188] S. Girei, A. Shabaneh, P. Arasu, S. Painam, and M. Yaacob, "Tapered 

multimode fiber sensor for ethanol sensing application," in Photonics (ICP), 

2013 IEEE 4th International Conference on, 2013, pp. 275-277. 

[189] K. Khun Khun, A. Mahajan, and R. Bedi, "SnO2 thick films for room 

temperature gas sensing applications," Journal of Applied Physics, vol. 106, 

pp. 124509-124509-5, 2009. 

[190] Y. Chang, Y. Yao, B. Wang, H. Luo, T. Li, and L. Zhi, "Reduced Graphene 

Oxide Mediated SnO2 Nanocrystals for Enhanced Gas-sensing Properties," 

Journal of Materials Science & Technology, vol. 29, pp. 157-160, 2013. 

[191] S. Krutovertsev, S. Sorokin, A. Zorin, Y. A. Letuchy, and O. Y. Antonova, 

"Polymer film-based sensors for ammonia detection," Sensors and Actuators 

B: Chemical, vol. 7, pp. 492-494, 1992. 

[192] A. Kukla, Y. M. Shirshov, and S. Piletsky, "Ammonia sensors based on 

sensitive polyaniline films," Sensors and Actuators B: Chemical, vol. 37, pp. 

135-140, 1996. 

[193] N. Agbor, M. Petty, and A. Monkman, "Polyaniline thin films for gas 

sensing," Sensors and Actuators B: Chemical, vol. 28, pp. 173-179, 1995. 

[194] N. Agbor, J. Cresswell, M. Petty, and A. Monkman, "An optical gas sensor 

based on polyaniline Langmuir-Blodgett films," Sensors and Actuators B: 

Chemical, vol. 41, pp. 137-141, 1997. 

[195] P. Arasu, A. Noor, A. Shabaneh, S. Girei, M. Mahdi, H. Lim, et al., 

"Absorbance properties of gold coated fiber Bragg grating sensor for aqueous 

ethanol," Journal of the European Optical Society-Rapid publications, vol. 9, 

2014. 

[196] B. Gupta and R. Verma, "Surface plasmon resonance-based fiber optic 

sensors: principle, probe designs, and some applications," Journal of Sensors, 

vol. 2009, 2009. 

[197] R. A. Litjens, T. I. Quickenden, and C. G. Freeman, "Visible and near-

ultraviolet absorption spectrum of liquid water," Applied optics, vol. 38, pp. 

1216-1223, 1999. 

[198] V. S. Langford, A. J. McKinley, and T. I. Quickenden, "Temperature 

dependence of the visible-near-infrared absorption spectrum of liquid water," 

The Journal of Physical Chemistry A, vol. 105, pp. 8916-8921, 2001. 

[199] C.-S. Yeh, "Carbon Nanotubes Gas Sensor for Ethanol Detection," 

International Journal of Science and Engineering, vol. 2, pp. 1-3, 2012. 

[200] M. Z. Ahmad, A. Z. Sadek, M. Yaacob, D. P. Anderson, G. Matthews, V. B. 

Golovko, et al., "Optical characterization of nanostructured Au/WO3 thin 

films for sensing hydrogen at low concentrations," Sensors and Actuators B: 

Chemical, 2012. 

[201] S. W. Lee, B.-S. Kim, S. Chen, Y. Shao-Horn, and P. T. Hammond, "Layer-

by-layer assembly of all carbon nanotube ultrathin films for electrochemical 

applications," Journal of the American Chemical Society, vol. 131, pp. 671-

679, 2008. 



© C
OPYRIG

HT U
PM

       

191 

 

[202] J. Shi, Y. Zhu, X. Zhang, W. R. Baeyens, and A. M. Garcı́a-Campaña, 

"Recent developments in nanomaterial optical sensors," TrAC Trends in 

Analytical Chemistry, vol. 23, pp. 351-360, 2004. 

[203] J. Chang, H. Kuo, I. Leu, and M. Hon, "The effects of thickness and operation 

temperature on ZnO: Al thin film CO gas sensor," Sensors and Actuators B: 

Chemical, vol. 84, pp. 258-264, 2002. 

[204] B.-K. Min and S.-D. Choi, "SnO2 thin film gas sensor fabricated by ion beam 

deposition," Sensors and Actuators B: Chemical, vol. 98, pp. 239-246, 2004. 

[205] F. Xiong, W. Zhu, H. Lin, and X. Meng, "Fiber-optic sensor based on 

evanescent wave absorbance around 2.7 μm for determining water content in 

polar organic solvents," Applied Physics B, vol. 115, pp. 129-135, 2014. 

[206] M. Penza, G. Cassano, P. Aversa, F. Antolini, A. Cusano, A. Cutolo, et al., 

"Alcohol detection using carbon nanotubes acoustic and optical sensors," 

Applied Physics Letters, vol. 85, pp. 2379-2381, 2004. 

[207] T. Someya, J. Small, P. Kim, C. Nuckolls, and J. T. Yardley, "Alcohol vapor 

sensors based on single-walled carbon nanotube field effect transistors," Nano 

letters, vol. 3, pp. 877-881, 2003. 

[208] M. Gautam and A. H. Jayatissa, "Detection of organic vapors by graphene 

films functionalized with metallic nanoparticles," Journal of Applied Physics, 

vol. 112, p. 114326, 2012. 

[209] A. Shabaneh, S. Girei, P. Arasu, S. Rashid, Z. Yunusa, M. Mahdi, et al., 

"Reflectance Response of Optical Fiber Coated with Carbon Nanotubes for 

Aqueous Ethanol Sensing," IEEE Photonics Journal, vol. 6, December 2014. 

[210] "Difference Between Ethanol and Methanol [online] Available," 

http://www.differencebetween.net/science/difference-between-ethanol-and-

methanol/#ixzz3R7QKYy6G, [Accessed 12-Jan-2015]. 

 

  

 

 

 

 

 

 

 

 

 

 

http://www.differencebetween.net/science/difference-between-ethanol-and-methanol/#ixzz3R7QKYy6G
http://www.differencebetween.net/science/difference-between-ethanol-and-methanol/#ixzz3R7QKYy6G

	DEVELOPMENT OF CHEMICAL SENSORS BASED ON TAPERED OPTICAL FIBER TIP COATED WITH NANOSTRUCTURED THIN FILMS
	ABSTRACT
	TABLE OF CONTENTS
	CHAPTERS
	REFERENCES



