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ABSTRACT

Surface acoustic wave (SAW) sensors have significant potential to monitor 

toxic gases, owing to their advantageous features such as fast response time, high 

stability, and remarkable sensitivity. Over the past few years, research has been 

focused on optimizing the design and fabrication of SAW sensors by adopting various 

materials as a sensing layer for enhanced sensitivity. Among the high gas sensitive 

materials available, zinc oxide (ZnO), palladium (Pd), tungsten oxide (WO3), Gallium 

nitride (GaN), and indium oxide (M2O3) have been widely adopted. However, the high 

gas recovery time with regard to its response time and poor detection stability make 

these materials adverse for gas sensing applications. This work presents a novel 

microelectromechanical system (MEMS) SAW gas sensor that employs an amorphous 

Silicon nanostructure (Si-nanostructure) as the sensing material. Due to the high 

surface-to-volume ratio of Si-nanostructure, it provides high sensitivity by adsorbing 

more gas molecules. The fabrication of the Si-nanostructure was carried out by a low- 

cost metal-assisted chemical (MACE) process. The formation and structural properties 

of these Si-nanostructure were characterized by Field-emission Scanning Electron 

Microscopy (FESEM) and Energy Dispersive X-ray (EDX) analysis. The fabricated 

SAW sensor with Si-nanostructure sensing material was then tested with Carbon 

dioxide (CO2) gas during the characterization process. The gas-sensing performance 

of the sensor was assessed in terms of its sensitivity performances, and then compared 

with previously reported SAW gas sensors. The developed Si nanostructure-based 

SAW sensor exhibits a frequency shift of 4.622 kHz at 2000 ppm, and a response and 

recovery time of 9 s and 9.5 s, respectively, when exposed to 700 ppm of CO2 gas. It 

demonstrates higher sensitivity and better response than previously reported devices 

in the literature, and has promising potential to be employed as a primary sensing layer 

for next-generation MEMS SAW gas sensors.
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ABSTRAK

Penderia gelombang akustik permukaan (SAW) mempunyai potensi yang 

besar untuk pemantauan gas toksik, kerana kelebihannya seperti kadar tindak balas 

yang pantas, kestabilan dan kepekaan yang tinggi. Sejak beberapa tahun kebelakangan 

ini, penyelidikan telah tertumpu pada mengoptimumkan reka bentuk dan pembikinan 

penderia SAW dengan menggunakan pelbagai bahan sebagai lapisan penderia untuk 

meningkatkan kepekaannya. Antara bahan lapisan sensitif dengan kepekaan tinggi 

terhadap gas adalah, zink oksida (ZnO), paladium (Pd), tungsten oksida (WO3), 

Gallium nitride (GaN), dan indium oksida (M2O3) telah diguna pakai secara meluas. 

Walau bagaimanapun, ia menggambil masa yang lama untuk bertindak balas dengan 

gas dan ia mempunyai kestabilan pengesanan yang lemah menyebabkan bahan-bahan 

seperti ini kurang berkesan untuk digunakan dalam aplikasi pengesanan gas. Kajian 

dalam tesis ini memperlihatkan penderia gas SAW baru di dalam sistem 

mikroelektromekanik (MEMS) yang terdiri daripada struktur nano Silikon (Si- 

nanostructure) amorf sebagai bahan penderiaan gas. Oleh kerana nisbah permukaan- 

ke-atas isipadu Si berstruktur nano adalah tinggi, ia memberikan kepekaan yang tinggi 

dengan menyerapan lebih banyak molekul gas. Pembikinan Si berstruktur nano telah 

dijalankan dengan proses kimia bantuan logam (MACE) yang berkos rendah. 

Pembentukan dan sifat Si berstruktur nano ini dicirikan berdasarkan analisis 

Mikroskopi Elektron Pengimbasan Pancaran Medan (FESEM) dan sinar-X sebaran 

Tenaga (EDX). Penderia SAW terbikin dengan bahan penderiaan struktur nano Si 

kemudiannya telah diuji dengan gas karbon dioksida (CO2) semasa proses pencirian. 

Penderia SAW berasaskan struktur nano Si yang telah dibangunkan memperlihatkan 

anjakan frekuensi sebanyak 4.622 kHz pada 2000 ppm, dan masa tindak balas dan 

pemulihan masing-masing 9 s dan 9.5 s, apabila terdedah kepada 700 ppm gas CO2 . Ia 

menunjukkan kepekaan yang lebih tinggi dan tindak balas yang lebih baik daripada 

peranti yang pernah dilaporkan sebelum, dan mempunyai potensi yang baik untuk 

digunakan sebagai lapisan penderiaan utama untuk penderia gas MEMS SAW generasi 

akan datang.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Due to the rapid growth of industrialization and the burning of fossil fuels and 

coal in the past decade, a substantial amount of hazardous gases have been released 

into the environment [1, 2]. Carbon dioxide (CO2) is among these hazardous gases, 

which contributes to and is responsible for global warming, the greenhouse effect and 

rapid climate change. Additionally, it endangers human health by causing respiratory 

and nasal inflammation, fatigue, and headaches [2, 3]. To avoid such concerns, it is 

vital to regularly monitor CO2 levels in the environment, and maintain a superior 

environmental health status and better air quality [4-6]. For the accurate quantification 

of the CO2 gas, highly sensitive analytical techniques such as gas chromatography, 

spectrophotometry, and high-performance liquid chromatography have been 

considered. Despite their accuracy, these techniques have several salient drawbacks, 

such as high costs, lack of portability, and high-power consumption. Furthermore, the 

application of such techniques often requires complex and time-consuming pre­

treatment steps and highly-skilled operators. These procedures cannot provide gas 

exposure information on a real-time basis. Consequently, microelectromechanical 

systems (MEMS) gas sensors have been introduced [7]. Compared to conventional gas 

sensing techniques, MEMS gas sensors have advantageous features such as higher 

sensitivity, lower power consumption, more compact designs, and significantly lower 

associated costs [8-10]. MEMS gas sensors can be classified under three primary 

types: electrochemical, optical, and acoustic. Each of type of sensor has a different 

operating mechanism for gas sensing. Among these sensors, MEMS surface acoustic 

waves (SAWs) have garnered considerable interest in the detection of gases, 

attributable to their improved sensitivity with high accuracy, fast response, and better 

stability [11]. The operating mechanism of earlier conventional SAW sensors 

comprise a pair of Interdigital transducers (IDTs) and one layer of metal-based sensing
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material in between the IDTs. These sensors have shown significantly lower 

performance and sensitivity, owing to the sensing elements that absorb gas molecules.

To improve overall sensitivity, SAW sensors with various nanostructured 

material-based sensing layers have been recently applied. Nanostructured materials 

show significant improvements in sensitivity, primarily due to their high surface-to- 

volume ratio, as well as enabling the design of a compact gas sensor. Therefore, the 

effort to incorporate the nanostructured material-based sensing layers into the SAW 

sensors may further improve their sensing capability.

1.2 Problem Statement

Numerous sensing technologies have been widely employed to accurately 

monitor and evaluate CO2 levels [5, 12]. Despite their high precision, these techniques 

have several drawbacks, including low sensitivity and selectivity, abrasion of sensitive 

materials (especially for electrochemical sensors), high power consumption, difficulty 

in miniaturization, expensive costs, and lack of portability [5, 12, 13]. SAW gas 

sensors, on the other hand, have been widely applied because of their high sensitivity, 

portability, fast response time, and room temperature operation [14, 15]. The gas 

sensing mechanism of a SAW sensor primarily relies on the sensing element utilized 

to absorb gas molecules. Consequently, the sensing layer has a crucial role in SAW 

sensors. SAW sensors with various nanostructured materials-based sensing layers 

have recently been reported. Nanostructured materials show significant improvements 

in sensitivity, due to their high surface-to-volume ratio, as well as the optimal design 

of the compact gas sensor.

To date, polymers, metal oxides, and 2D material are among the sensing 

materials used in the sensitive layer of SAW sensors. Polymer-based sensitive 

materials have been widely reported as chemical warfare agents. However, polymer 

deposition on SAW sensors has a series of disadvantages, such as high losses and low 

propagation velocity due to moisture. In contrast, the inorganic metal oxide-based 

sensing material used in the SAW sensor has been reported to have high sensitivity 

only at high temperatures, and not at room temperature [19, 20]. Several researchers
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have proposed that improving sensitivity SAW sensors can be accomplished by using 

2D material films as sensing materials in recent years. 2D materials has attracted 

considerable interest in the sensor industry, primarily due to its large surface area and 

capability for gas molecule adsorption. Although other 2D materials, such as CNT and 

graphene have been used in the gas sensor because of their higher sensitivity, higher 

surface-area-to-volume ratio and shorter response time. However, CNT material 

requires a purification process and lack of selectivity of raw CNT meanwhile higher 

quality graphene thin films still lack reproducibility and it is difficult to control the 

thickness material bi-layer or tri-layer Thus, it is necessary to develop a SAW gas 

sensor with high sensitivity and low-cost sensing material. Nonetheless, the long-term 

durability of the sensing material and its compatibility with complementary metal- 

oxide semiconductor devices for the large-scale production of SAW sensors remain 

elusive. Additionally, SAW gas sensors with highly sensitive sensing layers and low 

costs merit further empirical investigation.

1.3 Research objective

This work aims to design and fabricate a SAW gas sensor with a nanostructured 

Si-based sensing layer for detecting CO2 gas. More specifically, this study aims to 

achieve the following research objectives:

1. To demonstrate the viability of Si nanostructures as a sensing material for SAW 

gas sensors of CO2 gases by means of finite element analysis.

2. To design and fabricate a nanostructured Si sensing layer-based SAW gas 

sensor for CO2 gas detection.

3. To experimentally characterize the performance of the developed SAW gas 

sensor in terms of sensitivity, time response and recovery.
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1.4 Research scope

Scope of this work as follows:

1. The research only focuses on acoustic type gas sensors (SAW sensors) that 

comprise aluminium (Al) IDT, Lithium niobite (LiNBO3) as a substrate and 

amorphous Si nanostructured as the sensing layer.

2. Design consists of 15 mm x 0.1 mm size of substrate, 200 um length of pitch 

and 3000 um length of sensitive material.

3. A metal-assisted chemical etching (MACE) process was used to fabricate the 

nanostructure on the substrate of SAW Sensors.

4. Due to its safety at lower concentrations, CO2 was chosen as the test gas for 

the SAW sensor.

1.5 Research Significant

This work reports a novel gas sensor based on the SAW principle using 

nanostructured Si as the sensitive layer. The developed sensor provides improved 

sensitivity and time response, and operates at room temperature. Due to the 

morphology, highly specific surface area, and suitable gas diffusion material, it is 

expected that the nanostructured Si provides high sensitivity. This sensor also uses 

simple and cost-effective fabrication techniques to realize the sensing materials using 

the MACE technique. This work also covers all aspects of the development of the 

SAW sensor, including in an depth literature review, theoretical analysis, simulation, 

fabrication and characterization which may be used as a guide for new researchers.
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1.6 Organization of thesis

This study focuses on the fabrication of a SAW sensor with a Si-nanostructured 

sensing material, and characterizes the properties of the SAW sensor, including the 

sensitivity, time response and recovery time. All the processes used in this study are 

described in detail. This work consists of five (5) chapters, starting the introduction of the 

research in Chapter 1. This chapter describes the introduction, problem statement 

objectives, scope, contributions and potential impact of this research. Chapter 2 provides 

an overview of the types of advanced MEMS gas sensing technologies. All the SAW 

fundamentals and all advanced MEM sensors, including working principles, fabrication, 

and their applications are described in this chapter. Chapter 3 describes the research 

methodology, including the workflow, all the parameters the model used for simulation, 

design and fabrication of the saw sensor and finite element analysis. Characterization and 

discussion of the Si nanostructure SAW sensor for CO2 gas sensing are covered in Chapter

4. Lastly, in Chapter 5 provides a conclusion and some recommendations that merit further 

investigation in future work.

5



REFERENCE

1. Love, C., et al., A review on advanced sensing materials for agricultural gas 
sensors. Sensors, 2021. 21(10): p. 3423.

2. Akhter, F., et al., Graphene oxide (GO) coated impedimetric gas sensor for  
selective detection o f carbon dioxide (CO 2) with temperature and humidity 
compensation. IEEE Sensors Journal, 2020. 21(4): p. 4241-4249.

3. Pamonpol, K., N. Tokhun, and A. Somparn. Measuring Elevated Indoor 
Carbon Dioxide Concentration from Unsuitable Condition o f Indoor Plant. in 
2020 International Conference and Utility Exhibition on Energy, Environment 
and Climate Change (ICUE). 2020. IEEE.

4. Awang, Z., Gas sensors: A review. Sens. Transducers, 2014. 168(4): p. 61-75.
5. Asri, M.I.A., et al., MEMS gas sensors: a review. IEEE Sensors Journal, 2021.
6. Ahmad Asri, M.I., et al., Design and Analysis o f Silicon Nanowire Array Based 

on SAW Gas Sensor, in Control, Instrumentation and Mechatronics: Theory 
and Practice. 2022, Springer. p. 617-626.

7. Hasan, M.N., et al., Energy harvesters for wearable electronics and biomedical 
devices. Advanced Materials Technologies, 2021. 6(3): p. 2000771.

8. Nazemi, H., et al., Advancedmicro-andnano-gas sensor technology: A review. 
Sensors, 2019. 19(6): p. 1285.

9. Wang, J., et al., Gas detection microsystem with MEMS gas sensor and 
integrated circuit. IEEE Sensors Journal, 2018. 18(16): p. 6765-6773.

10. Lu, C.-Y., et al., ZnO nanowire-based oxygen gas sensor. IEEE Sensors 
Journal, 2009. 9(4): p. 485-489.

11. Kirschner, J., Surface acoustic wave sensors (SAWS). Micromechanical 
systems, 2010.

12. Seow, M.K. and M.S.M. Ali, Carbon Dioxide and Carbon Monoxide Gas 
Detection System for Cars. ELEKTRIKA-Journal of Electrical Engineering, 
2021. 20(2-3): p. 65-69.

13. Asri, M.I.A., et al., Finite Element Analysis o f Silicon Nanowire Array based 
SAW Gas Sensor. ELEKTRIKA-Journal of Electrical Engineering, 2021. 20(2- 
2): p. 36-40.

14. Ali, F.I., et al., Hydrogen sulfide (H 2 S) gas sensor: A review. IEEE Sensors 
Journal, 2018. 19(7): p. 2394-2407.

15. Somov, A., et al., Development o f wireless sensor network for combustible gas 
monitoring. Sensors and Actuators A: Physical, 2011. 171(2): p. 398-405.

16. Seiyama, T., et al., A new detector for gaseous components using 
semiconductive thin films. Analytical Chemistry, 1962. 34(11): p. 1502-1503.

17. Hassanzadeh, N., H. Omidvar, and S.H. Tabaian, Chemical synthesis o f high 
density and long polypyrrole nanowire arrays using alumina membrane and 
their hydrogen sensing properties. Superlattices and Microstructures, 2012. 
51(3): p. 314-323.

18. Wang, C., et al., Metal oxide gas sensors: sensitivity and influencing factors. 
sensors, 2010. 10(3): p. 2088-2106.

19. Steffes, H., et al., Enhancement ofNO2 sensing properties ofIn2O3-based thin 
films using an Au or Ti surface modification. Sensors and Actuators B: 
Chemical, 2001. 78(1-3): p. 106-112.

65



20. Biskupski, D., et al., Nanosized titania derived from a novel sol-gel process 
for ammonia gas sensor applications. Sensors and Actuators B: Chemical, 
2011. 153(2): p. 329-334.

21. Wang, Z., et al., An enhanced ultra-fast responding ethanol gas sensor based 
on Ag functionalized CuO nanoribbons at room-temperature. Journal of 
Materials Science: Materials in Electronics, 2018. 29(19): p. 16654-16659.

22. Chen, Y., et al., Sensitive and low-power metal oxide gas sensors with a low- 
cost microelectromechanical heater. ACS omega, 2021. 6(2): p. 1216-1222.

23. Liu, X., et al., Design o f superior ethanol gas sensor based on indium 
oxide/molybdenum disulfide nanocomposite via hydrothermal route. Applied 
Surface Science, 2018. 447: p. 49-56.

24. Zhan, M., et al., Facet controlled polyhedral ZIF-8 MOF nanostructures for 
excellent NO2 gas-sensing applications. Materials Research Bulletin, 2021. 
136: p. 111133.

25. Saito, N., et al., Highly sensitive isoprene gas sensor usingAu-loadedpyramid­
shaped ZnO particles. Sensors and Actuators B: Chemical, 2021. 326: p. 
128999.

26. Soltabayev, B., A. Mentbayeva, and S. Acar, Enhanced gas sensing properties 
o f in doped ZnO thin films. Materials Today: Proceedings, 2022. 49: p. 2495­
2500.

27. Masikini, M., M. Chowdhury, and O. Nemraoui, Metal oxides: Application in 
exhaled breath acetone chemiresistive sensors. Journal of The Electrochemical 
Society, 2020. 167(3): p. 037537.

28. Bharath, S., K.V. Bangera, and G. Shivakumar, Enhanced gas sensing 
properties o f indium doped ZnO thin films. Superlattices and Microstructures,
2018. 124: p. 72-78.

29. Yang, F. and Z. Guo, Engineering NiO sensitive materials and its ultra- 
selective detection o f benzaldehyde. Journal of colloid and interface science, 
2016. 467: p. 192-202.

30. Lupan, O., et al., Single and networked CuO nanowires for highly sensitive p- 
type semiconductor gas sensor applications. physica status solidi (RRL)- 
Rapid Research Letters, 2016. 10(3): p. 260-266.

31. Gonzalez, O., et al., NO2 sensing properties o f thermally or UV activated 
In2O3 nano-octahedra. Procedia engineering, 2015. 120: p. 773-776.

32. Zhang, M., et al., Improvement and mechanism for the fast response o f a 
Pt/TiO2 gas sensor. Sensors and Actuators B: Chemical, 2010. 148(1): p. 87­
92.

33. Choi, Y.J., et al., Aluminum-doped TiO2 nano-powders for gas sensors. 
Sensors and Actuators B: Chemical, 2007. 124(1): p. 111-117.

34. Teleki, A., et al., Sensing o f organic vapors by flame-made TiO2 nanoparticles. 
Sensors and actuators B: chemical, 2006. 119(2): p. 683-690.

35. Madler, L., et al., Directformation o f highly porous gas-sensingfilms by in situ 
thermophoretic deposition o f flame-made Pt/SnO2 nanoparticles. Sensors and 
Actuators B: Chemical, 2006. 114(1): p. 283-295.

36. Benkstein, K.D. and S. Semancik, Mesoporous nanoparticle TiO2 thin films 
for conductometric gas sensing on microhotplate platforms. Sensors and 
Actuators B: Chemical, 2006. 113(1): p. 445-453.

37. Tang, N., et al., A fully integrated wireless flexible ammonia sensor fabricated 
by soft nano-lithography. ACS sensors, 2019. 4(3): p. 726-732.

66



38. Yun, G., K.M. Koo, and Y. Kim, Chemiresistor type formaldehyde sensor 
using polystyrene/polyaniline core-shell microparticles. Polymer, 2021. 215: 
p. 123389.

39. Wei, Z., et al., Hydrothermal synthesis o f SnO2 nanoneedle-anchored NiO 
microsphere and its gas sensing performances. Nanomaterials, 2019. 9(7): p. 
1015.

40. Agarwal, S., et al., Gas sensing properties o f ZnO nanostructures 
(flowers/rods) synthesized by hydrothermal method. Sensors and Actuators B: 
Chemical, 2019. 292: p. 24-31.

41. Zhang, Y., et al., The role o f Ce doping in enhancing sensing performance o f  
ZnO-based gas sensor by adjusting the proportion o f oxygen species. Sensors 
and Actuators B: Chemical, 2018. 273: p. 991-998.

42. Ruiz, A., et al., Surface activation by Pt-nanoclusters on titaniafor gas sensing 
applications. Materials Science and Engineering: C, 2002. 19(1-2): p. 105-109.

43. Li, L., et al., Three-dimensional mesoporous graphene aerogel-supported 
SnO2 nanocrystals for high-performance NO2 gas sensing at low temperature. 
Analytical chemistry, 2015. 87(3): p. 1638-1645.

44. Dixit, V., S. Misra, and B. Sharma, Carbon monoxide sensitivity o f vacuum 
deposited polyaniline semiconducting thin films. Sensors and Actuators B: 
Chemical, 2005. 104(1): p. 90-93.

45. Zhu, L. and W. Zeng, Room-temperature gas sensing o f ZnO-based gas sensor: 
A review. Sensors and Actuators A: Physical, 2017. 267: p. 242-261.

46. Lonergan, M.C., et al., Array-based vapor sensing using chemically sensitive, 
carbon black-  polymer resistors. Chemistry of Materials, 1996. 8(9): p. 2298­
2312.

47. Konvalina, G. and H. Haick, Effect o f humidity on nanoparticle-based 
chemiresistors: a comparison between synthetic and real-world samples. ACS 
applied materials & interfaces, 2012. 4(1): p. 317-325.

48. Joshi, A., S. Gangal, and S. Gupta, Ammonia sensing properties o f polypyrrole 
thin films at room temperature. Sensors and Actuators B: Chemical, 2011. 
156(2): p. 938-942.

49. Yang, X. and L. Li, Polypyrrole nanofibers synthesized via reactive template 
approach and their NH3 gas sensitivity. Synthetic metals, 2010. 160(11-12): 
p. 1365-1367.

50. Cho, J.-H., et al., Sensing behaviors o f polypyrrole sensor under humidity 
condition. Sensors and Actuators B: Chemical, 2005. 108(1-2): p. 389-392.

51. Navale, S., et al., Highly selective and sensitive room temperature NO2 gas 
sensor based on polypyrrole thin films. Synthetic Metals, 2014. 189: p. 94-99.

52. Malkeshi, H. and H. Milani Moghaddam, Ammonia gas-sensing based on 
polythiophene film prepared through electrophoretic deposition method. 
Journal of Polymer Research, 2016. 23(6): p. 1-9.

53. Gaikwad, S., et al., Chemiresistive sensor based on polythiophene-modified 
single-walled carbon nanotubes for detection o f NO 2. Modern Physics Letters
B, 2015. 29(06n07): p. 1540046.

54. Li, Y., et al., Poly (ionic liquid)-wrapped single-walled carbon nanotubes for 
sub-ppb detection o f CO2. Chemical Communications, 2012. 48(66): p. 8222­
8224.

55. Yao, M.S., et al., MOF thin film-coated metal oxide nanowire array: 
significantly improved chemiresistor sensor performance. Advanced materials, 
2016. 28(26): p. 5229-5234.

67



56. Tian, H., et al., Zeolitic imidazolate framework coated ZnO nanorods as 
molecular sieving to improve selectivity o f formaldehyde gas sensor. ACS 
sensors, 2016. 1(3): p. 243-250.

57. Weber, M., et al., High-performance nanowire hydrogen sensors by exploiting 
the synergistic effect o f Pd nanoparticles and metal-organic framework 
membranes. ACS applied materials & interfaces, 2018. 10(40): p. 34765­
34773.

58. Hjiri, M., et al., Al-doped ZnO for highly sensitive CO gas sensors. Sensors 
and Actuators B: Chemical, 2014. 196: p. 413-420.

59. Yablonovitch, E., Inhibited spontaneous emission in solid-state physics and 
electronics. Physical review letters, 1987. 58(20): p. 2059.

60. John, S., Strong localization o f photons in certain disordered dielectric 
superlattices. Physical review letters, 1987. 58(23): p. 2486.

61. Xu, H., et al., Photonic crystal for gas sensing. Journal of Materials Chemistry
C, 2013. 1(38): p. 6087-6098.

62. Ogawa, S., et al., Control o f light emission by 3D photonic crystals. Science, 
2004. 305(5681): p. 227-229.

63. Stomeo, T., et al., Fabrication o f force sensors based on two-dimensional 
photonic crystal technology. Microelectronic Engineering, 2007. 84(5-8): p. 
1450-1453.

64. Nair, R.V. and R. Vijaya, Photonic crystal sensors: An overview. Progress in 
Quantum Electronics, 2010. 34(3): p. 89-134.

65. Troia, B., et al., Photonic crystals for optical sensing: A review. Advances in 
Photonic Crystals, 2013: p. 241-295.

66. Ouyang, T., et al., Self-assembled metallic nanoparticle superlattices on large- 
area graphene thin films: growth and evanescent waveguiding properties. RSC 
advances, 2015. 5(120): p. 98814-98821.

67. Goyal, A.K., H.S. Dutta, and S. Pal, Recent advances and progress in photonic 
crystal-based gas sensors. Journal of Physics D: Applied Physics, 2017. 
50(20): p. 203001.

68. Afsari, A., M.J. Sarraf, and F. Khatib, Application o f tungsten oxide thin film  
in the photonic crystal cavity for hydrogen sulfide gas sensing. Optik, 2021. 
227: p. 165664.

69. Ashraf, A. and P. Saha. A 2D slotted photonic crystal cavity-based optical 
methane sensor with increased selectivity. in 2020 IEEE Students Conference 
on Engineering & Systems (SCES). 2020. IEEE.

70. Afsari, A. and M.J. Sarraf, Design o f a hydrogen sulfide gas sensor based on 
a photonic crystal cavity using graphene. Superlattices and Microstructures,
2020. 138: p. 106362.

71. Qian, X., et al., Theoretical research o f gas sensing method based on photonic 
crystal cavity and fiber loop ring-down technique. Sensors and Actuators B: 
Chemical, 2016. 228: p. 665-672.

72. Liapis, A.C., et al., On-chip spectroscopy with thermally tuned high-Q 
photonic crystal cavities. Applied Physics Letters, 2016. 108(2): p. 021105.

73. Wang, X., et al., Theoretical design and simulation optimization o f photonic 
crystal cavity for tetrahydrofuran vapor sensing. physica status solidi (b), 
2019. 256(11): p. 1900221.

74. Hamed Mirsadeghi, S., E. Schelew, and J.F. Young, Photonic crystal slot- 
microcavity circuit implemented in silicon-on-insulator: High Q operation in

68



solvent without undercutting. Applied Physics Letters, 2013. 102(13): p. 
131115.

75. Jagerska, J., et al., Refractive index sensing with an air-slotphotonic crystal 
nanocavity. Optics letters, 2010. 35(15): p. 2523-2525.

76. Mohebbi, M., Refractive index sensing o f gases based on a one-dimensional 
photonic crystal nanocavity. Journal of Sensors and Sensor Systems, 2015. 
4(1): p. 209-215.

77. Bouzidi, A., et al., A tiny gas-sensor system based on 1D photonic crystal. 
Journal of Physics D: Applied Physics, 2015. 48(49): p. 495102.

78. De Groen, P.C., History o f the endoscope [scanning our past]. Proceedings of 
the IEEE, 2017. 105(10): p. 1987-1995.

79. Sharifpour-Boushehri, S., S.M. Hosseini-Golgoo, and M.-H. Sheikhi, A low 
cost and reliable fiber optic ethanol sensor based on nano-sized SnO2. Optical 
Fiber Technology, 2015. 24: p. 93-99.

80. Chen, M.-q., et al., 3D printed castle style Fabry-Perot microcavity on optical 
fiber tip as a highly sensitive humidity sensor. Sensors and Actuators B: 
Chemical, 2021. 328: p. 128981.

81. Zheng, S., M. Ghandehari, and J. Ou, Photonic crystal fiber long-period 
grating absorption gas sensor based on a tunable erbium-doped fiber ring 
laser. Sensors and Actuators B: Chemical, 2016. 223: p. 324-332.

82. Xiao, G.Z., et al., Monitoring changes in the refractive index o f gases by means 
o f a fiber optic Fabry-Perot interferometer sensor. Sensors and Actuators A: 
Physical, 2005. 118(2): p. 177-182.

83. Zakaria, R., et al., High sensitivity refractive index sensor in long-range
surface plasmon resonance based on side polished optical fiber. Optical Fiber 
Technology, 2021. 61: p. 102449.

84. Chauhan, A., N. Dhenadhayalan, and K.-C. Lin, Evanescent wave cavity ring-
down spectroscopy based interfacial sensing o f prostate-specific antigen. 
Sensors and Actuators B: Chemical, 2021. 330: p. 129284.

85. Metzner, C., B. Scheffel, and K. Goedicke, Plasma-activated electron beam
deposition with diffuse cathodic vacuum arc discharge (SAD): a technique for 
coating strip steel. Surface and Coatings Technology, 1996. 86: p. 769-775.

86. Zhang, Y., et al., High-temperature fiber-optic Fabry-Perot interferometric 
pressure sensor fabricated by femtosecond laser. Optics letters, 2013. 38(22): 
p. 4609-4612.

87. Ko, S., et al., Chemical wet etching o f an optical fiber using a hydrogen 
fluoride-free solution for a saturable absorber based on the evanescent field  
interaction. Journal of Lightwave Technology, 2016. 34(16): p. 3776-3784.

88. Renganathan, B., et al., Nanocrystalline samarium oxide coatedfiber optic gas 
sensor. Materials Science and Engineering: B, 2014. 186: p. 122-127.

89. Khan, M.R.R. and S.-W. Kang, A high sensitivity and wide dynamic range 
fiber-optic sensor for low-concentration VOC gas detection. Sensors, 2014. 
14(12): p. 23321-23336.

90. Subramanian, M., et al., Development o f room temperature fiber optic gas 
sensor using clad modified Zn3 (VO4) 2. Journal of Alloys and Compounds,
2018. 750: p. 153-163.

91. Zhu, Y., et al., Fabrication o f three-dimensional zinc oxide nanoflowers for 
high-sensitivity fiber-optic ammonia gas sensors. Applied optics, 2018. 57(27): 
p. 7924-7930.

69



92. Ge, C., C. Xie, and S. Cai, Preparation and gas-sensing properties o f Ce-doped 
ZnO thin-film sensors by dip-coating. Materials Science and Engineering: B, 
2007. 137(1-3): p. 53-58.

93. Shanavas, S., et al., A facile microwave route for fabrication o f NiO/rGO 
hybrid sensor with efficient CO2 and acetone gas sensing performance using 
clad modified fiber optic method. Optik, 2021. 226: p. 165970.

94. Boehning, D., et al., Carbon monoxide neurotransmission activated by CK2 
phosphorylation o f heme oxygenase-2. Neuron, 2003. 40(1): p. 129-137.

95. Gonzalez, E., et al., On the use o f pulsed uv or visible light activated gas 
sensing o f reducing and oxidising species with wo3 and ws2 nanomaterials. 
Sensors, 2021. 21(11): p. 3736.

96. Sangeetha, M. and D. Madhan, Ultra sensitive molybdenum disulfide 
(MoS2)/graphene based hybrid sensor for the detection o f NO2 and 

formaldehyde gases by fiber optic clad modified method. Optics & Laser 
Technology, 2020. 127: p. 106193.

97. Theoderaj, A.K.C., D.J. Inbaraj, and C. Mangalaraj, CdS coated clad-modified 
fiber optic sensor for detection o f NO2 gas. Materials Research Express, 2019. 
6(10): p. 1050c8.

98. Saidin, N., et al. Single-mode fiber coated with zinc oxide (ZnO) nanorods for  
H2 gas sensor applications. in 2019 IEEE International Conference on Sensors 
and Nanotechnology. 2019. IEEE.

99. Mishra, S.K., S.P. Usha, and B.D. Gupta, A lossy mode resonance-based fiber 
optic hydrogen gas sensor for room temperature using coatings o f ITO thin 
film  and nanoparticles. Measurement Science and Technology, 2016. 27(4): p. 
045103.

100. Vadivel, S., G. Balaji, and S. Rathinavel, High performance ethanol and 
acetone gas sensor based nanocrystalline MnCo2O4 using clad-modified fiber 
optic gas sensor. Optical Materials, 2018. 85: p. 267-274.

101. Usha, S.P., S.K. Mishra, and B.D. Gupta, Fiber optic hydrogen sulfide gas 
sensors utilizing ZnO thin film/ZnO nanoparticles: A comparison o f surface 
plasmon resonance and lossy mode resonance. Sensors and Actuators B: 
Chemical, 2015. 218: p. 196-204.

102. Kavinkumar, T., D. Sastikumar, and S. Manivannan, Effect o f functional 
groups on dielectric, optical gas sensing properties o f graphene oxide and 
reduced graphene oxide at room temperature. RSC Advances, 2015. 5(14): p. 
10816-10825.

103. Kavinkumar, T., D. Sastikumar, and S. Manivannan. Reduced graphene oxide 
coated optical fiber for methanol and ethanol vapor detection at room 
temperature. in Optoelectronic Devices and Integration V. 2014. SPIE.

104. Ballantine Jr, D., et al., Acoustic wave sensors: theory, design and physico­
chemical applications. 1996: Elsevier.

105. Sauerbrey, G., Verwendung von Schwingquarzen zur Wagung dunner 
Schichten undzur Mikrowagung. Zeitschrift fur physik, 1959. 155(2): p. 206­
222.

106. Joseph, A. and A. Emadi, A High Frequency DualInvertedMesa QCMSensor 
Array with Concentric Electrodes. IEEE Access, 2020. 8: p. 92669-92676.

107. Tang, L., et al., Sensitive and renewable quartz crystal microbalance humidity 
sensor based on nitrocellulose nanocrystals. Sensors and Actuators B: 
Chemical, 2021. 327: p. 128944.

70



108. Swaminathan, S. and A. Emadi, Mass Sensitivity Analysis o f a Newly 
Developed Quartz Crystal Microbalance with Ring-dot Electrode 
Configuration and Reduced Mass Loading Area. Engineering Proceedings,
2021. 4(1): p. 32.

109. Wang, L., et al., QCM-based aptamer selection and detection o f Salmonella 
typhimurium. Food chemistry, 2017. 221: p. 776-782.

110. Kikuchi, M. and S. Shiratori, Quartz crystal microbalance (QCM) sensor for  
CH3SH gas by using polyelectrolyte-coated sol-gel film. Sensors and 
Actuators B: Chemical, 2005. 108(1-2): p. 564-571.

111. Zhao, Y., et al., Effects o f F  doping on TiO2 acidic sites and their application 
in QCM based gas sensors. Sensors and Actuators B: Chemical, 2010. 151(1): 
p. 205-211.

112. Procek, M., et al., A study o f a QCM sensor based on TiO2 nanostructures for  
the detection o f NO2 and explosives vapours in air. Sensors, 2015. 15(4): p. 
9563-9581.

113. Ju, M.-S., et al. Dissolution kinetics o f metal coating in HNO3-scCO2 micro­
emulsion using QCM. in Proceedings o f the Korean Nuclear Society 
Conference. 2005. Korean Nuclear Society.

114. Matsuguchi, M. and T. Uno, Molecular imprinting strategy for solvent 
molecules and its application for QCM-based VOC vapor sensing. Sensors and 
Actuators B: Chemical, 2006. 113(1): p. 94-99.

115. Yang, M., et al., CuO nanostructures as quartz crystal microbalance sensing 
layers for detection o f trace hydrogen cyanide gas. Environmental science & 
technology, 2011. 45(14): p. 6088-6094.

116. Wang, X., J. Zhang, and Z. Zhu, Ammonia sensing characteristics o f ZnO 
nanowires studied by quartz crystal microbalance. Applied Surface Science, 
2006. 252(6): p. 2404-2411.

117. Minh, V.A., et al., Enhanced NH3 gas sensing properties o f a QCM sensor by 
increasing the length o f vertically orientated ZnO nanorods. Applied surface 
science, 2013. 265: p. 458-464.

118. Bayram, A., et al., CO gas sorption properties offerrocene branched chitosan 
derivatives. Sensors and Actuators B: Chemical, 2017. 241: p. 308-313.

119. Wu, Z., et al., Enhanced sensitivity o f ammonia sensor using 
graphene/polyaniline nanocomposite. Sensors and Actuators B: Chemical,
2013. 178: p. 485-493.

120. Li, X., et al., High-stability quartz crystal microbalance ammonia sensor 
utilizing graphene oxide isolation layer. Sensors and Actuators B: Chemical,
2014. 196: p. 183-188.

121. Jia, Y., et al., Cellulose acetate nanofibers coated layer-by-layer with 
polyethylenimine and graphene oxide on a quartz crystal microbalance for use 
as a highly sensitive ammonia sensor. Colloids and Surfaces B: Biointerfaces, 
2016. 148: p. 263-269.

122. Van Quy, N., et al., Gas sensing properties at room temperature o f a quartz 
crystal microbalance coated with ZnO nanorods. Sensors and Actuators B: 
Chemical, 2011. 153(1): p. 188-193.

123. Zhang, H.-D., et al., Electrospun PEDOT: PSS/PVP nanofibers for CO gas 
sensing with quartz crystal microbalance technique. International Journal of 
Polymer Science, 2016. 2016.

124. Berouaken, M., et al., CO 2 Gas Sensors Based on Hydrophilic Vanadium 
Oxide Thin Film Coated QCM, in ICREEC 2019. 2020, Springer. p. 633-638.

71



125. Sun, P., et al., A room temperature supramolecular-based quartz crystal 
microbalance (QCM) methane gas sensor. Sensors and Actuators B: Chemical,
2009. 141(1): p. 104-108.

126. Zhang, J., et al., Quartz crystal microbalance coated with sol-gel-derived 
indium-tin oxide thin films as gas sensor for NO detection. Colloids and 
Surfaces A: Physicochemical and Engineering Aspects, 2004. 236(1-3): p. 23­
30.

127. Rayleigh, L., On waves propagated along the plane surface o f an elastic solid. 
Proceedings of the London mathematical Society, 1885. 1(1): p. 4-11.

128. White, R.M. and F.W. Voltmer, Direct piezoelectric coupling to surface elastic 
waves. Applied physics letters, 1965. 7(12): p. 314-316.

129. Devkota, J., P.R. Ohodnicki, and D.W. Greve, SAW sensors for chemical 
vapors and gases. Sensors, 2017. 17(4): p. 801.

130. Ippolito, S., et al., Layered WO3/ZnO/36° LiTaO3 SAW gas sensor sensitive 
towards ethanol vapour and humidity. Sensors and Actuators B: Chemical, 
2006. 117(2): p. 442-450.

131. Raj, V.B., et al., Novel scheme to improve SnO2/SAW sensor performance for
NO2 gas by detuning the sensor oscillator frequency. Sensors and Actuators
B: Chemical, 2015. 220: p. 154-161.

132. Lin, T., et al. Surface acoustic wave gas sensor for monitoring low
concentration ammonia. in 2011 16th International Solid-State Sensors,
Actuators and Microsystems Conference. 2011. IEEE.

133. Baracu, A., et al. SAW sensors for CO2 detection based on perovskite 
nanomaterials sensing layer. in Smart Systems Integration; 13th International 
Conference and Exhibition on Integration Issues o f Miniaturized Systems.
2019. VDE.

134. Li, H., et al., Surface acoustic wave NO2 sensors utilizing colloidal SnS 
quantum dot thin films. Surface and Coatings Technology, 2019. 362: p. 78­
83.

135. Al-Mashat, L., et al., Polypyrrole nanofiber surface acoustic wave gas sensors. 
Sensors and Actuators B: Chemical, 2008. 134(2): p. 826-831.

136. Sadek, A., et al., A polyaniline/WO3 nanofiber composite-based ZnO/64 YX 
LiNbO3 SAW hydrogen gas sensor. Synthetic Metals, 2008. 158(1-2): p. 29­
32.

137. Hung, T.-T., et al., Poly (4-styrenesulfonic acid) doped polypyrrole/tungsten 
oxide/reduced graphene oxide nanocomposite films based surface acoustic 
wave sensors for NO sensing behavior. Organic Electronics, 2021. 88: p. 
106006.

138. Tang, Y., et al., Cellulose nano-crystals as a sensitive and selective layer for  
high performance surface acoustic wave HCl gas sensors. Sensors and 
Actuators A: Physical, 2020. 301: p. 111792.

139. Wang, W., et al., Development o f a high stability Pd-Ni alloy thin-film coated 
SAW device for sensing hydrogen. Sensors, 2019. 19(16): p. 3560.

140. Anukunprasert, T., C. Saiwan, and E. Traversa, The development o f gas sensor 
for carbon monoxide monitoring using nanostructure o f Nb-TiO2. Science and 
Technology of Advanced Materials, 2005. 6(3-4): p. 359-363.

141. Marcu, A. and C. Viespe, Surface acoustic wave sensors for Hydrogen and 
Deuterium detection. Sensors, 2017. 17(6): p. 1417.

72



142. Viespe, C. and D. Miu, Surface acoustic wave sensor with Pd/ZnO bilayer 
structure for room temperature hydrogen detection. Sensors, 2017. 17(7): p. 
1529.

143. Yang, L., et al., The investigation o f hydrogen gas sensing properties o f SAW  
gas sensor based on palladium surface modified SnO2 thin film. Materials 
science in semiconductor processing, 2017. 60: p. 16-28.

144. Sadek, A., et al., A layered surface acoustic wave gas sensor based on a 
polyaniline/In2O3 nanofibre composite. Nanotechnology, 2006. 17(17): p. 
4488.

145. Li, W., et al., Room-temperature ammonia sensor based on ZnO nanorods 
deposited on ST-cut quartz surface acoustic wave devices. Sensors, 2017. 
17(5): p. 1142.

146. Shen, C.-Y., C.-P. Huang, and W.-T. Huang, Gas-detecting properties o f 
surface acoustic wave ammonia sensors. Sensors and Actuators B: Chemical, 
2004. 101(1-2): p. 1-7.

147. W ang, S.-Y., et al., Surface acoustic wave ammonia sensor based on ZnO/SiO2 
composite film. Journal of hazardous materials, 2015. 285: p. 368-374.

148. Tai, H., et al., Evolution o f breath analysis based on humidity and gas sensors: 
Potential and challenges. Sensors and Actuators B: Chemical, 2020. 318: p. 
128104.

149. Long, G., et al., Surface acoustic wave ammonia sensor based on ZnS mucosal- 
like nanostructures. Microelectronic Engineering, 2020. 222: p. 111201.

150. Rana, L., et al., ZnO/ST-Quartz SAW resonator: An efficient NO2 gas sensor. 
Sensors and Actuators B: Chemical, 2017. 252: p. 840-845.

151. Rana, L., et al., Fabrication o f surface acoustic wave based wireless NO2 gas 
sensor. Surface and Coatings Technology, 2018. 343: p. 89-92.

152. Ogden, R.W. and P.C. Vinh, On Rayleigh waves in incompressible orthotropic 
elastic solids. The Journal of the Acoustical Society of America, 2004. 115(2): 
p. 530-533.

153. Ramgir, N.S., Y. Yang, and M. Zacharias, Nanowire-based sensors. small,
2010. 6(16): p. 1705-1722.

154. Bjork, M.T., et al., Donor deactivation in silicon nanostructures. Nature 
nanotechnology, 2009. 4(2): p. 103-107.

155. Dasgupta, N.P., et al., 25th anniversary article: semiconductor nanowires- 
synthesis, characterization, and applications. Advanced materials, 2014. 
26(14): p. 2137-2184.

156. Sohn, Y.-S., et al., Mechanical properties o f silicon nanowires. Nanoscale 
research letters, 2010. 5(1): p. 211-216.

157. Qu, Y., H. Zhou, and X. Duan, Porous silicon nanowires. Nanoscale, 2011.
3(10): p. 4060-4068.

158. Naama, S., et al., CO2 gas sensor based on silicon nanowires modified with 
metal nanoparticles. Materials Science in Semiconductor Processing, 2015. 
38: p. 367-372.

159. Nath, P. and D. Sarkar, Ammonia sensing by silicon nanowires (SINWs) 
obtained through metal assisted electrochemical etching. Materials Today: 
Proceedings, 2022. 57: p. 224-227.

160. Hasan, M., et al., Simulation and fabrication o f SAW-based gas sensor with 
modified surface state o f active layer and electrode orientation for enhanced 
H2 gas sensing. Journal of Electronic Materials, 2017. 46(2): p. 679-686.

73



161. Chin, M.L., A fabrication study o f surface acoustic wave devices for magnetic 
field  detection. 2006.

162. Martinez, J., R.V. Martinez, and R. Garcia, Silicon nanowire transistors with 
a channel width o f 4 nm fabricated by atomic force microscope 
nanolithography. Nano letters, 2008. 8(11): p. 3636-3639.

163. Plugaru, R., et al., Structure and electrical behavior o f silicon nanowires 
prepared by MACE process. Surfaces and Interfaces, 2022: p. 102167.

164. Kashyap, V., et al., Fabrication and characterization o f silicon nanowires with 
MACE method to influence the optical properties. Materials Today: 
Proceedings, 2022. 49: p. 3409-3413.

165. Hamidinezhad, H. and A. Hayati, VLS Synthesis o f Silicon Nanowires Array 
for Photovoltaic Devices. Silicon, 2022: p. 1-5.

166. Shalabny, A., et al., Enhancing the Electronic Properties o f VLS-Grown 
Silicon Nanowires by Surface Charge Transfer. Applied Surface Science, 
2022: p. 153957.

167. Mohamedyaseen, A. and P.S. Kumar, The Fabrication o f High-Anisotropy 
Silicon Nanowires Based on MACE Method for Photonic Sensor. Silicon, 
2022: p. 1-11.

168. Munoz-Rosas, A., et al., The use o f MACE technique on amorphous silicon-
rich silicon nitride thin films for the formation o f spherical silica
nanoparticles. Journal of Materials Science, 2019. 54(23): p. 14296-14308.

169. Li, X., et al., A high-sensitivity MoS2/graphene oxide nanocomposite humidity 
sensor based on surface acoustic wave. Sensors and Actuators A: Physical,
2022. 341: p. 113573.

170. Arsat, R., et al., Hydrogen gas sensor based on highly ordered polyaniline 
nanofibers. Sensors and Actuators B: Chemical, 2009. 137(2): p. 529-532.

171. Zhang, J., et al., Nanostructured materials for room-temperature gas sensors. 
Advanced materials, 2016. 28(5): p. 795-831.

172. Pasupuleti, K.S., et al., Highly sensitive gC 3 N  4 nanosheets as a potential 
candidate for the effective detection o f NO 2 gas via langasite-based surface 
acoustic wave gas sensor. Journal of Materials Chemistry C, 2022. 10(1): p. 
160-170.

173. Pang, J., et al., Selective Detection o f CO 2 and H  2 O Dual Analytes Through 
Decoupling Surface Density and Shear Modulus Based on Single SAW 
Resonator. IEEE Electron Device Letters, 2022. 43(3): p. 450-453.

174. Wang, C., et al., Surface acoustic wave sensor based on Au/TiO2/PEDOTwith 
dual response to carbon dioxide and humidity. Analytica Chimica Acta, 2022. 
1190: p. 339264.

175. Xu, S., et al., Carbon dioxide sensors based on a surface acoustic wave device 
with a graphene-nickel-L-alanine multilayer film. Journal of Materials 
Chemistry C, 2015. 3(16): p. 3882-3890.

176. Wang, W., et al., Wireless surface acoustic wave chemical sensor for  
simultaneous measurement o f CO2 and humidity. Journal of 
Micro/Nanolithography, MEMS, and MOEMS, 2009. 8(3): p. 031306.

177. Devkota, J., et al., An 860 MHz wireless surface acoustic wave sensor with a 
metal-organic framework sensing layer for CO 2 and CH 4. IEEE Sensors 
Journal, 2020. 20(17): p. 9740-9747.

74



APPENDIX A

LIST OF PUBLICATIONS

The thesis is based on the contributions that has been reported in following paper:

Index Journal:

1. Asri, M. I. A ., Hasan, M. N., Fuaad, M. R. A., Yunos, Y. M., & Ali, M. S.

M. (2021). MEMS gas sensors: a review. IEEE Sensors Journal. (Q1, IF: 

4.325) (Part of Chapter 2)

2. Asri, M. I. A ., Hasan, M. M. Nafea, Yunos, Y. M., & Ali, M. S. M. (2022). 

Nanostructured Silicon-based Surface Acoustic Wave Sensor for CO2 Gas 

Detection. IEEE Sensors Journal. (Q1, IF: 4.325) (Accepted) (Part of 

Chapter 3,4, and 5)

3. Asri, M. I. A ., Hasan, M. N., Fua’ad, M. R. A., Abd Hamid, F. K., Yunos, Y. 

M., & Ali, M. S. M. (2021). Finite Element Analysis of Silicon Nanowire 

Array based SAW Gas Sensor. ELEKTRIKA-Journal o f Electrical 

Engineering, 20(2-2), 36-40. (MyCite) (Part of Chapter 3)

Indexed Conference Proceedings

1. Ahmad Asri, M. I ., Hasan, M. N., Md Yunos, Y., & Mohamed Ali, M. S. 

(2022). Design and Analysis of Silicon Nanowire Array Based on SAW Gas 

Sensor. In Control, Instrumentation andMechatronics: Theory and 

Practice (pp. 617-626). Springer, Singapore. (SCOPUS Indexed) (Part of 

Chapter 3)

2. Asri, M. I. A., Hasan, M. M. Nafea, Yunos, Y. M., & Ali, M. S. M. (2022). 

Silicon Nanostructure based Surface Acoustic Wave Gas Sensor. IEEE 

Sensors Conference Dallas USA, 2022. (SCOPUS Indexed) (Accepted) (Part 

of Chapter 3,4, and 5)

75


