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Abstract 
 

Flexible ZnO thin film on aluminium foil-based SAW devices have been investigated for the 

first time as sensors for temperature, UV light, and humidity as well as breath and apnoea 

detection, and these devices were performing sensing while they were placed in flat and 

bending (curved) positions. Flexible SAW devices offer a promising technology of low cost, 

highly sensitive and bendable sensors. They also exhibit high potential for wearable, point 

of care and microfluidics and lab-on-chips applications.  

 

The ZnO thin film was deposited on the aluminium foil and ZnO nanorods were grown on 

the surface of selected samples. The SAW sensors were fabricated by patterning Au/Cr IDTs 

with various wavelengths. Film and nanorods possessed the preferred structure and 

piezoelectric properties. Lamb modes were identified, and they were in a good agreement 

with the FEA results.  

 

The maximum value of TCF was -773 ppm/K which is among the highest values mentioned 

in the literature. The sensors showed excellent linearity and repeatability during temperature 

cycling test. The maximum value of sensitivity to UV light was 63 ppm (mW/cm2)-1.  ZnO 

nanorods enhanced the sensitivity by 1.76 times. The sensors showed excellent repeatability 

and reliability during UV light cycling in flat, bent-up and bent-down positions.  

 

The maximum values of sensitivity to humidity were 47.7 kHz at 90%RH for nanorod-

enhanced device and the maximum frequency shift was -57 kHz. The sensors exhibited good 

repeatability in response to humidity cycling. Besides, the devices exhibited an excellent 

response, sensitivity, and reliability for various breath patterns (e.g., healthy breathing, 

apnoea, slow and fast breathing).  
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Chapter One  

1.Introduction 

 

1.1 Research motivation 

Flexible electronics and microelectromechanical systems (MEMS) have attracted significant 

attention as a promising technology for a wide range of new applications such as displays, 

solar cells, transistors, batteries, and biosensors [1]. Besides, there has recently been a 

substantial increase in demand for flexible and wearable sensors to provide continuous and 

real-time monitoring for biomedical and environmental measurements. Moreover, flexible 

sensors can yield under stress and this allows them to bend or deform without breaking. On 

the other hand, rigid sensors are brittle and liable to fracture when they are bent, Therefore, 

they are unable to withstand bending and remarkable stress compared to flexible sensors. 

Apart from this, they are easily fabricated, simple, inexpensive, and lightweight as well as 

they possess better mechanical properties, and they can be integrated with microfluidics and 

lab-on-a-chip applications [2] .  

 

Many types of transduction technologies have been exploited in various sensing platforms 

such as piezoelectric, optical, electrical, and mechanical devices. Among these, 

piezoelectric-based transducers have been extensively reviewed as suitable sensors for 

biochemical, physical, and environmental applications [3, 4]. The principle of 

piezoelectricity depends on electromechanical transduction by which an electrical signal is 

generated as a result of applying mechanical stress and vice versa, as seen in Figure 1.1. 
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Figure 1.1 Induction of electrical potential by applying 
stress on piezoelectric material 

 

There are two main categories of piezoelectric materials; those who are naturally occurring 

such as quartz, and synthetic or engineered compounds such as piezoceramics, thin films 

(e.g. Zinc oxide), and polymers (e.g. Polyvinylidene fluoride (PVDF)) [5]. Figure 1.2 shows 

the different types of natural piezoelectric materials.  

 
Figure 1.2 Examples of naturally occurring piezoelectric materials 

a) Quartz crystal, b) Rochelle Salt, c) Topaz, d) Tourmaline, e) Sugar cane, f) DNA, 
g) Dentine, h) Tendon and i) Bone [6] 

 

Among a wide variety of piezoelectric materials, ZnO has received considerable interest 

because it exhibits an excellent combination of semiconducting, piezoelectrical, 

pyroelectrical and optical properties [7]. Therefore, it has been employed in an enormous 

number of applications such as electronics, photonics, optoelectronics, acoustic devices and 

sensors [8].  



3 

Furthermore, ZnO is safe, biocompatible, and environmentally friendly, and therefore, it has 

been considered as the candidate of choice for biomedical applications and represents a 

suitable replacement for lead-based piezoelectric materials. Also, high quality and 

appropriately textured thin films can be achieved via epitaxial growth by selecting a suitable 

technique from a wide range of deposition methods; for example, chemical vapour 

deposition (CVD), pulsed laser deposition (PLD), magnetron beam epitaxy (MBE), and 

reactive magnetron sputtering. Among these, sputtering is the most commonly used 

technique because it is cost-effective and straightforward process. This method includes 

radio frequency (RF), direct current (DC), and pulsed DC magnetron sputtering systems. 

Another advantage of ZnO thin films is the possibility for it to be deposited on various rigid 

and flexible substrates such as silicon, glass, polyimide polymer, and many others [9, 10].  

 

ZnO possesses two crystal structures; the cubic zinc blend, and the hexagonal wurtzite with 

a tetrahedral coordinate of zinc and oxygen ions. The latter is more popular for ZnO growth, 

and the preferred orientation for this structure is in the (0002) plane along the c-axis. This 

form exhibits strong piezoelectric properties along the vertical direction, such as high 

piezoelectric constant and large electromechanical coupling coefficient [11].  

 

The piezoelectricity of ZnO material has been widely exploited in developing a broad range 

of acoustic wave devices; for instance, film bulk acoustic wave resonators (FBARs), and a 

variety of surface acoustic wave and Lamb wave devices. These devices have been 

extensively employed in sensing applications such as for humidity, temperature, ultraviolet, 

gas, biochemicals and other biosensors. The basic structure of a ZnO thin film-based SAW 

sensor consists of a substrate, a sensitive layer and an interdigital transducer (IDT) to excite 

acoustic wave, as shown in Figure 1.3 [12].  
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Figure 1.3 Basic structure of ZnO thin film-based SAW sensor which 
consists of metal IDTs (e.g. Au, Al), functional layer (biomolecules, 

polymers) and the substrate 

 

Characteristics of high-performance ZnO thin film-based SAW sensors include a high-

quality film with strong textured orientation, excellent piezoelectric properties, high Q factor, 

and high operating (resonant) frequency. Besides, the flexible SAW-based sensors require a 

substrate that can be bent and deformed easily without degradation in their performance. 

Plastic and polymer substrates such as polyimide have often been utilised to fabricate 

flexible ZnO thin film-based SAW sensors. However, those substrates cause severe acoustic 

wave damping, and they exhibit poor adhesion, lattice mismatching, energy dissipation, and 

poor film quality, especially for relatively thick films of a few microns [13].  

 

Therefore, a thin metal such as aluminium foil has been used as an alternative option to 

polymer substrate for ZnO thin film-based sensors. It is commercially available, easy to use 

and cost-effective [14]. Thin films deposited on aluminium foil showed good adhesion, 

lower intrinsic stress, and good film quality. Also, the quality of the acoustic wave signal 

was maintained after several bending cycles as discussed in section 2.5. These devices have 

been investigated for acoustofluidics applications and in the development of flexible 

ultrasonic transducers [15]. Furthermore, this type of acoustic wave devices was operated by 

exciting the Lamb wave modes since this type of wave propagates in a thin plate when its 

wavelength is larger than the thickness of the substrate. Unlike with Rayleigh waves, Lamb 

wave-based devices such as the flexural plate wave (FPW) have been widely used in liquid-

based biosensing [16]. 
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However, another essential component of the SAW sensor is the sensitive or functional layer, 

as shown in Figure 1.3. This layer is applied on the surface of the SAW device to absorb or 

interact with a particular target that results in producing a detectable change in the properties 

of the acoustic wave such as velocity or amplitude. Hence, the sensitivity and specificity of 

the sensor are enhanced. A wide variety of materials have been exploited as sensitive layers 

such as polymers, biological compounds (e.g. antigens), oxide-based materials (e.g. ZnO, 

TiO3), and nanomaterials. The ZnO nanorods (NRs) have been frequently used as a popular 

sensing layer to enhance the sensitivity of the SAW sensor because of their large surface 

area to volume ratio and the high surface reactivity. Besides, they are mechanically and 

thermally stable compared to the polymer sensing membranes. The most common growth 

method to synthesise ZnO NRs is the hydrothermal process due to its simplicity and low cost 

to make high-quality nanorods [17-19]. 

 

However, ZnO thin film on aluminium foil devices has not been investigated in any flexible 

sensing application. The aluminium foil substrate can be easily deformed, returned to its 

none-deformed shape, and re-deformed again, and it does not cause acoustic wave 

attenuation or energy dissipation as does as the polymer substrate. Therefore, it has excellent 

potential to be used for fabricating SAW sensors for flexible, bendable, and wearable 

applications.     

 

This thesis aims to develop a SAW sensor based on ZnO thin film on commercial aluminium 

foil for biomedical and environmental applications which include the sensing of temperature, 

UV light and humidity and the detection of breath rate and apnoea. 

 

Accordingly, the objectives of this project include: 

(1) Depositing ZnO thin films on aluminium foil using a standard and low-cost sputtering 

method. 
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(2) Selectively, growing ZnO nanorods using a hydrothermal method after depositing an 

insulating layer of silicon dioxide.    

(3) Designing IDTs to excite the acoustic waves of the desired modes and frequencies.  

(4) Characterising the quality of the film using x-ray diffractometry (XRD), scanning 

electron microscopy (SEM) and atomic force microscopy (AFM).  

(5) Performing a finite element analysis to verify the type of vibration modes and their 

central frequencies in the designed IDT structure.  

(6) Fabricating the IDT fingers using a lithography process.  

(7) Measuring the frequency response of the SAW sensors.  

(8) Investigating the sensing performance of these sensors for temperature, UV light, 

humidity, and breath applications, at both flat and bending conditions 

(9) Using ZnO nanorods to enhance the sensitivity of the sensors to UV light and humidity. 

 

1.2 Thesis outline 

This thesis consists of eight chapters. The second chapter reviews the literature and 

introduces the theoretical background of piezoelectricity in terms of concepts and materials, 

the ZnO material, its structure and growth methods, acoustic wave devices including bulk 

acoustic wave and surface acoustic wave, and flexible SAW-based sensors for the sensing 

of temperature, humidity, UV light and breath rate.  

 

The third chapter explains the detail of experimental methodology using in this research 

including ZnO thin film deposition and characterisation, the SAW sensors fabrication and 

characterisation, the growth technique of ZnO nanorods, the sensing process and setup for 

temperature, UV light, humidity, and breath rate detection. 

  

The fourth chapter discusses the characterisation of the deposited ZnO thin film and the 

grown nanorods to determine their physical properties. Besides, it presents the simulation 
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results of the Lamb wave vibration modes and their eigen-frequencies for different SAW 

wavelengths. Furthermore, the frequency responses obtained experimentally from various 

SAW devices and the Lamb wave modes are identified and compared to the simulation 

results. 

 

The fifth chapter studies the temperature coefficient of frequency (TCF) for the flexible 

SAW sensors and discusses their frequency response in both equilibrium and in-situ state 

conditions. Besides, their real-time and cycling responses in a flexible (curved) position are 

discussed.  

 

The sixth chapter studies the current-voltage characteristics of the ZnO thin film to determine 

the changes in surface sheet conductivity as a result of UV light. The frequency response of 

the sensors at various UV light intensities and different flexible positions are discussed. Also, 

the influence of temperature on the frequency shift is studied. Sensitivity analysis and results 

of the sensing performance of the sensors in response to UV light are explained. Besides, 

the enhancement of sensors sensitivity due to the ZnO nanorods is also discussed.  

 

The seventh chapter discusses the frequency response of the flexible sensors to changes in 

humidity in both flat and bent positions. Besides, the sensing enhancement due to the ZnO 

nanorods is discussed. This chapter also explains the frequency response of the sensors to 

various breath patterns such as normal, fast, and slow breathing, and their sensitivity in the 

detection of respiratory rate and apnoea intervals.  

 

Finally, the eighth chapter contains the conclusion and makes a recommendation for future 

work.  
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Chapter Two  

2.Literature review and theoretical background 

 

2.1 Introduction  

An enormous number of technologies have exploited the piezoelectric phenomenon in their 

applications such as energy harvesting, acoustic wave devices, electronic oscillators, and 

piezo actuators and sensors. Besides, various piezoelectric materials have recently been 

discovered which opened the doors for the development of several applications including 

those flexible and wearable sensors [20, 21]. This chapter reviews the main concepts of 

piezoelectricity and the properties of commonly used piezoelectric materials with a 

particular focus on ZnO thin films.  

 

ZnO material has attracted substantial attention due to the unique combinations of excellent 

piezoelectric and semiconducting properties. It also can be deposited on various types of 

substrates using a wide range of growth methods which are mostly compatible with 

semiconductor fabrication processes. Besides, it has been utilised in the fabrication of 

various kinds of acoustic wave device which have been used for sensing applications [22].  

 

Flexible ZnO thin film-based SAW devices have received a remarkable interest due to the 

increasing of demand on flexible sensors for bendable and wearable sensing applications as 

well as lab-on-a-chip [15]. Various flexible materials have been used as substrates for the 

development of flexible ZnO thin film based-SAW devices such as polymers, plastics, and 

metal foils. However, the films deposited on polymer substrates exhibit poor quality and 

thermal and lattice mismatch. Moreover, the propagation of the acoustic wave suffers from 

severe attenuation [13]. On the other hand, metal foils such as aluminium overcome these 
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drawbacks, and it has great potential to be a candidate of choice for the next generation of 

flexible acoustic wave devices.  

 

However, the SAW devices based on ZnO on aluminium foil have not been investigated for 

sensing application, which is considered to be a gap and an interesting field of research. 

Therefore, based on this review, a flexible SAW device based on ZnO thin film on a 

commercial aluminium foil are proposed for the development of flexible sensors for 

temperature, humidity and ultraviolet light and breathing detection applications. Finite 

element analysis is needed to verify the design of the SAW devices and their operating 

modes which is followed by fabrication sensors and study their sensing performance. 

  

2.2 Piezoelectricity  

The word piezoelectricity is derived from the Greek phrase ‘piezo’ that means ‘presses’, and 

it means electricity produced by pressure. The direct piezoelectric effect was reported in the 

literature for the first time in 1880 by Pierre and Jacques Curie, who observed the generation 

of surface charges (electricity) when mechanical stress was applied to a variety of crystals. 

However, the indirect or converse piezoelectric effect was mathematically derived by 

Lippman , and it was experimentally verified by Curie’s brothers in 1881 when they noticed 

that those crystals were subject to structural deformation when an electrical potential was 

applied [23].  

 

2.2.1 The concept of piezoelectricity 

This phenomenon occurs as a result of the self-reorientation of dipole moments of the 

piezoelectric material when a mechanical force such as compression, twisting or expansion 

is applied. This causes variations in the electric polarization of the molecules, which 

eventually affects the surface charge density and produces an electrical potential. Likewise, 

a slight change in the dipole moments occurs when an electrical potential is applied across 
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the piezoelectric material, and this results in significant deformation of the material 

structure[6].  

 

Figure 2.1a shows the distribution of the charges in an equilibrium state. The variation in 

surface charge density due to applying compressive or tensile stress (direct piezoelectricity) 

is illustrated in Figures 2.1d and 2.1e, respectively. The change in material dimensions; 

longitudinal and axial strain when the electrical field is applied (converse piezoelectricity) 

can be seen in Figures 2.1b and 2.1c, respectively. 

 

 
Figure 2.1 Schematic illustration of the piezoelectric phenomenon a) at equilibrium state, b) 

converse effect with induced longitudinal strain, c) converse effect with the induced axial strain, d) 
direct effect by applying compressive stress and e) direct effect by applying tensile stress 

 

The polarisation or the total dipole moments occur spontaneously in ferroelectric materials 

and is reversed when an external electric field is applied. Meanwhile, a pyroelectric material 

exhibits polarisation that varies with changes in temperature. Therefore, all ferroelectric 

materials possess piezoelectricity, and the material should be polarised with a net dipole 

moment vector in order for these phenomena to be exhibited, such as in crystals and 

polycrystalline materials [24, 25]. 
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The main Figures of merit of piezoelectric materials that determine the performance and the 

physical properties are as follows: 

1. The electromechanical coupling factor (K2): this is the ability of the piezoelectric 

material to convert electrical energy into mechanical energy and vice versa (energy 

transmission coefficient). It is given by the following formula 2.1 [13]:  

 �� � ����
��� 	�� (2.1) 

where ��� is the piezoelectric coefficient, ���is the elastic constant of the material, 

and 	�� is the permittivity at a constant strain.  

 

2. The piezoelectric coefficient or strain constant (d): this is related to the generation of 

surface charges to the applied stress or the induced strain to the applied electrical 

field. For example, (d33) is the piezoelectric constant when the stress is applied in the 

vertical direction Z(3) and the polarization occurs in the same direction [26], as 

shown in Figure 2.2.  

 
Figure 2.2  Piezoelectric operating modes showing the directions of the displacement and electric field 
when (a) stress applied in direction X(1) and electrodes placed in Z(3) direction (d31 mode), (b) stress 

applied in direction Z(3) and electrodes placed in Z(3) direction (d33 mode) and c) stress applied in 
direction Y(2) and electrodes placed in Z(3) direction (d15 mode or shear mode) [27] 

 

3. Voltage constant or open circuit coefficient (g): this determines the amount of 

voltage per unit of input mechanical stress or the amount of induced strain per unit 

of the applied electrical field [28]. 
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2.2.2 Piezoelectric materials 

The materials that possess a piezoelectric effect (or converse effect) must be non-

centrosymmetric crystals. This structure implies that the material is polarised, and it exhibits 

the required symmetry for spontaneous polarization that varies when applied mechanical 

stress [29, 30].  

 

Since the discovery of the piezoelectric effect in quartz by the Curie brothers, other materials 

such as Rochelle salt (potassium sodium tartrate tetra-hydrate) [31], topaz and tourmaline-

group minerals have been investigated and they also exhibit similar phenomenon. These 

inorganic materials occurred naturally and were the only piezoelectric crystals available until 

the early twentieth century [5].  

 

The first practical application of piezoelectricity was developed after World War I, which 

was an ultrasonic transducer made of quartz that produced acoustic waves and was used to 

detect underwater vessels and submarines. Later, the quartz in these transducers was 

replaced by Rochelle salt crystals that showed higher electromechanically coupling 

coefficient, in addition to the ferroelectric properties [32, 33].  

 

On the other hand, most organic compounds and biomolecules have acentric and asymmetric 

structures, and dipole moments are created due to the presence of polar chemical groups [34]. 

Thus, the piezoelectric phenomenon has also been discovered in many organic and biological 

materials such as cellulose (wood), silk, collagen, bone, and DNA [35-39]. This has been 

exploited in various biomedical implementations by developing biocompatible materials for 

various sensing applications and tissue regeneration [40, 41].  

 

However, extensive research has been conducted to develop synthetic piezoelectric materials 

that possess better piezoelectric performance and enhanced physical properties compared to 

naturally occurring materials [42]. They should also be easily manufactured at low cost, have 
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small converted energy losses, and be thermally stable, reliable and reproducible [43, 44]. 

Thus, the first synthetic piezoelectric material was made in the early 1940s from barium 

titanate (BaTiO3) ceramic that exhibits good ferroelectric and piezoelectric properties [45]. 

Besides, it exhibits a relatively high dielectric constant depending on its grain size and 

method of synthesis, and a high electromechanical coupling coefficient with good thermal 

and mechanical stability [46]. However, ceramic is an inert material and has randomly 

oriented dipoles, and therefore, a strong electrical field has to be applied at a temperature 

slightly lower than its Curie point to render it an active piezoelectric material. This process 

is called poling, where, the domains of dipoles are aligned in the direction of the field and 

the material becomes permanently polarised as shown in Figure 2.3 [47]. 

 
Figure 2.3 Applying external electric field to activate piezoelectricity in ceramic material 
(poling process) which shows a) randomly oriented charges, b) charges aligned with the 

applied electrical field and c) charges are nearly permanently aligned after poling 

 

Following the discovery of barium titanate, lead zirconate titanate PZT (Pb(Zr, Ti)O3) 

ceramic was investigated for its piezoelectric capability by Jaffe in 1954 [48]. It was found 

that PZT has a higher electromechanical coupling coefficient and Curie temperature, and 

higher dielectric constant, than those of barium titanate, and it can be easily fabricated and 

poled at low cost [49, 50]. Due to these excellent piezoelectric properties, PZT has been 

widely used in sensing applications such as pressure sensors and cantilevers for bio-sensing 

and energy harvesting [20, 51]. Furthermore, PZT thin films have attracted remarkable 

attention as they allow the integration of PZT with MEMs and complementary metal-oxide-
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semiconductor (CMOS) technology. Exploiting a simple sol-gel method, the PZT can be 

easily deposited on silicon and other substrates, and it has been utilised in a wide range of 

actuating and transducing applications [52, 53]. 

 

However, the lead oxide-based piezoelectric materials such as PZT have been considered to 

be environmentally hazardous and toxic materials. Therefore, lead-free piezoelectric 

materials such as potassium niobate (KNbO3) and bismuth titanate (e.g. Bi4Ti3O12) families 

were developed, and they have been used as alternative materials in several biomedical and 

environmental applications [54, 55]. The first synthetic single crystals of lithium niobate 

(LiNbO3) and lithium tantalate (LiTaO3) were discovered in the Bell laboratories in 1949 

[56]. These two synthesised crystals exhibit exceptional combinations of physical, 

ferroelectric, piezoelectric, pyroelectric, and optical properties [57, 58]. Hence, they have 

been candidates of choice in several applications such as SAW transducers due to their large 

electromechanical coefficients and low acoustic loss, various sensing applications, MEMS, 

and telecommunications [59-61]. However, the more recent synthetic single crystal 

langasite, has been investigated for numerous applications since the 1980s. It possesses high 

piezoelectric properties where its value of the dielectric constant d11 is three times greater 

than that of quartz. It is also thermally stable during high temperature processing because it 

has no phase transition up to 1470oC.  Therefore, it has been used in high temperature bulk 

acoustic wave (BAW) sensing applications and other SAW resonator devices [62-64].   

 

However, the natural crystals and synthetic piezoelectric materials are rigid, fragile, and 

incompatible with biomedical and environmental applications. Therefore, extensive research 

has been conducted to produce flexible and biocompatible materials with high piezoelectric 

performance properties such as polymers, piezo-composites and thin films [65, 66]. The 

piezoelectric properties of the polymers were investigated, and they showed a lower 
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dielectric coefficient and elastic stiffness compared to those of piezoceramics. Besides, they 

have low density and low acoustic impedance, and this makes them convenient for voltage 

and liquid-based sensing (bio-sensing) applications [7, 67].  

The polyvinylidene-fluoride (PVDF) polymer was first discovered and investigated by 

Kawai in 1969 [68], and it has since been widely applied in bio-sensing and other flexible 

applications [69]. Piezoelectric properties have also been identified in polyvinylidene 

chloride (PVDC) and polyimide polymers, and the latter has been used as a structural 

material in MEMS applications [70].  

 

Piezoelectric composite materials have attracted substantial attention as they possess the 

advantages of good piezoelectric properties of piezo-ceramics and the flexibility and strength 

of polymers [71]. PVDF and polydimethylsiloxane (PDMS) are the most common matrix 

or filler compound used in polymer composites for various piezoelectric materials such as 

PZT, BaTiO3, and ZnO [72, 73]. 

 

On the other hand, the mechanical and piezoelectric properties of polymers and composites 

suffer from a number of limitations such as low values of dielectric constant d33, thickness 

limitations due to the high electric field required in the poling process, a low quality factor, 

high thermal expansion and low temperature operating point [74, 75].    

 

Thin-film piezoelectric devices have been widely exploited in MEMS applications such as 

sensing and actuation due to their ease of fabrication, significantly low cost, capability for 

mass production, and excellent performance [76]. Besides, they can easily be integrated 

with microsystems, microelectronics, and lab-on-a-chip (LOC) devices by depositing a 

piezoelectric material such as PZT, ZnO, LiNbO3, aluminium nitride (AlN) and gallium 
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nitride (GaN) on various substrates such as silicon (Si) [77-81]. Moreover, piezoelectric 

thin films can be deposited on the regions of the devices where the SAW is required to be 

generated, whereas the other features and microstructures can be fabricated on the other 

areas. Thus, complete microsystems can be produced for microfluidics, bio-sensing, and 

LOC applications [13].  

 

The most common substrates used for thin film deposition are Si, glass, sapphire, polymers, 

diamond, and some other rigid piezoelectric substrates such as quartz and LiNbO3 [8, 82, 

83]. However, polymers such as polyimide have frequently been used in the fabrication of 

flexible acoustic wave devices for wearable sensing and biomedical applications [84]. 

 

Furthermore, among thin-film piezoelectric materials, ZnO and AlN have attracted 

considerable interest and have been the materials of choice in several kinds of SAW devices 

used for microfluidics and LOC platforms [85, 86]. Although PZT thin films exhibit 

superior piezoelectric properties, they have a significant drawback for environmental and 

biological applications due to its toxicity [87]. Also, the fabrication process for other 

piezoelectric thin film materials such as BaTiO3, LiNbO3, and BiFeO3 is complex, and the 

resulting films are of poor quality [88].  

 

ZnO thin film has several advantages over AlN, such as a higher piezoelectric coupling 

coefficient, ease of fabrication, better film control and quality, lower film stress, and the 

possibility to grow ZnO nanostructures and nanorods over various acoustic wave devices 

[89]. Moreover, ZnO is considered to be biocompatible material, and it has attractive 

physical, electrical, and optical properties [10]. 
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Therefore, in this project, ZnO thin film has been selected as the piezoelectric material for 

fabricating SAW devices for sensing applications. Next section will discuss in detail the 

property of the ZnO material. 

 

2.3 ZnO material 

Polycrystalline structure of ZnO material has been exploited in a wide range of cosmetics, 

rubber, and paint industry applications for over a hundred years. Besides, ZnO was utilised 

for the first time as a semiconductor material in radio sets as a cat’s whisker detector in the 

1920s. The lattice parameters and other diffraction data of the ZnO crystal were determined 

in 1935, and its optical properties were investigated in detail in 1954. The piezoelectric effect 

in ZnO was discovered in 1960, and an early ZnO thin film-based SAW transducer was 

developed in 1976. The electrical, optical, and piezoelectric properties of ZnO material have 

attracted substantial attention from the scientific community since the mid-nineties onwards 

[22, 90].  

 

ZnO possesses a stable and large exciton binding energy of ~60 meV at room temperature 

and high bandgap energy of ~3.4 eV. Moreover, it exhibits excellent piezoelectric properties 

and is considered to be bio-safe (biocompatible) and not environmentally toxic. Therefore, 

it has recently been employed in several applications, such as in the electronics and 

optoelectronics industry, biomedical applications, sensing, and various acoustic wave-based 

implementations [91].    

 

2.3.1 ZnO crystal structure 

ZnO crystals possess two different structures: wurtzite which is hexagonal, and the cubic 

zinc blend. The ZnO crystal with wurtzite symmetry is the more stable phase at ambient 

conditions of pressure and temperature compared to the cubic zinc blend phase. The unit cell 

of this structure exhibits a hexagonal close-packed (HCP) lattice with two parameters a = 



18 

3.25 Å, and c = 5.21 Å, and the ratio c/a is equal to 1.603 in the ideal wurtzite structure. 

Besides, the lattice has two interconnected sub-lattices of zinc and oxygen ions where each 

zinc element is connected to tetrahedral coordination of oxygen ions along the c-axis, and 

vice versa as shown in Figure 2.4 [92].  

The hexagonal lattice and the tetrahedral coordination give the asymmetric polar structure 

of the ZnO crystals and influence the spontaneous polarisation, piezoelectric properties, 

crystal growth patterns, and intrinsic defects [93].    

  

  
Figure 2.4 The two different structures of ZnO crystal a) wurtzite with tetrahedral 

coordination and b) cubic zinc blend [94, 95] 

 

The exceptional physical properties of the ZnO material arise mainly from the presence of 

polar surfaces in its crystal lattice. The ZnO has two polar surfaces in the wurtzite structure, 

one surface that terminates with zinc ions (Zn+) in the (0001) plane and the other that 

terminates with oxygen ions (O-) in the (0001�) plane [96], as shown in Figure 2.5 

 

 
Figure 2.5 ZnO orientation in the polar (0001) plane along the c-axis [97]  

 



19 

The orientation in the polar (0001) plane along the c-axis in the wurtzite symmetry is the 

most popular structure used to grow ZnO thin films on various substrates. This can be 

attributed to the lowest surface free energy of this orientation since the distribution of 

charges in such a configuration results in minimal electrostatic energy and driving the growth 

in this direction [98]. It is also suggested that the surfaces terminating with Zn ions exhibit 

higher surface energy compared to the oxygen-terminated surfaces; hence, they are more 

active in various surface reactions [96].  

 

However, the lattice parameters of ZnO crystals in the grown film can deviate slightly from 

the ideal case due to the impurities, free charges, film stress, and temperature. Also, the ZnO 

film is often grown by epitaxial growth, layer by layer on the surface of the substrate. 

Therefore, it is important to measure the lattice constants or parameters of the thin film since 

they indicate the quality of the film, the presence of the defects, and the intrinsic stress or 

strain inside the film [90, 99]. 

 

Moreover, variations of the lattice parameters due to defects in the crystal structure may have 

a profound impact on the symmetry of the crystal. Besides, they affect the polarisation and 

physical properties of ZnO film, including piezoelectric effect [99].  

 

The lattice parameters of ZnO crystals can be calculated using Bragg equation 2.2, where 

the diffraction angle θ is obtained from XRD rocking curve [100]: 

 

 � � 2� ���� (2.2) 

where λ is the x-ray wavelength, which is 1.5406 Å for the copper source, d is the inter-

planer spacing parameter, and θ is the diffraction angle.  
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Bragg diffraction occurs when the incident x-ray beam of wavelength (λ) hits a crystal lattice 

plane where the atoms are ordered in a regular and periodic array, and the planes are 

separated by a distance (d) as illustrated in Figure 2.6 [101].  

 

 
Figure 2.6 X-ray diffraction as a result of hitting atoms in crystal lattice 

showing diffraction angle θ and lattice parameters d and c  

 

The angle of deviation (2θ) is the angle between the incident and reflected x-ray beams. If 

the enormous number of ZnO crystallites that make up the thin film have similar orientation, 

then the X-ray beam will be reflected at a specific value of 2θ that represents the particular 

plane orientation [101]. Hence, the structure and orientation of ZnO crystals can be identified, 

and the lattice parameters a and c for the hexagonal crystals can be calculated using the 

following equation [102]:  

 
1

�� �  4
3 �ℎ� � ℎ� �  ��

�� � � ��
�� (2.3) 

where hkl are the Miller’s indices for the cubic crystal lattice, and they can be converted to 

Miller-Bravais indices (hkil) for the hexagonal structure using the following relationship 

[102]:    

 ℎ � � �  �� (2.4) 

Thus, from equations 2.2, 2.3 and 2.4, the lattice parameters are calculated using the 

following simplified equations [103]: 

 � � 2� �  �
sin � (2.5) 
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�
sin � (2.6) 

 

2.3.2 Mechanical properties of ZnO 

The mechanical properties of a material determine its behaviour and responses to internal 

and external forces regarding stress (σ) and strain (ε). Elasticity is one of the essential 

properties of piezoelectric material and describes its mechanical response and the nature of 

the interactions between atoms and bonds within the material. The conventional parameters 

that are frequently used to characterise the elastic properties of materials are Young’s 

modulus (Y), Poisson’s ratio (ν), bulk modulus (B) and shear modulus. However, these 

elastic moduli depend on the elastic constants of the material, which is given by Hook’s Law 

that relates applied stress to material strain as in the following generalised formula [104]: 

 

  "#$ �  �#$%&	%& (2.7) 

where σij is the applied stress, εkl is the resulting strain, and Cijkl is the constant of the elastic 

stiffness of the material. 

 

The standard method for the determination of the elastic constants of an anisotropic material 

such as ZnO is to study the elastic acoustic wave propagation (sound velocity) in the crystal 

or solid material. However, the elastic constants are mathematically expressed as a matrix 

of stiffness tensors, and they rely on the lattice structure and the symmetry of the crystal. 

Therefore, the wurtzite hexagonal structure of the ZnO crystal possesses five independent 

elastic stiffness constants along the c-axis (z-axis). These are C11, C33, C12, C13, and C44, as 

shown in the stress-strain relationship below [104]:  
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The sound velocity of the longitudinal mode is used to determine the elastic constants C11 

and C33 in the [1000] and [0001] direction, respectively. Whereas, measurements of the 

sound velocity of the transverse modes are used to determine C66 where this elastic constant 

is given by the following formula due to crystal symmetry [90]:  

 �22  �  ���3  ���2  (2.9) 

Furthermore, the combination of all elastic constants, including the remaining stiffness 

modulus C13, is found in the sound velocity of the propagating modes along the less 

symmetrical direction such as [0011]. However, in general, the sound velocity (ν) in a 

material is given by the following equation [90]:  

  4 �  5�#$6  (2.10) 

where ρ is the material density. Thus, mechanical properties such as bulk modulus, Poisson’s 

ratio, Young’s modulus, and shear modulus for an anisotropic material can be estimated a 

proximally from the elastic stiffness constants using the equations 2.11 - 2.14 [105].  

 

 

  78�� 9:�8�8� (7) �  ( ��� +  ���)��� − 2����
��� �  ��� + 2��� �  4��� (2.11) 

  =:���:�>� ?�@�: (4) �  ���( ��� + ���) (2.12) 

  A:8�B>� 9:�8�8� (A) �  3B(1 − 2ν) (2.13) 

  Eℎ��? 9:�8�8� (F)  �  A
2(1 + G) (2.14) 
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Table 2.1 shows a summary of the elastic stiffness constants and the mechanical moduli of 

the ZnO wurtzite material.  

 

Table 2.1 Mechanical properties of ZnO material in wurtzite structure [22, 90] 

Bulk modulus 

(GPa) 

Poisson’s 

ratio  

(GPa) 

Young’s  

modulus 

(GPa) 

Shear 

modulus  

(GPa) 

Elastic stiffness constants (GPa) 

C11 C12 C13 C33 C44 C66 

142.4 0.36 111.2 40.9 209 120 104 216 44 44 

 

The piezoelectricity of the ZnO material arises as a result of the lack of symmetry in its 

combined hexagonal and tetrahedral crystal structure. Therefore, wurtzite ZnO naturally 

exhibits a spontaneous polarisation, and it does not need poling after sputtering deposition 

[22]. Furthermore, the piezoelectric constants and the electromechanical coupling 

coefficients of ZnO material are much higher in comparison to those for other 

semiconductors with a similar structure such as AlN and GaN. The electrical components of 

polarization (P) that result from strain or applied stress (direct effect) are given by the 

following equation [90] : 

  =# �  �#$% ε$%  �  �#$% "$% (2.15) 

where Pi is the electrical polarisation, eijk are the piezoelectric strain coefficients, and dijk is 

the piezoelectric stress coefficient. However, dijk is also related to the electrical potential (E) 

applied to the induced strain (converse effect) as the equation below [90].  

 

  ε#$  �  �#$% I% (2.16) 

Hence, the ZnO material has only three independent piezoelectric tensors due to the wurtzite 

phase and the symmetrical hexagonal structure of the ZnO crystal. These piezoelectric 

constants are d31, d33 and d15 [106].  

 



24 

The constant d31 describes the piezoelectric response along the c-axis when the mechanical 

stress is applied perpendicular to this axis, and it has a value of about -5.12 pC/N. The 

coefficient d33 represents the piezoelectricity when the piezoelectric response and the applied 

stress both occur along the c-axis, and this constant has the highest value of about 12.3 pC/N. 

The last constant d15 is the piezoelectric response perpendicular to the c-axis induced by 

shear stress, and it has a value of -8.3 pC/N [11]. The highest piezoelectric performance is 

obtained when mechanical stress or force is applied directly along the c-axis as given by the 

piezoelectric coefficient d33. Therefore, the ZnO thin film orientation in the (0002) plane 

along the c-axis is preferred for high piezoelectric efficiency [107]. Table 2.2 shows a 

comparison of values of the piezoelectric constant d33 for different piezoelectric materials.  

 

Table 2.2 Comparison of piezoelectric coefficients of various piezoelectric materials [13] 

Material ZnO AlN GaN PZT 128o cut 

LiNbO3 

36o YX-cut 

LiTaO3 

ST-cut 

Quartz 

Piezoelectric 

constant d33 

(pC/N) 

12 

 

4.5, 

6.4 

4.5 

 

289 - 380, 

117 

12 12 2.3 (d11) 

 

The effective piezoelectric constant of ZnO material exhibits a higher value than those of 

AlN, GaN, and Quartz, but it is much lower than that of PZT, and it is comparable to those 

of LiNbO3 and LiTaO3.  

 

2.3.3 ZnO film growth 

Many growth techniques have been developed in order to deposit high-quality thin films of 

ZnO material on diverse types of substrates. The most common deposition methods include 

pulsed laser deposition (PLD), chemical vapour deposition (CVD), metal-organic chemical 

vapour deposition (MOCVD), the sol-gel process, molecular beam epitaxy (MBE), and 

direct current (DC) and radiofrequency (RF) magnetron sputtering [19]. The determination 

of the suitability of a deposition technique depends on several criteria such as the desired 



25 

film quality, the applications concerned such as transducers, sensors, or optical devices and 

its requirement for particular piezoelectric performance, the temperature involved in the 

process, and the cost and availability of the necessary machine [13]. 

 

The PLD method uses a high-power pulsed laser that is guided to the zinc target and causes 

the evaporation of material from the surface of the source. The zinc vapour reacts with 

oxygen gas creating a plume of high energy and reactive particles that extend toward the 

surface of the substrate. This technique is not popular in industrial applications as it is 

expensive, and the deposition covers only a small area, although the film has good 

crystallinity and quality and the deposition occurs at low substrate temperature [16, 99]. 

 

In the CVD method, the ZnO material in the vapour phase is delivered by a carrying gas to 

the growth site where a chemical reaction occurs at the surface of the substrate. The 

deposition rate of this process is considered to be relatively low, is not needed a vacuum, 

and it takes place at a high temperature between 300-800 oC that might be an issue for some 

materials such as polymers. However, this technique produces high-quality epitaxial film 

layers with the possibility of large-scale production. Likewise, MOCVD has a similar 

process to CVD except that the ZnO precursor is replaced by a metal-organic compound 

such as diethyl and dimethyl metals that are highly volatile at relatively lower temperatures 

[16, 95, 108, 109].  

 

Another chemical reaction-based deposition technique is the sol-gel process. This involves 

the use of a colloidal solution (sol) of organic metal such as zinc acetate dihydrate as a 

precursor that undergoes several chemical steps until it becomes relatively rigid (gel) and 

porous. This method is simple and cost-effective, occurs at low temperature and needs no 

vacuum. However, the grown film suffers from poor crystal quality and small grain size, and 

it requires high-temperature post-deposition annealing [17, 18].  
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In contrast, the MBE and magnetron sputtering methods are examples of physical vapour 

deposition (PVD) techniques that require vacuum and plasma gas for their operation. A high-

purity zinc target is used as a source, and the oxygen gas is introduced at a specific flow rate 

inside the deposition chamber to oxidise the zinc molecules. MBE provides an in-situ 

analysis of the surface of the thin film during the deposition process, thus, permitting 

accurate control of the parameter involved. Besides, it is possible to produce thin films of 

precise thickness which have extremely high-quality crystalline structures due to the atomic 

layer growth and real-time dynamic control. However, this process has several drawbacks 

such as slow deposition rates, the requirement of ultra-low pressure (high vacuum), film 

contamination, and high cost. It is also not compatible with MEMS processes [17, 94, 99].  

 

On the other hand, the reactive magnetron sputtering technique has been frequently used as 

the preferred method for ZnO film deposition. It is a simple and flexible process which 

operates at low temperature (room temperature). The deposition rate is reasonably high, and 

the process is cheap and highly scalable. The deposited film possesses an excellent quality 

which is compatible with MEMS processing. The RF magnetron sputtering system is 

operated in vacuum condition by using an alternating electrical potential between the 

substrate and the target at radio frequency levels. This method is suitable for most materials, 

such as metals, semiconductors, and insulators. The alternating power eliminates the charges 

that accumulate at the surface of the insulator and prevents the formation of arcing that would 

influence the deposition process and crystal quality. The deposition has a relatively slow rate, 

requires significantly high voltages (KV) as well as it is costly. However, the deposited film 

has a smooth texture and excellent quality [110-112]. 

 

In contrast, the DC magnetron sputtering technique is carried out by biasing the targets with 

a specific DC electrical potential and introducing a mixture of argon and oxygen gases with 
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a specific ratio inside the vacuum chamber. This method is limited to conducting materials 

due to the build-up of charges at the surface of the target that could halt the sputtering process 

completely. It has frequently been used to deposit ZnO thin films over various substrates and 

for different applications. Hence, it is important to optimise the deposition parameters of the 

sputtering process in order to produce thin films with the desired quality and thickness. RF 

power is usually applied for a brief time (~ 5 -15 minutes) to clean any residues or 

contamination from the surface of the target before starting deposition. This process is cheap, 

easy to control and offers higher deposition rates and consistent film quality [113-115].  

However, an alternative method to the DC and RF sputtering techniques is pulsed DC 

magnetron sputtering which provides a solution to problems of charge accumulation and arc 

formation at relatively low cost and with high deposition rates. In this technique, pulsed DC 

power is applied to the target that is switched periodically between the ground and positive 

potential at a frequency of 20 to 350 kHz. This technique reduces arcing issue but does not 

eliminate it. Other advanced methods have recently been developed to provide better 

conditions for thin film deposition, such as microwave-assisted pulsed sputtering and high-

power impulse magnetron sputtering (HPiMS) [13, 116, 117]. 

 

Furthermore, the mechanism of the sputtering process involves ion bombardment on the 

surface of the substrate where the ZnO film is grown. This results in the generation of some 

defects, and it influences the properties of the film, such as crystal orientation, texture, grain 

size, and intrinsic stress. Hence, extensive research has been conducted to study the impact 

of each sputtering parameter on the properties of ZnO film; for example, the temperature of 

the substrate, the plasma power, gas ratio and flow rates, bias voltage, vacuum and gas 

pressures, and the annealing process [118-121].  

 

On the other hand, the selection of the substrate is another important issue in the deposition 

of ZnO thin film, since the matching between the lattice parameters of the substrate and the 
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film is strongly associated with crystal growth and the film quality [122]. Lattice mismatch 

may result in the induction of film strain, epitaxial growth defects, decreased crystallite size, 

and film dislocation [123]. Hence, the hetero-epitaxial growth of ZnO thin films in the 

wurtzite structure has been successfully deposited on various substrates such as sapphire 

[124, 125], GaN [126], silicon [127], glass [128], Al2O3 [129], SiC [130], ITO/glass [131], 

ZnO:Al/glass [131], GaAs [132], LiNbO3 [133],  LiTaO3 [134], quartz [135], and diamond 

[136]. The ZnO material has also been grown on polymer substrates such as Kapton 

(polyimide) [137], polyethylene terephthalate (PET) [138], and naphthalate (PEN)  [139] for 

wearable and flexible applications [140].  

 

2.3.4 ZnO film characterisation 

Several methods have been exploited to characterise the deposited ZnO thin film to 

determine its physical properties such as texture, crystalline structures and orientation, grain 

size, stress, strain, film thickness, piezoelectric coefficients, and optical and electrical 

properties. These characterisation methods include Raman spectroscopy, XRD, SEM, AFM, 

ultraviolet-visible spectroscopy (UV-VIS) and semiconductor characterisation tools such as 

four-point probe method [141-144]. 

 

The ZnO thin film can be grown in different types of textures according to crystal orientation. 

Columnar microstructures are grown along the c-axis and perpendicular to the substrate, and 

this is the preferred orientation for high piezoelectric performance. In pyramid and polygon 

like-structures, the c-axis is parallel to the substrate, [145] as illustrated in Figure 2.7. 
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Figure 2.7 Different crystal orientations of ZnO hexagonal structure  a) 
columnar, b) pyramid and c) polygon microstructures [146] 

 

The texture of the preferred (0002) orientation is characterised using the formula for the 

texture coefficient TC (%) as shown below [147]: 

 

 TC (%) �  (0002< M��� ��@����@N

∑ M��� ��@����@N ;:P��?4�� �� Q�R<
 ∗ 100% (2.17) 

Hence, the higher the TC (%) value, the more the textured ZnO thin film corresponds to the 

(0002) orientation. 

 

Furthermore, the relationship between the thickness of the ZnO thin film and the grain size 

in terms of piezoelectric properties has been investigated. Research suggests that the thicker 

films possess larger grain size and higher piezoelectric coefficients [110, 148, 149].  The 

grain sizes of a ZnO thin film and its nanostructures are estimated using Scherrer’s formula 

[150-152]. 

 T �  
��

U cos �
 (2.18) 

where D is the grain size, k is a dimensionless number called shape factor or Scherrer’s 

constant (~0.9), λ is the x-ray wavelength (for a copper source is 0.15406 nm), β is the full 

width at half maxima (FWHM) of the peak corresponding to Bragg’s diffraction angle θ 

[153].  
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On the other hand, the physical properties of ZnO thin film are influenced by the residual 

(intrinsic) stress in the film [154]. This stress arises as a result of many factors such as lattice 

misfit, thermal expansion mismatch between the film and the substrate and the conditions of 

the deposition process [155]. MEMS devices based on ZnO thin film with large values of 

intrinsic stress exhibit poor performance and low yield, and are less reliable in practical 

applications [156]. Hence, the residual stress (σr) of the ZnO thin film is calculated based on 

the biaxial strain (εzz) model as per the following two equations [157]:  

 

 	,,  �  � − �X�X  (2.19) 

  "Y  �  2��� �  (��� + ���)������  . 	,, (2.20) 

where d is the calculated lattice parameter from XRD (peak 0002), d0 is the lattice parameter 

of the ZnO bulk, and Cij are elastic stiffness constants. 

  

However, strain and stress are induced due to the defects in the film crystallites, and they 

cause a broadening of the XRD peak of the (0002) orientation plane. Therefore, they can be 

estimated using the XRD peak shift as per the following equations [158, 159]. 

  

 	,,  �  U�:��4  (2.21) 

  "Y  �  A
2G  2 (� −  �X)

2 tan �X  (2.22) 

where θ0 is the Bragg’s diffraction angle of the stress-free bulk ZnO.  

 

Surface properties of thin films such as surface roughness are further important parameters 

that affect the efficiency of ZnO thin film-based applications. In particular, higher surface 

roughness has a negative impact on SAW propagation, resulting in increases in its dispersion, 
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scattering and attenuation. The significance of this influence also increases with the phase 

velocity of the SAW [160-162]. 

 

Thus, for optimal piezoelectric performance in practical applications, it is required that the 

ZnO possesses a single crystal structure or a strong textured thin film with minimal defects, 

the appropriate thickness, good stoichiometry and low roughness (i.e. a smooth surface) [19].  

 

In this project, the DC reactive magnetron sputtering method was used to deposit a high-

quality thin film of ZnO material because of the availability of the equipment, the low cost 

and the simplicity of the process, and the possibility to deposit films over a large area at 

room temperature.  

 

2.3.5 ZnO nanostructures including nanorods  

ZnO nanostructures have recently attracted considerable attention due to the ease and low 

cost of the fabrication process, and they are a promising technology for enhancing a sensor’s 

sensitivity, response, and performance [163]. ZnO nanostructures have been exploited in 

several sensing applications, such as gas, chemical, pH and UV sensing and biosensing [164]. 

However, the chemical and the physical properties of ZnO nanostructures are affected by 

their morphology and sizes [165]. Therefore, various shapes of ZnO nanostructures such as 

rods [166], wires [167], spheres [168], particles [169], composites [170] and tubes [171] 

have been grown. These various morphologies provide different characteristics over their 

surface-to-volume ratios and diverse options for spatial structures that play a vital role in 

enhancing sensing performance [172].  

 

The critical advantage of ZnO nanostructures is their highly reactive surface area and the 

high surface-to-volume ratio. These are available for the effective adsorption of other 

molecules and to respond to small variations and low analyte concentrations. ZnO 
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nanostructures also have excellent piezoelectric properties that make them an attractive 

candidate for highly sensitive mechanical sensing applications such as in pressure sensors.  

Furthermore, their surface possesses high electron mobility which contributes to the 

modulation of surface conductivity and has been utilised in electrochemical and optical (e.g. 

UV light) sensing [173].  

 

Researchers have found that, among all the morphologies of ZnO nanostructures, devices 

based on ZnO nanorods, porous nanostructures, and those with high surface area exhibit 

excellent sensing performance, rapid responsiveness, higher sensitivity and better optical 

properties [174-176].  These ZnO nanostructures have been grown on various substrates 

such as silicon [177], glass [178], sapphire [179], and PET polymer [180] using several 

synthesis techniques.  

 

The most prevalent methods of growing vertically aligned and high aspect ratio ZnO 

nanorods are the CVD method [181], vapour liquid-solid (VLS) technique [182], 

electrochemical deposition [183], sol-gel [184], PLD method [185], chemical bath 

deposition [186] and the hydrothermal synthesis process [187]. A thin film of ZnO seed layer 

must be deposited on all the substrates before growing the nanorods, and this layer provides 

nucleation sites for the subsequent growth of the nanorods  [188].  

 

The hydrothermal process is the most popular method used for the anisotropic crystal 

synthesis of ZnO nanorods in aqueous solution. Andres-Verges et al. exploited this technique 

to grow ZnO nanostructures for the first time in 1990 [189]. A decade later, Vayssieres et al. 

reported the use of this method to control the fabrication of ZnO nanowires on glass and 

silicon substrates through the thermal decomposition of methenamine and zinc nitrate 

(Zn(NO3)2 compounds [190]. This method is simple, does not need a complicated set-up, 

and is cost-effective, environmentally friendly and surface independent. Moreover, various 
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properties and morphologies of ZnO nanorods can easily be synthesized by tuning growth 

parameters such as seed layer, the concentration of precursor solution, growth time, and the 

temperature and pH of the solution [191-194]. On the other hand, as a solution-based method, 

the hydrothermal process may yield poor quality ZnO crystals with significant defects in 

nanorods [195, 196].  

 

The chemical equations 2.23 and 2.24 summarize the reaction that takes place in an aqueous 

solution using ammonia to control the pH of the solution and with zinc nitrate as the 

precursor for zinc ions. Methenamine, which is also called hexamethylenetetramine (HMTA) 

(C6H12N4) is a water-soluble compound that is thermally degraded and releases hydroxyl 

groups which react with zinc ions to form ZnO as in equation 2.25 [197, 198]. 

  

 C6H12N4+ 6H2O ↔ 6HCHO + 4NH3, (2.23) 

 NH3 + H2O ↔ NH1_+ OH-, (2.24) 

 2OH- + Zn2+ → ZnO(s) + H2O, (2.25) 

 

2.4 Acoustic wave devices  

Acoustic waves are mechanical waves that propagate through a material with a velocity 

which depends on its elastic properties. There are several types of acoustic wave, such as the 

bulk acoustic wave that propagates through bulk material, the surface acoustic wave or 

Rayleigh wave that travels along the surface of the piezoelectric material, the Stoneley wave 

which propagates in the interface of two elastic materials and Lamb waves that occur in a 

plate with a thickness comparable to or less than their wavelengths [199]. 

   

2.4.1 Bulk acoustic wave 

The earliest and most well-known BAW device is the quartz crystal microbalance (QCM) 

that utilises the thickness-shear mode (TSM) for its operation. The QCM device has been 
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extensively exploited in various liquid-based sensing applications, particularly in the fields 

of biomedicine and biochemistry [200]. The QCM device has a resonator configuration that 

is composed of a thin plate of AT-cut quartz sandwiched between two electrodes. The 

sensing principle of the QCM was explained by Sauerbrey in 1959 [108], and it is based on 

the gravimetric method of mass change. When a molecule is adsorbed or attached to the 

surface of the QCM, it causes a change in resonant frequency due to the increase in the 

overall weight of the QCM. The change in frequency can be estimated using the Sauerbrey 

equation [201, 202]:  

 ∆a �  − 2aX� bc8d6d  ∆9 (2.26) 

where Δf, f0, A, uq, ρq and Δm are the change in resonant frequency (Hz), the resonant 

frequency (Hz), the active area of the crystal, the shear modulus of the AT-cut quartz (g.cm-

1.s-2), the density of the quartz (g/cm3), and the mass change (g) respectively.  However, 

QCM resonators possess a lower sensitivity to mass loading because of their low operating 

frequency at 5–30 MHz. Moreover, there is a limitation to the enhancement of sensitivity 

when the resonant frequency increases since the devices become very thin and fragile. 

Moreover, the thick and bulk structure of the QCM makes it difficult to be integrated with 

electronics and microfluidics platforms where scaling and miniaturisation capabilities are 

required [203-205].  

 

BAW devices possess another type of operating mode called shear horizontal acoustic wave 

plate mode (SH-APM) where the electrodes are replaced by IDTs deposited on one side of 

the crystal surface. The SH-APM sensors are relatively thinner where the acoustic energy is 

confined between the two surfaces of the plate. Therefore, the IDT site must be isolated from 

contact with the liquids and the sensing occur on the other side of the crystal. SH-APM 

sensors possess higher resonant frequency than that of QCM, and hence they are more 
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sensitive to mass loading.  However, these devices are expensive and hard to manufacture, 

and IDTs suffer from corrosion due to their immersion in liquids [206, 207].  

 

Recently, film bulk acoustic wave resonators have attracted substantial attention for sensing 

and biosensing applications due to their small size, high sensitivity, good linearity and 

reliability, and low cost [204]. They have also been broadly investigated as an alternative 

candidate for the high-frequency applications at more than GHz level rather than surface 

acoustic wave devices. The structure of the FBAR consists of a piezoelectric thin film such 

as ZnO, AlN or PZT deposited between a top and bottom electrode where the film is 

separated from the substrate by an isolation layer such as SiO2 as shown in Figure 2.8.  

 

 
Figure 2.8 Cross-sectional schematic of main components of FBAR structure  

 

Thus, FBAR sensors can be easily integrated with CMOS devices and for microfluidics 

applications. However, the type of the excited acoustic wave mode (longitudinal or shear 

thickness) is determined by the structural and the physical properties of the piezoelectric thin 

film [208-211].  

 

2.4.2 Surface acoustic wave 

The propagation of the SAW along the free surface of a semi-infinite elastic solid was first 

explained by Lord Rayleigh in 1885, and later the SAW was frequently referred to as the 

Rayleigh wave or mode [212]. This elastic wave travels along the surface of a piezoelectric 

substrate where most of its acoustic energy is confined and decaying exponentially with 
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depth into the material until it becomes negligible after penetration by more than few 

wavelengths [213]. The Rayleigh mode consists of a combination of longitudinal and vertical 

shear (transverse) components that couple at the surface of the piezoelectric material. It 

results in a retrograde elliptical and trajectory motion of the particles normal to the surface 

plane and along the direction of propagation, as shown in Figure 2.9 [214].  

 

Figure 2.9 The direction of propagation and particles vibration of the 

Rayleigh wave [214] 

 

The practical utilisation of SAW devices was launched with the development of interdigital 

transducers by White and Voltmer in 1965 [215]. Subsequently, SAW devices have been 

exploited in a wide range of electronics and sensing applications such as telecommunications, 

automotive and biosensing [216]. IDTs possess an inter-crossing design that consists of 

periodic fingers (electrodes) of two comb-shaped arrays, as illustrated in Figure 2.10. They 

are composed of a conductive material such as gold or aluminium that is deposited on the 

surface of the piezoelectric substrate [217].   

 
Figure 2.10 The structure and configuration of metal IDTs (e.g. Al or Au) in a 

delay line SAW device  
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The function of the input IDTs is to convert the electrical signal into SAWs, and then these 

SAWs propagate along the surface of the piezoelectric material through the delay line and 

are converted back into an electrical signal by the output IDTs [218, 219]. The most popular 

materials for IDTs are aluminium (Al) and gold (Au) due to their high Q factors and low 

resistivity [220].  

 

However, other materials have also been exploited to fabricate IDTs; for example, tungsten 

(W), nickel (Ni), platinum (Pt), tantalum (Ta) [221-223]. Besides, materials like chromium 

(Cr) and titanium (Ti) have been deposited on the substrate to improve the adhesion between 

the piezoelectric material and the IDTs [224, 225]. In addition to the delay line configuration, 

SAW devices can also be constructed in a one-port resonator design, as shown in Figure 2.11 

[226].  

 

 

Figure 2.11 The structure and configuration of the IDTs in a One-port SAW resonator  

 

The configuration of the SAW device and the IDT design are selected according to the 

application involved; for instance, biochemical SAW sensors usually possess a delay line 

structure where the region between the two IDTs in a pair is coated with a sensitive layer 

[227]. The resonant or central frequency is the main parameter of the SAW device, and it is 

determined by the velocity of the acoustic wave (v0) in the piezoelectric substrate and the 

design wavelength (λ0) of the SAW device. The following equations 2.27- 2.29 are used to 
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calculate the central frequency (f0), the finger and spacing widths, and the number of IDT 

fingers (N) respectively when designing the SAW device [228-230]:  

 aX  �  4X�X (2.27) 

 e��B�? f��@ℎ � �M����B �  �X4  (2.28) 

 g �  2aXP��� f��@ℎ (2.29) 

Furthermore, the design shown in Figure 2.12 is called bidirectional since the IDTs are 

symmetrical, and the exciting SAWs are propagated in both forward and backwards 

directions. This structure results in the loss of acoustic wave energy, increase insertion loss 

and side lobes. Therefore, unidirectional IDTs have been developed by adding internal 

reflectors to excite the SAW towards one direction and thus overcoming these issues [231]. 

Figure 2.12 shows an example of unidirectional IDT called a single-phase unidirectional 

transducer (SPUDT) that was proposed for the first time in 1976 by Hanma and Hunsinger 

which has been frequently used in sensing applications [232, 233].      

 

Figure 2.12 The structure and configuration of the SPUDT design  

 

In this project, the bidirectional and the SPUDT configurations were used to design the IDTs 

of the SAW devices with varied wavelengths for sensing applications. However, there are 

several other types of IDT designs for acoustic wave devices that have been discussed in 

detail in the references [13] and [234]. 
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Thus, the basic layout of the SAW sensor consists of the IDTs deposited on the surface of 

the piezoelectric material either in one-port or delay line configuration. However, several 

types of SAW modes can be generated according to the crystal orientation of the 

piezoelectric material or the crystal cut angle. For example, a Rayleigh wave is generated in 

128o Y-X LiNbO3 and Y-Z LiTaO3 materials, whereas a shear horizontal SH- SAW can be 

excited in 36o Y-X cut LiTaO3 and 64o Y-X cut LiNbO3 [235].  

 

Unlike the Rayleigh wave, the SH-SAW propagates parallel to the surface plane of the 

piezoelectric substrate and normal to the propagation direction. Thus, SH-SAW sensors have 

been employed in liquid sensing due to the absence of the longitudinal component of the 

acoustic wave and their higher operating frequency compared to the BAW [236, 237]. 

Likewise, Love wave propagates in a similar way to the SH-SAW, but it is confined to a 

guided layer deposited on the top of the device, and it has different properties than the 

substrate such as slower shear wave velocity [238]. Furthermore, the SH-SAW can be 

excited in ZnO thin film devices such as those made with ZnO/SiO2/Si by growing the ZnO 

film in the (110) or (100) orientations where the c-axis is parallel to the substrate surface 

[239]. 

 

On the other hand, the excited acoustic wave modes, and their properties in c-axis oriented 

ZnO thin film devices can be determined according to the designed wavelength (λ0) and the 

total device thickness (H). The Rayleigh mode can be excited in the device of a wavelength 

is comparable to or smaller than its thickness, and Lamb wave modes are generated when 

the thickness of the device is much smaller than their wavelength [112]. However, coupled 

modes of longitudinal and shear waves have also been realised when the ZnO thin film is 

deposited at an inclined angle or in a c-axis zig-zag structure [240-242]. 
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2.4.3 Lamb wave 

The first publication that described the propagation of a Lamb wave was reported by H. 

Lamb in 1917, and it was later given his name [243]. Extensive experimental investigations 

were subsequently conducted by Worlton in 1961 to understand the characteristics of the 

Lamb wave [244].  

 

Similar to the Rayleigh wave, the Lamb wave results from a superposition of both 

longitudinal and transverse components and its characteristics are constrained by the elastic 

properties of the substrate boundaries. Furthermore, it propagates across a thin plate with a 

thickness less than the device wavelength or penetration depth. Hence, it can be described 

as two Rayleigh waves travelling along each side of the plate which propagate freely when 

the plate is thicker, or when the wavelength becomes equal to or smaller than the plate 

thickness [245]. However, the Lamb wave possesses both symmetric (S) and antisymmetric 

(A) modes, as shown in Figure 2.13.  

 

 
Figure 2.13 The modes of vibrating ad particle displacement of  Lamb 

wave (a) symmetric (S), (b) antisymmetric modes (A) [246]    

 

The symmetry of these modes is related to the direction of displacement and the motion of 

the particle with respect to the median of the plate. The displacement of particles in the S 

mode is in-plane (compressional) while it is out-of-plane (flexural) for the A mode. 
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Mathematical descriptions of the S and A modes are given by equations 2.30 and 2.31 

respectively [247]: 

 
tanh (��)tanh (i�)  �  4�� i�(�� + ��)�  (2.30) 

 
tanh (��)tanh (i�)  �  (�� + ��)�4�� i�   (2.31) 

where d is the half-thickness of the plate and s and q are given by equations 2.32 and 2.33 

respectively: 

 s �  j�� −  �k�     (2.32) 

 q �  j�� − �m�    (2.33) 

where k is the wavenumber, and kT and kL are the transverse and longitudinal wavenumbers 

of the solid material. Thus, an infinite number of simultaneous Lamb wave modes are excited 

and are superposed on each other across the plate surfaces to become definite guided waves. 

The velocity of the Lamb wave is highly dispersive since it depends on both the wave 

frequency and the thickness of the plate. Therefore, the relationship between the velocity of 

Lamb wave modes, their frequency, and thickness is dispersive one [248]. The phase 

velocities of the zero-order antisymmetric (A0) and symmetric (S0) modes can be estimated 

using the following equations [249].  

 noX  �  2pℎ�  5 A12(1 −  4�)6 1
jp�ℎ�3�� + 1 (2.34) 

 nqX  =  5 A(1 −  4�)6  (2.35) 

where h, λ, Y, ν, ρ are the plate thickness, the wavelength of the Lamb wave, Young’s 

modulus, Poisson’s ratio, and the density of the piezoelectric material respectively. Thus, 

the phase velocity of the A0 mode exhibits a direct relationship with the thickness of the 

plate at low-frequency levels, and it is frequently described as a flexural plate wave. In 
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contrast, the plate thickness has no effect on the wave velocity of the S0 mode in a very thin 

plate. Hence, the S0 mode becomes dispersionless and possesses a higher velocity than a 

SAW propagating in the same material. Furthermore, as the thickness of the plate approaches 

zero asymptotically, the S0 mode changes to a longitudinal wave, and the A0 mode continues 

to decrease to zero. On the other hand, for a high-frequency regime, the wave velocity of the 

Lamb wave modes moves toward the velocity of the Rayleigh wave until they eventually 

become Rayleigh wave or higher-order modes. Likewise, this also occurs when the plate 

thickness is increased compared to the device wavelength [13, 249, 250]. 

 

Lamb wave sensors exploit the different characteristics of symmetric and antisymmetric 

modes. For example, the A0 mode is dispersive, and its phase velocity is strongly dependent 

on plate thickness which permits operation at various resonant frequencies. Thus, with very 

thin plates, the phase velocity of the A0 mode (FPW) becomes lower than the velocity of the 

acoustic wave in the liquid, and the plate acts as a guided layer. This results in the 

concentration of the acoustic energy at the surface of the plate, and it is prevented from 

dissipating to the liquid medium. Therefore, FPW-based sensors have been employed in 

several chemical and biomedical sensing applications, and they exhibit a high sensitivity 

compared to other gravimetric acoustic wave devices [251-253]. On the other hand, the S0 

mode propagates at a phase velocity higher than that of A0 mode with a strong longitudinal 

component. Nevertheless, the leakage of the acoustic energy in a liquid environment is small 

because the in-plane motion of the particles retains the S0 mode in the plate and displacement 

occurs parallel to the surface [254].  

 

The conventional structure of Lamb wave sensors consists of a thin membrane of 

piezoelectric material such as ZnO, AlN and GaN deposited on a substrate (e.g. silicon), and 

a pair of IDTs are used to excite the Lamb waves as shown in Figure 2.14  [255-257]. 
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Figure 2.14 Cross-sectional schematic of main components of Lamb wave-based sensor 

 

These FPW-based devices have been primarily used as biosensors; for example, in the 

detection of proteins, immunoglobulins, volatile organic compounds, and carcinoembryonic 

antigen (CEA) and bacterial growth monitoring [253, 258-262]. Besides, the higher-order 

modes of FPW devices have been used in viscosity and density sensing applications [263]. 

However, FPW sensors are subject to several limitations and drawbacks, such as the thin 

membrane which makes the device more fragile, the occurring of coupling loss due to the 

use of the IDTs to excite the Lamb waves, and temperature sensitivity [264]. On the other 

hand, as the plate thickness is increased, the phase velocity of the A0 mode increases and 

this results in the partial leakage of acoustic energy into the liquid. Therefore, the FPW has 

been investigated for microfluidics applications such as pumping and mixing [265, 266].  

 

2.5 Flexible SAW sensors 

Flexible microsystems have attracted remarkable attention due to the significant advantages 

of bendable electronics and MEMS devices compared to rigid ones, owing to their 

lightweight, low cost, and capability to be adapted for various irregular surfaces and their 

easy integration with other systems. Recently, a broad range of flexible applications has been 

developed, such as wearable sensors, displays, eyeball cameras, memories, transistors, and 

microfluidic platforms. Therefore, flexible SAW devices have been intensively studied for 

the great potential to be employed in sensing applications [267, 268].  
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Thin-film piezoelectric materials such as ZnO and AlN have an advantage in that they can 

be deposited on a flexible substrate such as polymers, plastics, and metal foils in the 

fabrication of flexible SAW-based sensors. For example, ZnO thin film has been deposited 

on polyethylene terephthalate (PET) and Kapton polyimide (PI) polymer substrates for 

temperature and humidity sensing, energy harvesting, strain sensing, and microfluidics 

applications [267, 269-273]. Meanwhile, ZnO thin film-based strain sensors have been 

fabricated on ultra-thin flexible glass [274, 275].  

 

However, polymers exhibit several drawbacks as a flexible substrate for SAW-based sensors, 

such as the significant acoustic wave attenuation, energy dissipation, lattice and thermal 

mismatching and poor adhesion with thin films. Therefore, flexible SAW devices based on 

ZnO/aluminium foil have been investigated as a potential candidate to overcome these 

limitations. Aluminium foil possesses excellent flexibility, bendability and deformability, 

with the capability to be fixed with any kind of surface (flat, curved, irregular) or shape. 

Besides, it is widely available commercially at low cost, is easy to use, and it can withstand 

the high-temperature annealing process better than polymer substrates, and it is suitable for 

mass production [13, 14]. 

 

Liu et al. fabricated the first ZnO/Al foil-based SAW devices with various wavelengths using 

commercial aluminium foil with 50 μm thickness and ZnO thin film five μm thick. 

Flexibility of the devices was demonstrated by substrate bending characterisation method 

where a device was bent to different angles with different strains. The results showed that a 

weak S21 signal could be detected after bending the device to a large strain of 1.375% a 

bending angle of 90o and it recovered its complete amplitude when returned to a flat position. 

Moreover, the fatigue and cycling performance of the devices were evaluated by a standard 

bending test using a mechanical bending vise where steel tubes with different diameters were 

placed under the device at the bending centre. The device was then taken out and straightened 
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again.  The results showed that the amplitude of the S21 signal decreased by 0.9% - 23% 

after 2000 bending cycles with a fixed strain of 0.6% indicating good fatigue resistance  [15]. 

Another study was then conducted to investigate the effect of annealing on the properties of 

ZnO/Al foil-based SAW devices. It is found that the devices could withstand the annealing 

temperatures up to 500 oC, where the optimal value for the best physical properties and 

performance was 350 oC [276]. This type of ZnO/Al foil device has been utilised to develop 

a flexible ultrasonic transducer with an operating frequency between 15–30 MHz. The 

performance of this transducer was demonstrated for non-destructive testing (NDT) in both 

flat and curved positions and it showed a satisfactory sensitivity [277].  However, the SAW 

devices based on ZnO/Al foil have not yet been utilised in sensing or biosensing applications, 

but the door is open for further investigations. 

 

2.5.1 SAW-based temperature sensing 

Recently, numerous devices have been investigated for temperature sensing using various 

physical mechanisms. These include resistor temperature detectors, field-effect transistors, 

thermocouples, thermistors, optical sensors, infrared sensors and mercury thermometers 

[278]. The most commonly used sensors for temperature monitoring in biomedical 

applications are thermocouples and thermistors as they are capable to detect a change of 

temperature as low as 0.5 oC [279].  Thermocouples have a wide dynamic range of -200 to 

+1200 oC with a sensitivity of 41 μV/ oC, but they suffer from a non-linear low output signal 

and low signal to noise ratio [280].  

 

However, the demand for flexible temperature sensors in the environmental, industrial, and 

medical sectors has substantially increased for reasons of safety, better functionality, real-

time monitoring, and operation in harsh and hazardous conditions. For example, flexible 

temperature sensors have been used in medical applications for the long-term monitoring of 

patient temperature. Different types and technologies have been employed for flexible 
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temperature sensing in this field. Most of these sensors are polymer-based, and they exploit 

changes in resistance as a function of temperature [281, 282]. Piezoresistive sensors based 

on PVDF polymer have been popular candidates for flexible temperature sensing utilising 

the piezoelectric effect to generate electricity as a response to variation in temperature [283, 

284].  

 

SAW-based temperature sensors have a significant advantage over other technologies 

because of their capability to operate wirelessly and thus remotely and passively or battery-

free. Besides, they exhibit good sensitivity, reliability, robustness, low cost and small size, 

and are easily integrated with other sensors [285, 286]. 

 

The dependence of acoustic wave phase velocity on temperature is a well-known 

phenomenon in piezoelectric and pyroelectric materials, including ZnO thin films [287]. The 

most important parameter that determines the functionality, thermal stability and 

performance of a SAW device is the temperature coefficient of frequency (TCF). It is defined 

as the relative or rate of change in resonant frequency (f0) with temperature (T), and it is 

given by the following equation [288] :  

 

 r�e �   1 aX  �a�r (MM9/�) (2.36) 

However, the temperature has a direct influence on the device material’s elastic stiffness 

constants (Cij), density (ρ), and temperature coefficient of expansion TEC (α).  Therefore, 

equation 2.36 can be rewritten concerning the phase velocity (vp) and TEC of each material 

in the SAW device with a particular thickness (H) as follows [289]: 

 

 r�e �   1 4t  �4t�r − 1u �u�u �  1 4t  �4t�r −  v (2.37) 
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Thus, a high TCF value is desirable for temperature sensing, and this can be achieved by 

either increasing the resonant frequency to increase the accuracy and resolution, and this 

requires complicated and expensive electronic circuitry or selecting a substrate with a high 

TEC such as aluminium, where α = 23.6 ppm/K. 

  

On the other hand, reducing the TCF value of the SAW sensor or compensating for the 

temperature during chemical, biomedical, environmental, and physical sensing applications 

is important to achieve thermal stability. Therefore, a layer of silicon dioxide (SiO2) which 

has a positive TCF is usually added to the structure of SAW devices to counter the effect of 

the negative TCF values of most piezoelectric materials [290-292].    

  

An early SAW-based temperature sensor was developed in 1969 by Hewlett-Packard. It was 

made of a bulk wave Y-cut quartz resonator that utilised the TSM mode at a resonant 

frequency of 28 MHz. The sensor exhibited a sensitivity of 5 ppm/oC over a temperature 

range of -80 to +250 oC. In 1976, Reeder and Cullen developed a SAW pressure and 

temperature sensor by fabricating IDTs on a miniature diaphragm created in Y-cut 

crystalline quartz. Sensing performance was investigated in the temperature range from -50 

to +100 oC, and a sensitivity of 130 ppm/oC was found [293]. Borrero et al. reported the 

development of a SAW device for temperature, pressure, and impedance sensing. The sensor 

had a one-port resonator structure and was fabricated on a 128o YX LiNbO3 rigid substrate. 

The performance results showed a linear relationship between the frequency shift and 

temperature change in the range of 50 – 200 oC with a sensitivity of 87.81 ppm/oC [294]. 

Recently, various SAW-based sensors have also been exploited for high temperature sensing 

up to 1000 oC, and some of them can operate wirelessly such as langasite (LGS) [295], 

AlN/GaN/sapphire [296], AlN/Si [297], and AlN/quartz [298].  
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The previous examples of SAW sensors were fabricated on rigid substrates, and they lack 

flexibility. Jin et al. reported the development of a flexible SAW resonator by depositing a 

ZnO thin film of varied thickness from 1.7-4.0 μm on a Kapton polyimide polymer 100 μm 

thick. The Rayleigh and Lamb wave modes were excited at different resonant frequencies 

according to the designed wavelengths of each device, and they were used to perform 

temperature sensing. The results showed that the TCFs of the Rayleigh and Lamb modes 

were -442 and -245 ppm/k, respectively, and they were constant for the various device 

thicknesses and wavelengths. It was suggested that these values are higher than those 

obtained for the Rayleigh mode of ZnO/Si (~67 ppm/k) and LiNbO3 substrate (~ 70-80 

ppm/k) [269]. Another SAW-based temperature sensor was developed by depositing a ZnO 

thin film of 3.5 μm thickness on a Kapton polyimide substrate. The wavelength of the device 

was 12 μm, and the Rayleigh wave was excited at 132 MHz and Lamb wave at 427 MHz. 

The TCF values were -423 ppm/K and -258 ppm/K corresponding to the Rayleigh and Lamb 

modes, respectively [270]. These findings are comparable to those obtained in reference 

[269]. 

Table 2.3 shows a summary of the sensitivity values of the SAW based temperature sensors.  

Table 2.3 Summary of the sensitivity values of the SAW based temperature sensors  

Sensor structure Mode of 
operation 

Sensitivity 
ppm/K 

comments 

Y-cut quartz TSM 5 None-flexible 
Y-cut crystalline 

quartz 
TSM 130 None-flexible 

128o YX 
LiNbO3 

SAW 87.81 None-flexible 

ZnO/Si Rayleigh wave 67 None-flexible 
ZnO/LiNbO3 Rayleigh wave 70 - 80 None-flexible 

ZnO/Polyimide Rayleigh wave 
Lamb wave 

423 
258 

Flexible 

ZnO/Polyimide Rayleigh wave 
Lamb wave 

442 
245 

Flexible 
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2.5.2 SAW-based ultraviolet (UV) sensing 

Ultraviolet (UV) light has been used in numerous critical applications such as defence 

warning systems in the military, medicine and healthcare, astronomy, communications, and 

a variety of environmental implementations such as water purification. Therefore, the 

detection and monitoring of UV light have received considerable attention during the 

development of highly sensitive and reliable sensors. UV light spectra have wavelengths that 

range from 100 to 400 nm, and a photon energy range of 3.1-12.4 eV. The UV light is 

classified into four bands according to wavelength, namely UV-A (315-400 nm), UV-B 

(285-315 nm), UV-C (200-280 nm) which is absorbed by the ozone layer of the earth, and 

V-UV or far UV (10-200 nm). Hence, there has been a particular focus on the UVA and 

UVB bands (3.1-4.43 eV) since they can be transmitted through the air and could cause 

direct harm to human health [299, 300].  

 

The most fundamental UV light detector is thermopile which converts thermal energy into 

electrical energy, and it provides the basis for calibrating all other types of UV light sensors. 

Thermopile is stated to be linear in the range from 1 μW/cm2 to 100 mW/cm2. However, the 

main drawback of thermopile is fragility, but the most recent devices have become more 

robust and resistant to both mechanical and temperature shock [301]. 

 

The other category of UV light detectors is based on photon interaction which has been 

frequently used in various applications. There are two main kinds of such detectors, vacuum 

detectors (photomultiplier tubes  ) and solid-state detectors which is based on semiconductor 

materials such as ZnO, TiO2, and SnO2. The photoconductivity and photovoltaic detection 

are the two mechanisms of UV light sensing using the semiconductor devices such as 

Schottky photodiode, phototransistors, and metal-semiconductor-metal (MSM) 

photoresistors [302, 303]. The photocurrent generated from Schottky detector under UV 

illumination was about 120 nA without applying any external bias and it has a fast switching 
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time of less than 30 ms [304]. However, Schottky UV detectors have several advantages 

such as high responsivity, high quantum efficiency, low dark current, short response time 

and possible zero-bias operations [305].    

 

SAW-based UV sensors have received significant attention due to their distinctive features 

such as high sensitivity, reliability, reproducibility, rapid response, and low cost. 

Furthermore, ZnO thin film is considered to be a popular material for UV photodetection 

due to its excellent optical and piezoelectrical properties. It has a bandgap energy of 3.37 eV 

and a large exciton binding energy of 60 meV at room temperature. Therefore, it interacts 

with UV light whose photon energy is higher than that of its bandgap by creating electron-

hole pairs. Hence, ZnO thin film-based SAW devices have dominated the development of 

UV sensors rather than other piezoelectric materials, and they exhibit high sensitivity to UV 

light [306, 307].  

  

The mechanism of ZnO thin film devices for UV detection is based on the chemisorption of 

oxygen molecules at the surface of the SAW device. In the absence of UV irradiation, the 

surface of the ZnO thin film has free electrons due to intrinsic defects of the film. Therefore, 

oxygen molecules from the atmosphere become adsorbed onto the surface and confine these 

free electrons to form negatively charged ions as per equation 2.38, and this creates a less 

conductive depletion region [308, 309]. 

 

 R� (wxy) +  2 ����@?:�3  →  R� (x{y|Y}~{)�3  (2.38) 

Illumination of the sensor surface with UV light results in the generation of electron-hole 

pairs where the holes recombine with the electrons adsorbed by oxygen ions. This process 

releases the oxygen molecules back to the atmosphere as per equation 2.39, which  increases 

the surface sheet conductivity (σs) of the sensor along with a decrease in the depletion area 

[308, 309].  
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 2u:��_ �  R� (x{y|Y}~{)�3  →  R�(wxy) (2.39) 

Thus, UV light illumination on the ZnO thin film SAW sensor causes an acoustic-electric 

response where the change in the surface sheet conductivity results in a change in phase 

velocity and the amplitude of the acoustic wave. These effects are expressed as in the 

following equations [310]:  

 

 
∆44X  � − ��

2  "y�"y� +  4X� �y�    (2.40) 

 ∆� �  ��
2  4X �y "y "y� +  4X� �y� (2.41) 

where ∆4 is the change of acoustic wave velocity, 4X is the unperturbed velocity at the free 

surface, �� is the electromechanical coupling coefficient, σs is the surface sheet conductivity, 

Cs is the capacitance per unit length of the surface, and ∆Γ is the change of signal amplitude 

(the insertion loss). However, equation 2.40 can be rewritten with respect to the change in 

resonant frequency (v = λf) as follows:  

 

 
∆f
aX  � − ��

2  "y�"y� +  4X� �y�    (2.42) 

This indicates that the increase in the surface sheet conductivity results in a downshift of the 

resonant frequency and an increase in insertion loss.  

 

However, several SAW-based UV sensors have been developed by depositing the ZnO thin 

film on various rigid substrates such as sapphire, LiNbO3, quartz, LiTaO3, and silicon, as 

shown in Table 2.3. Most ZnO thin film-based SAW UV sensors operate in Rayleigh wave 

mode due to the strong longitudinal component that confines the acoustic energy at the 

surface of the device, resulting in high sensitivity to electro-mechanical changes occurring 

at the surface [306]. Among all the Rayleigh wave-operated devices shown in Table 2.3, the 

highest UV sensitivity has been obtained for the ZnO/LiNbO3 structure developed by 
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Sharma and Sreenivas [311]. Besides, the use of ZnO nanorods leads to a considerable 

enhancement in sensitivity to UV light. 

 

Table 2.4 Summay of SAW UV sensors based on ZnO thin film deposited on differet rigid substrates 

Substrate Mode Resonant 

Frequency 

(MHz) 

UV 

intensity 

(mW 

cm-2)  

Frequency  

Shift 

(kHz) 

Sensitivity 

ppm (mW 

cm-2)-1 

comments Reference 

Silicon Rayleigh 

 

 

Rayleigh 

 

Sezawa 

63.2 

59.75 

 

180.71 

174.5 

271.83 

0.6 

0.6 

 

0.6 

0.6 

0.6 

1.4 

8.3 

 

12 

27.4 

25 

36.92 

231.52 

 

110.67 

261.7 

153.28 

- 

With NRs 

 

- 

With NRs 

- 

[312] 

Quartz Rayleigh 41.2 19 45 57.49 - [313] 

LiNbO3 Rayleigh 37 40 170 114.87 - [311] 

Sapphire Sezawa 711.3 2.32 1360 824 - [314] 

Silicon Sezawa 842.8 0.551 1017 2190 - [315] 

Quartz Rayleigh 200.08 

200.02 

0.048 

0.048 

0.3 

0.9 

31.3 

93.7 

- 

With NRs 

[316] 

 

The sensitivity is significantly increased when using the Sezawa wave as an operating mode 

because it has a higher phase velocity compared to the Rayleigh wave. Moreover, the 

sensitivity increases with a resonant frequency, and this indicates that the use of higher wave 

modes would result in better sensing performance [306, 317].        

 

Wang et al. have reported on the performance of a Rayleigh mode UV sensor based on 

annealed ZnO thin film deposited on a glass substrate. The device had the merit of 

transparency and exhibited a sensitivity of 43 ppm (mW cm-2)-1 [318].  

 

Ciplys et al. developed a GaN/sapphire-based SAW oscillator with an operating frequency 

of 200 MHz for UV light detection in the range of 330-600 nm. An evaluation showed that 
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the maximum shift was obtained at UV light with a wavelength of 365 nm, and this dropped 

to zero above 400 nm [319].  

   

However, the SAW-based UV sensors shown in Table 2.3 were fabricated on rigid substrates. 

He et al. have reported the development of flexible SAW-based UV light detectors made by 

depositing a ZnO thin film on a polyimide polymer substrate.  The Rayleigh and Lamb wave 

modes were excited at 75.7 MHz and 254.3 MHz, respectively. The sensor exhibited values 

of the sensitivity of 111.3 and 55.8 ppm (mW cm-2)-1 corresponding to Rayleigh and Lamb 

modes, respectively [320].    

 

2.5.3 SAW-based humidity sensing 

Relative humidity (RH) has been used in various applications more often than absolute 

humidity (AH) because the sensing process is then easier, more cost-effective, and simpler. 

The relative humidity is defined as the ratio of the partial pressure of water vapour to the 

saturation vapour pressure at a specific temperature. In other words, RH sensing measures 

the ratio of the amount of vapour in the atmosphere compared to the maximum amount of 

vapour represents saturation in the atmosphere. Humidity sensing and monitoring have been 

received great interest due to its importance in agriculture, and the food industry, process 

control, scientific research laboratories, and environmental and biomedical applications. 

Humidity sensors can be classified according to the different transduction mechanisms 

involved as optical, gravimetric, capacitive, resistive, piezoresistive, or magnetoelastic [321-

323]. 

The mechanism principle of RH sensing relies on the water vapour adsorption 

(chemisorption or physisorption) at the surface of the sensor which results in changing in its 

resistance, capacitance, or conductance. However, capacitance RH sensors have been 

frequently used in a wide range of commercial, industrial, and weather telemetry 

applications. The basic structure of a capacitive RH sensor is composed of a dielectric 
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polymer film sandwiched between two metal electrodes. Thus, it responds to change in RH 

by varying the permittivity of the dielectric material which is proportional to the ambient 

vapour change. It has an excellent linear response in the range of 10% to 90% RH with a 

resolution of 1% [322] .    

 

Conventional gravimetric-based devices used for humidity sensing include QCM, FBAR, 

SAW, and microcantilever-based resonators [324]. SAW devices have been widely 

employed as humidity sensors in various applications due to their high sensitivity to mass 

loading, [325]. However, changes in the acoustic velocity of the thin film-based SAW 

humidity sensor occurs for various reasons such as the effect of mass loading, a change in 

the surface sheet conductivity of the thin film, and changes in elasticity [326]. The delay line 

area of the SAW-based humidity sensor is usually coated with a thin membrane of moisture-

sensitive material such as polymers, ZnO nanostructures, and graphene oxide to increase 

sensor sensitivity [324].  

 

Nomura et al. described a humidity sensor based on a polymer/LiNbO3 SAW device. A 

hygroscopic conductive polymer was applied to the surface of the delay line of the 128o YX 

LiNbO3, which acts as a layer sensitive to humidity. The sensor exhibited a linear response 

in the range of 40-80%RH [327]. Caliendo et al. developed a SAW-based humidity sensor 

by coating a quartz substrate with a sensitive membrane of polyphenylacetylene (PPA) 

polymer. Both Rayleigh and surface transverse wave modes were excited and used for 

humidity sensing. The results showed that the sensor possessed good sensitivity and 

reproducibility over a humidity range of 0-80%RH at various temperatures from 20 to 50 oC 

[328]. Li et al. reported on the development of a SAW-based humidity sensor made by 

electro-spraying a sensitive film of silicon-containing polyelectrolyte polymer to the delay 

line of a two-port ST-X cut quartz resonator operating at 433 MHz. The sensor exhibited a 

sensitivity of -0.4 kHz/%RH over a humidity range of 11-97 %RH [329].  
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ZnO thin film and nanostructures have also been exploited as a sensitive membrane for 

SAW-based humidity sensors. Guo et al. fabricated a Love mode humidity sensor by 

depositing ZnO thin film of various thicknesses on a 42o YX LiTaO3. The device with a 

thickness of 250 nm exhibited the best humidity sensing performance, with a frequency shift 

of 65 kHz at 90%RH. Therefore, this device was selected to grow ZnO nanorods, and 

sensitivity was almost doubled [330]. Chung and Hong designed a SAW humidity sensor 

based on ZnO/AlN/Si with an operating frequency of ~125.8 MHz. The maximum frequency 

shift was 160 kHz, with a change in RH from 10 to 90% RH [331]. A humidity sensor with 

ZnO nanorods/AlN/Si-based SAW was proposed by Hong et al. It was suggested that the 

perturbation in the SAW due to the change in humidity resulting from mass loading and 

changes in the surface sheet conductivity of the ZnO nanorods. The frequency shift was 

approximately 750 kHz over an RH range of 10- 90%, which is significantly higher than that 

of ZnO thin films (~110 kHz) [332].   

  

SAW humidity sensors based on a graphene oxide functional layer have recently been 

investigated due to their considerable advantages such as fast response, high sensitivity, 

large surface-area-to-volume ratio, and lower hysteresis. The graphene oxide can be 

deposited on the surface of various SAW devices such as those made using ZnO/glass, 

AlN/Si, and LiNbO3 [333-335]. Furthermore, graphene oxide has been exploited in the 

development of flexible SAW humidity sensors fabricated by depositing different 

thicknesses of graphene oxide on ZnO/polyimide SAW devices with various wavelengths. 

The A0 and S0 modes were identified at 150 MHz and 395 MHz, respectively. The results 

suggest that the A0 and S0 modes exhibited values of the sensitivity of 145.83 ppm per %RH 

and 89.35 ppm per %RH at 85%RH, respectively. The sensor also showed reasonable 

performance and good reliability when it was bent [336]. This type of device has been further 

investigated with temperature compensation to exclude the effect of changes in temperature 

[271].    
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A Lamb wave-based humidity sensor was reported by Sato and Yamamoto. The device was 

composed of a polyamide/ZnO/silicon nitride structure, and a zero-order antisymmetric 

mode with a resonant frequency of 8.4 MHz was used for humidity sensing in the range of 

20-60%RH. It was suggested that the change in phase velocity of the Lamb wave was due 

to the increase in density and decrease in elastic stiffness of the polyamide polymer. Besides, 

the sensitivity of the Lamb wave was six times larger than that of the Rayleigh wave for the 

same polyimide thickness and phase velocity [337]. 

  

He et al. described flexible SAW humidity sensors based on ZnO thin film on a polyimide 

substrate where ZnO was used as a moisture-sensitive layer. The sensor showed the highest 

sensitivity of 34.7 kHz/10%%RH at 80%RH at a central frequency of 132.1 MHz. However, 

the sensitivity dropped as the resonant frequency decreased. However, it was suggested that 

the nonlinear behaviour of the sensor could have resulted from the contact angle (between 

20o–70o) of the ZnO surface and the absorption of water by the polyimide substrate. As the 

humidity increased, a thin layer of the absorbed moisture may have covered the sensing area, 

and it increased the absorption of more water [338].    

 

The summary of the above SAW based humidity sensors is shown in Table 2.5. 

Table 2.5 Summary of SAW based humidity sensors 

Device structure Resonant 
frequency 

(MHz) 

Frequency 
shift 

(kHz) 

Sensitivity Comments 

Polymer/LiNbO3 30 - 20 m/s per 10%RH Linear from 
40% to 80% 

Polymer/Quartz 433 7.5 -0.4 kHz per %RH In the range of 
11% - 97% 

ZnO/LiTaO3 - 65  - In the range of 
(20% - 87%) 

ZnO/AlN/Si 125 160 - In the range of 
(10% - 90%) 

ZnO NRs/AlN/Si 123.5 750 - In the range of 
(10% - 90%) 

Graphene oxide 
/AlN/Si 

392 - 182.51 kHz per %RH In the range of 
(90% - 95%) 
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Graphene oxide 
/ZnO/glass 

225 - 265.18 kHz per 5%RH In the range of 
(0.5% - 85%) 

Graphene oxide 
/ZnO/polyimide 

150 
395 

- 145.83 ppm per %RH 
89.35 ppm per %RH 

At 85%RH 

Polyimide/ZnO/Si3N4 8.4 - 0.725 kHz per %RH In the range of 
(20% - 60%) 

Flexible 
ZnO/polyimide 

132.1 - 34.7 kHz per 10%RH In the range of 
(5% - 87%) 

 

 

2.5.4 SAW-based breath sensing  

Breathing is a vital physiological function in keeping human and other living organisms alive. 

The breathing process involves bringing air containing oxygen from the atmosphere into the 

lungs by inhalation so that gas exchange can take place, and this is followed by the exhalation 

of the air containing carbon dioxide out of the lung. Breathing in the respiratory cycle 

includes the entire process from inhalation to exhalation. The respiratory rate has been 

considered to be an important vital sign that provides fundamental information about some 

severe illnesses. 

 

Meanwhile, the tidal volume is the amount of air inhaled in one breath, and both processes 

play a crucial role in the metabolism of the human body [339]. The regular or quiet 

respiratory rate of healthy adults is between 12 to 20 breaths per minutes (bpm) and breathing 

below this range is called slow breathing or bradypnea while breathing at a higher rate is 

called fast breathing or tachypnoea. Several types of breath sensors have been developed for 

the monitoring of respiratory rate and apnoea (cessation of breathing) detection. These 

sensors can be divided into two main groups; contact devices that make direct contact with 

the human body, and non-contact devices that include radar (Doppler) and optically based 

respiratory rate monitoring [340].  

 

The mechanisms by which the contact-based sensors use to measure the breathing rate are 

categorised according to the place in the body where the sensor is positioned. Respiratory 
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transducers can use airflow, or the temperature, humidity, or components of air, chest wall 

movement and respiratory sounds to detect breathing rates and patterns [339]. Therefore, 

various respiratory sensors have been investigated for breath detection. For example, there 

is a graphene-based resistive sensor for humidity sensing [341], chest wall and abdominal 

movement detectors that include capacitive, magnetometry, strain, and piezoresistive 

sensors [342-347], and bio-acoustic sensors which detect the sound of the airflow [348]. 

Sezen et al. reported the development of a MEMS microphone for the detection of breath 

sounds, and this was integrated with a SAW device for wireless telemetry [349].   

 

Selyanchyn et al. described a QCM-based breath sensor which detects changes in humidity 

on the sensor surface. The QCM was coated with a moisture-sensitive layer of porphyrins 

and was fixed in a chamber to which the breath outlet of a face mask was connected. The 

proposed sensor exhibited excellent performance in detecting respiratory rate in various 

dynamic breath patterns [350].  

 

Jin et al. developed a flexible SAW-based respiratory sensor for the detection of sleep apnoea 

syndrome. The sensor was fabricated by depositing ZnO thin film on polyimide (PI) 

substrate, and it had a central frequency of 170.94 MHz. Also, a LiNbO3 based-SAW sensor 

with an operating frequency of 436.5 MHz was made for comparison purposes. The sensors 

were placed on the upper lip below the nose where they were exposed to exhaled air, and the 

breath rate was monitored in forms of changes in humidity. The evaluation showed that the 

sensitivity of the flexible ZnO/PI sensor was 2.7 MHz/50%RH, while it was only 0.36 

MHz/50%RH for the other sensor. Both sensors exhibited excellent repeatability for 

breathing and apnoea detection [351].   

 

The previous studies which used polymer substrates suffered from issues such as poor film 

quality and acoustic wave attenuation. Besides, those devices based on ZnO thin film on 
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aluminium foil have not been investigated for sensing applications.  Thus, ZnO thin film on 

commercial aluminium foil is proposed for the development of flexible sensors for 

temperature, UV light, and humidity as well as breathing detection. A finite element analysis 

(FEA) was carried out and discussed in the next section.  

 

2.6 Summary 

The piezoelectric effect occurs when electric charges are observed as a result of the 

application of mechanical stress. The piezoelectric material has to possess a spontaneous 

polarisation to exhibit piezoelectricity. There are two main types of piezoelectric materials, 

the naturally occurring such as quartz and synthetic material such as ceramics. However, 

ZnO thin film has been widely used as a piezoelectric material due to its excellent piezo-

electrical, semiconducting, and optical properties.  

ZnO possesses a large exciton binding energy of ~60 meV at room temperature and bandgap 

energy of ~3.4 eV as well as excellent piezoelectric properties. Besides, it is considered to 

be safe to human and environmentally. Moreover, ZnO thin films and nanostructures can be 

grown in various substrate using different techniques. ZnO thin based acoustic devices have 

been developed and exploited in various sensing applications. The demand for flexible and 

bendable microsystems, including SAW devices for wearable applications have been 

substantially increased. Polymers offer a solution for the development of flexible SAW 

devices, but they cause substantial acoustic attenuation, and they exhibit thermal and lattice 

mismatching with ZnO thin film.  

Aluminium foil was proposed in the literature as an alternative substrate to polymer, and it 

has been used to develop flexible SAW devices and ultrasonic transducer. However, this 

type of SAW devices has not been utilised in any sensing applications. 
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Thus, to overcome this gap, flexible SAW devices based on ZnO thin film on commercial 

aluminium foil are proposed to perform sensing of temperature, humidity, and UV light and 

for the detection of breathing rate and apnoea. The design of IDTs was selected based on the 

literature to excite Lamb wave modes. Next chapter is the experimental methodology which 

discussing the fabrication process and set up for each sensing parameters.    
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Chapter Three  

3.Experimental methodology 

 

3.1 ZnO thin film deposition and characterisation 

ZnO thin film was deposited on aluminium foil using the physical vapour deposition (PVD) 

technique. A direct current (DC) reactive magnetron sputtering system (Nordiko) with two 

rectangular zinc targets of 99.99% purity was used for the deposition process to produce 

films with high quality as shown in Figure 3.1. A commercial aluminium foil roll of 50 µm 

thickness was used as the substrate for ZnO thin film deposition. The foil was cut into small 

pieces of 10 × 10 cm which was fixed on glass wafers before being put onto the sputtering 

machine holders. Some foil samples were attached to the holders with Kapton taps, as shown 

in Figure 3.1b, and they were cut using scissors after the deposition into small pieces for the 

lithography process. The surface of the foil was cleaned with acetone followed by ethanol, 

and then it was rinsed with deionised (DI) water and dried with nitrogen. 

  
Figure 3.1 Nordiko sputtering system, a) the machine control panel and chamber, and b) the 

rotary cylinder-type holder inside the chamber where aluminium foil samples are fixed 
 

The chamber of the sputtering machine has a large rotary cylinder-type holder in the middle 

where six holders with aluminium foil samples were placed at a distance of 20 cm from the 

targets. The holder was rotated at a speed of 4 rpm. A few glass slide samples were also 

added for characterisation purposes. The vacuum pump was turned on, and a chamber 

pressure of ~3.75 mTorr was maintained during the deposition process. A pre-deposition 

cleaning process was performed for five minutes by applying a forward bias of radio 
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frequency (RF) power of 200 watts, and a reverse power of zero watts. The argon (Ar) gas 

flow rate was ten sccm (standard cubic centimetre per minute).  

The deposition process was performed by flowing the oxygen gas into the chamber to oxidise 

the zinc metal to form the ZnO compound. The parameters of the process were optimised by 

biasing the two zinc targets with a DC power of 400 watts and varying the flow rates of Ar 

gas from 3-8 sccm and O2 from 5-15 sccm. The optimal parameters for deposition were 

selected based on film quality and the desired thickness. Film structure, crystallinity and 

thickness were evaluated after the deposition, and the parameters were adjusted according 

to the results of film characterisation. Therefore, the final deposition parameters were 

adjusted by setting the flow rate of Ar gas to 6.5 sccm, and of O2 to 13.0 sccm, with the DC 

bias power kept of 400 watts. There was no intentional heating of the substrate, and the 

maximum monitored temperature throughout the deposition process reached 55 oC. Hence, 

the deposition rate achieved was about ~0.3 µm/hour and the total deposition period lasted 

for 15 to 18 hours. Figure 3.2 shows a sample of as-deposited ZnO thin film on aluminium 

foil fixed on a glass wafer. 

 
Figure 3.2 as-deposited ZnO thin film on aluminium foil. The 

sample is fixed on a glass wafer 

 

ZnO thin film was characterised using a scanning electron microscope (SEM) for surface 

morphology and cross-section. The film structure, orientation and crystallinity were 

characterised using XRD analysis. The surface roughness of the deposited ZnO thin film on 

aluminium foil was characterised using AFM. 
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3.2 Surface acoustic wave device fabrication and frequency response 

characterisation 

The ZnO thin film-based SAW device on flexible aluminium foil substrate was fabricated 

using conventional lithography and lift-off processes as illustrated in Figure 3.3.  

 
Figure 3.3 The fabrication process of IDTs using lithography and lift-off methods 

 

The samples were prepared for IDT patterning and fabrication by cutting the foil into small 

pieces and fixing them over glass wafers. However, some foil samples were mounted onto 

glass wafers before ZnO deposition, and they were used directly for the lithography process. 

The samples were cleaned using acetone, ethanol, and DI water, and dried with nitrogen gas. 

A positive photoresist S1813 from Rohm and Haas Company was spin-coated onto the 

surface of the ZnO/Al-foil samples, and it was spun using a Laurell 650M spin coater. The 

initial rotational speed was 10 rpm for 10 seconds, followed by a constant acceleration rate 

of 3,700 rpm for 60 seconds. The samples were placed on a hot plate for soft baking where 

the temperature was increased to 95 oC for a longer time of 10 minutes compared to the 

standard baking time because the glass wafer is acted as a barrier to heat transfer from the 

hot plate to the substrate. An exposure dose of 90 mJ was applied to the samples using an 

EVG620 mask aligner followed by immersing them in MF319 developer solution for 1 

minute to develop the S1813 photoresist. The samples were rinsed with DI water and dried 

using filtered dry nitrogen.  
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Two different masks were used to pattern the IDTs: mask (A) and mask (B) as shown in 

Figure 3.4a and 3.4b, respectively.  

(a)  Mask (A) (b)  Mask (B) 

  
 

Figure 3.4 The design and configuration of IDTs in two different layouts  a) mask (A); b) mask (B) 

 

The basics of IDT design were discussed in section 2.4.2. Mask (A) has a dimension of 4 × 

4 inches, and it consists of four pairs of SAW devices with wavelengths of 100 µm, 200 µm, 

300 µm and 400 µm. The IDTs have a bidirectional design with an aperture width of 12 mm 

and a delay line distance of 28 mm. The complete specifications of the mask (A) are 

summarised in Table 3.1. 

Table 3.1 Specifications of the IDTs of mask (A) 

Device Wavelength 
λ (µm) 

Number of 
IDTs (mm) 

Aperture 
width (mm) 

Delay 
line 

(mm) 

IDTs type 

1 100 337 12 28 Bidirectional  
2 200 166 12 28 Bidirectional 
3 300 110 12 28 Bidirectional 
4 400 84 12 28 Bidirectional 

 

Each device in the mask (A) occupies an area of 17 × 12.7 mm for the single port IDTs, and 

the total area of a single pair of devices including the delay line region is 62 x 12.7 mm. On 

the other hand, the devices in the mask (B) have a smaller area, where the largest dimensions 



65 

of the single port IDTs is 7 × 9 mm for the device with a wavelength of 160 µm and the size 

of a single pair of the devices is 19 × 9 mm. The delay line region has a length of 5 mm 

which is 5.6 times less than that of the mask (A), and this will reduce the return loss of the 

acoustic wave during propagation in the two-port device configuration. 

The transferrable IDT patterns inside the 4-inch area of the mask (B) have three design 

wavelengths of 160 µm, 100 µm and 64 µm. Besides, other IDT patterns at the edges of the 

mask have design wavelengths of 32 µm, 40 µm, 80 µm, 100 µm and 200 µm. The IDT was 

designed in two types: single-phase unidirectional transducers (SPUDTs) and bidirectional 

structures. Table 3.2 shows the full specifications of the SAW devices and the IDT types in 

the designed mask. 

Table 3.2 The specifications of the IDTs of mask (B) 

Device Wavelength 
λ (µm) 

Number 
IDTs  

Number of 
reflectors 

Aperture 
width (mm) 

Delay 
line 

(mm) 

IDTs type 

1 160 70 - 8 5 Bidirectional  
2 100 100 - 8 5 Bidirectional 
3 64 70 70 8 5 SPUDT 
4 160 100 - 8 5 SPUDT 
5 100 140 - 8 5 SPUDT 
6 64 200 - 8 5 SPUDT 
7 32 100 - 6 5 Bidirectional 
8 100 50 50 6 5 SPUDT 
9 40 100 100 6 5 SPUDT 

10 200 50 - 8 5 Bidirectional 
11 40 135 - 8 5 Bidirectional 
12 80 30 30 8 5 Bidirectional 

 

The surface of the substrate (aluminium foil) is very rough, and it contains scratches that 

influence the patterning process. Therefore, the developed structures of the IDT patterns 

were checked under an optical microscope for any defects before metallisation. The 

Moorfield electron beam evaporation cluster system with a base pressure of ~2.0 E-7 mbar 

was used to deposit 80 nm of a chromium layer and 120 nm of gold. Then the samples were 

placed in a water tank and soaked in an acetone solution for a few minutes before conducting 
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a lift-off using an ultrasonic bath. However, extra mechanical rubbing with acetone was 

performed over the IDT patterns to remove unstripped photoresists where they had stuck in 

deep scratches. Finally, the samples were rinsed using ethanol and DI water and dried with 

nitrogen. Figures 3.5a and 3.5b show SAW devices after IDTs patterning using masks (A) 

and (B), respectively. 

(a) (b) 

 

 
 

Figure 3.5 Examples of fabricated SAW devices using a) mask (A) and b) mask (B) 
 

The minimum linewidth (the minimum line or space that can be resolved) of the IDT is equal 

to 25 μm for the device of wavelength of 100 μm which is considered to be large for 

lithography process compared to CMOS fabrication (the minimum linewidth is a nanoscale). 

However, the non-uniform and high surface roughness (~261.1 nm) and the existence of 

defects (e.g. scratches) on the surface of aluminium foil influence the yield of fabrication, 

increase IDTs defects (e.g. damage of IDT) and tolerance. This cannot be predicted or 

avoided due to the random defects and non-uniform roughness of the surface of aluminium 

foil. Therefore, the samples were examined under optical microscope for any apparent 

defects in the IDTs before performing metallisation which improves the yield of fabrication 

and produce SAW devices with good acoustic signal.   

 

The frequency spectra of the SAW devices were characterised using a vector network 

analyser (Agilent E5061B) and a Keysight N9913A Fieldfox handheld analyser. The S-
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parameters of each SAW device, the insertion loss of the reflection (S11) and the return loss 

of the transmission (S21) signals were recorded. The various resonant frequencies and Lamb 

wave vibration modes were identified and compared with simulation results. 

 

3.3 Nanorods growth and characterisation 

The SAW device with a wavelength of 160 µm was selected to grow the ZnO nanorods 

between the delay line regions using the hydrothermal technique. The process was conducted 

by growing the nanorods on the top of the thin film without depositing an insulating layer or 

a seed layer. A precursor solution with a concentration of 60 mM was prepared in a large 

flask by adding 11.36 mg of zinc nitrate powder (Zn(NO3)2, ≥ 99.0% purity, molar mass 

189.36 g/mol) from Sigma-Aldrich to one litre of DI water. The solution was further diluted 

to a final concentration of 25 mM, and it was kept in a sealed container, as shown in Figure 

3.6. The pH value of this solution was adjusted to 10.3 by adding drops of ammonium 

hydroxide (NH4OH, ≥ 99.99%) obtained from Sigma Aldrich, and the pH was monitored 

using a pH meter. 

 
Figure 3.6 Experimental set-up for ZnO nanorods growth by hydrothermal process 

 

This method was modified from the standard hydrothermal process mentioned in the 

literature by which no other materials such as methenamine were added to the solution. The 

SAW device was suspended upside down on the surface of the solution where the ZnO thin 
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film was in contact with the solution, and the IDTs were covered by Kapton tape. The 

container was placed in a fume cupboard and connected to a water bath heater where the 

temperature was set at 85 oC, and the device was kept in the solution for 4 hours before being 

rinsed with DI water to remove any reaction residue.  

Furthermore, another SAW device with a wavelength of 160 µm was prepared for nanorods 

growth by depositing an isolation layer of 150 nm silicon dioxide (SiO2) on the surface of 

ZnO thin film using plasma-enhanced CVD method. The importance of this layer is to 

separate ZnO thin film from nanorods. A seed layer of 30 nm of ZnO was further deposited 

on the SiO2 layer to act as nucleation sites for growing ZnO nanorods. 

The surface morphology and cross-section of the grown nanorods were characterised using 

SEM. The frequency spectra of the SAW device before and after growing the nanorods were 

obtained by recording the S21 signal using the network analyser. 

 

3.4 Temperature sensing using flexible ZnO thin film-based SAW device 

The flexible ZnO thin film-based SAW devices with the wavelengths of 100 µm, 160 µm, 

200 µm, 300 µm and 400 µm were investigated for temperature sensing. They were mounted 

on a printed circuit board (PCB) in a flat and bent position. The pads of the devices were 

connected by thin copper wires using the silver paste, as shown in Figure 3.7. 

 
Figure 3.7 SAW device with a wavelength of 160 μm 

mounted on a PCB in a flat position  
 

The acoustic signals (Lamb waves) were excited using the vector network analyser. The 

antisymmetric and symmetric zero ordered vibration modes were characterised and 

identified based on the simulation results discussed in section 4.4. The devices were placed 
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inside a closed oven (Carbolite), and they were connected to the network analyser that was 

controlled by LabVIEW software, as shown in Figure 3.8. The oven has a built-in fan to 

assist in air circulation and to distribute the heat homogeneously inside the oven. A digital 

temperature sensor (SHT71) from Sensirion was attached to the SAW devices to monitor 

changes in temperature at the surface of the device. 

 
Figure 3.8 Schematic of experimental set-up for sensing temperature in equilibrium condition 

 

The TCF values of the A0 and S0 vibration modes of the SAW devices of various 

wavelengths were calculated using equation 2.36. The initial temperature (Tinitial) and 

resonant frequency (finitial) were recorded before the temperature was increased. The 

temperature was controlled by adjusting the set point of the digital controller of the oven 

where it started to rise until it reached the pre-set point and then held this value. The values 

of final resonant frequency (ffinal) and temperature (Tfinal) were subsequently obtained in the 

equilibrium condition state when the temperature was stable at this value, implying that no 

further heat transfer occurred. The actual changes in temperature and resonant frequency 

were calculated using the following relationships:  

 ∆r �  r�#�x& −  r#�#�#x&  (3.1) 

 ∆a �  a�#�x& −  a#�#�#x&   (3.2) 
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Those calculated values were substituted in equation 2.36 to find the TCF values for each 

device at various vibration modes. 

Furthermore, the real-time responses of the devices were examined by adjusting the pre-set 

point of the temperature to 50 oC. Then, the temperature was slowly increased until it reached 

the set-point, which decreased to the original value after it had been held at the maximum 

point for a few minutes. The changes in resonant frequency and temperature were recorded 

at the same time for the whole cycle when the temperature was increasing, stable and 

decreasing.  The resonant frequency was initially obtained for three minutes before the 

temperature was increased in order to eliminate any external factors that may have 

influenced the measurements of frequency.  

The SAW device with a wavelength of 400 µm was selected for real-time investigation in 

the bent-down position because it exhibits the highest TCF value among all of the devices, 

as shown in Figure 3.9. Similarly, the resonant frequency was recorded at the same time 

when the temperature was increasing to 50 oC and decreasing back to the original value for 

one cycle. 

 

Figure 3.9 SAW device with a wavelength of 400 μm mounted on PCB 
in a bent-down position. The radius of curvature is 5 mm. 

 

The temperature sensing in the in-situ condition was also carried out using a Peltier system 

and selecting two SAW devices with wavelengths 160 µm and 200 µm. These devices have 

a different structure of IDTs, and they were attached to the surface of the Peltier plate using 

highly thermally conductive silicone grease obtained from the Farnell Company. The Peltier 

system was controlled manually by adjusting the input voltage of a DC power supply. A 

double-pole switch was used to change the input polarity of the Peltier system, allowing one 
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side to heat up and the other side to cool down. Hence, the temperature of the top plate where 

the SAW device was placed, was increased, or decreased quickly without changing the input 

voltage that was fixed at 5 V. The reference sensor (SHT71) was attached to the surface of 

the SAW devices to measure their actual temperature as shown in Figure 3.10. 

 

Figure 3.10 SAW device fixed on a Peltier plate in a flat position for 
sensing of temperature in in-situ condition 

  

The changes in resonant frequency and the corresponding values of temperature were 

recorded simultaneously, and the TCFs for both devices were calculated accordingly for the 

A0 and S0 vibration modes. Likewise, the real-time response of the SAW devices was 

obtained by setting the input voltage to about 15 V, allowing the temperature to increase 

quickly to ~55-60 oC within 15 seconds. Then, the temperature was decreased by switching 

the polarity of the input voltage using the double-pole switch to let the upper surface of the 

Peltier system to cool down quickly.  

 

The device with the wavelength of 160 µm was selected for flexible sensing by obtaining 

the frequency response to temperature change for one cycle when the device was placed in 

bent-up position using a semi-circular metal holder with a radius of 10 mm as shown in 

Figure 3.11. The metal holder was attached to the surface of the Peltier system with silicone 

grease. 
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Figure 3.11 SAW device fixed on a Peltier plate in bent-up position for sensing of 
temperature in in-situ condition. The radius of curvature is 10 mm.  

 

The real-time cycling response was further investigated for both devices in a flat position by 

setting the input voltage of the Peltier system to 5 V, and the input polarity was changed to 

heat up and cool down the surface of the Peltier plate over five cycles. The cycling response 

of the device with a wavelength of 160 µm was also obtained when the device was placed 

in a bent-up position. 

 

3.5 Ultraviolet (UV) sensing using flexible ZnO thin film-based SAW 

device 

The flexible SAW devices based on ZnO thin film on the aluminium foil substrate with 

wavelengths of 200 µm and 160 µm were selected for a study of their performance as UV 

light sensors. The ZnO nanorods were further grown on the delay line region of the SAW 

device with a wavelength of 160 µm using the hydrothermal process mentioned in section 

3.3. The frequency spectra of the SAW devices were characterised using the handheld 

network analyser for both the reflection (S11) and transmission (S21) signals.  

Two types of UV light-emitting diode (LED) systems were used as UV light sources: the 

CS2010 from Thorlabs and BlueWave LED DX-1000 from Dymax. Both sources have 

adjustable exposure times and intensities. However, the CS2010 source has an output 

wavelength of 365 nm, and it was used to deliver the low UV intensities (low power source) 
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since it has a minimum value of 25 mW/cm2 at a source-to-sample distance of 20 mm. On 

the other hand, the output wavelength of the DX-1000 is 385 nm, and it was exploited to 

deliver high UV light intensity levels (high power source) as the minimum exposure intensity 

is 1.4 W/cm2 at 25.4 mm.  

The SAW devices were kept at a fixed distance of 60 mm from the CS2010 UV light source, 

and at 100 mm from the DX-1000 LED source. The UV light intensity in both sources is 

controlled by a knob that delivers the UV light in percentage levels from 1.0 to 100 % in 

steps of 1%. Therefore, an external photodiode power sensor (Thorlabs S120VC) was used 

to measure the corresponding surface power density in Watts per centimetre squared (W/cm2) 

at each percentage level. Thus, the actual UV light intensities delivered while the devices 

were placed at the fixed distance and position were obtained. 

The changes in temperature of the SAW device due to exposure to UV light were monitored 

by fixing the digital sensor SHT71 on the surface of the device. The Sensirion EK-H4 viewer 

software connected to the sensor interface via a USB cable was used to record real-time 

variations in temperature during UV light irradiation. The SAW device was fixed in flat, 

bent-up and bent-down positions with a bending radius of 10 mm, as shown in Figure 3.12. 

 
Figure 3.12 Schematic of the experimental set-up for UV light sensing while the 

devices were placed in flat, bent-up and bent-down positions 

  

The changes in the electrical conductivity of the ZnO thin film as a result of exposure to UV 

light was also investigated. The current-voltage (I-V) characteristic curve was obtained for 
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the ZnO film using a Keithley 2400 source meter. Two probes were connected to the IDT 

pads, and the current was measured by sweeping the voltage from 0-10 V. A LabVIEW 

software application was used to control the source meter and record the measurements. In 

addition, the ZnO thin film-based SAW devices were placed at the fixed distances from the 

two UV light sources and the current induced was measured at different intensities of UV 

light exposure by sweeping the voltage from 0 to 5 V. 

The frequency response of the flexible SAW devices to UV light irradiation was obtained 

using the reflection (S11) signal while the devices were kept in a flat position using the two 

UV power sources. The Keysight N9913A vector network analyser was used to characterise 

the resonant frequencies of the SAW devices. The network analyser was controlled by a 

LabVIEW based software application through a network cable.  

The frequency response and the temperature of the SAW device were recorded 

simultaneously at different UV light intensities. The measurements were obtained initially 

when the UV light was switched off for 20 seconds in order to check the stability of the 

sensors against environmental factors. Then, the recordings were continued when the UV 

light was turned on for 20 seconds and when the UV light was switched off again for another 

20 seconds, thus giving a one-minute cycle. 

The UV light sensing performance of the two flexible SAW devices with wavelengths of 

160 µm and 200 µm was then studied for different vibration modes and various UV light 

intensities. The frequency shifts resulting from the exposure to UV light was measured. The 

real-time cycling response of the SAW devices was also investigated by adjusting the UV 

light intensities to 16 mW/cm2 and 240 mW/cm2 when the low and high-power UV light 

sources were used, respectively. The frequency responses of the A0 modes of both devices 

were recorded for five cycles by switching the UV light on for 20 seconds and switched it 

off for 20 seconds. 
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The frequency responses of the two SAW devices to UV irradiation were obtained when the 

devices were placed in a bent-up and bent-down positions with a curvature radii 10 mm. The 

low-power UV light source was only used to study the sensing performance of the devices 

in a flexible position since the UV irradiation of the high-power source led to significantly 

increased temperature. The frequency shift was obtained in the one-minute cycle for 

different vibration modes in both bent positions at various UV light intensities. The real-

time cycling responses of the bent devices were also investigated by setting the UV light 

intensity to 16 mW/cm2 for five cycles. The SAW device of wavelength 160 µm was further 

investigated for UV light sensing by considering the S21 signal to determine the resonant 

frequency before and after the nanorods were grown. The frequency shift of the different 

vibration modes was obtained when the device was placed in the flat position, and it was 

irradiated by the low-power UV light source. The cycling response was also obtained by 

recording the frequency shift of the A0 mode when the nanorods-enhanced SAW device was 

exposed to 16 mW/cm2 of UV light irradiation for five cycles.  

 

3.6 Humidity, breath, and apnoea detection using the flexible ZnO thin 

film-based SAW device 

The flexible SAW device with a wavelength of 160 µm was further investigated as a 

humidity sensor. The frequency response of the device was characterised using the handheld 

network analyser, and the vibration modes were identified based on the simulation results, 

as mentioned earlier. The humidity chamber was designed using SolidWorks software, and 

it was made by the 3D printing facility. The chamber has a cylindrical shape with a radius 

of 50 mm and a height of 150 mm, as shown in Figure 3.13. 
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Figure 3.13 3D printed cylindrical shaped chamber 

for humidity sensing 
  

Besides, it has two small holes in the base and top covers; one to introduce the dry nitrogen 

gas into the chamber and the other one to act as an outlet for the gas. The humidity set-up 

consists of two large bottles, one of them was filled with deionised (DI) water, and a central 

source of dry nitrogen as well as two flow meters connected to the bottles which can be 

adjusted either electrically or manually as seen in Figure 3.14. 

 
Figure 3.14 Schematic of the experimental set-up of humidity sensing 

 

The humidity inside the chamber was controlled by adjusting the flow rate of the nitrogen 

gas that passed through the bottles carrying the water vapour into the chamber. Relative 

humidity and temperature were measured using the SHT71 reference sensor. The frequency 

response of the device was recorded at the desired value of humidity and when the humidity 

was maintained at a stable level for 2-3 minutes. The dry nitrogen was purged inside the 

chamber until the relative humidity dropped to 1%, and then the humidity was increased to 

90% for several cycles, and corresponding temperature changes were obtained accordingly.  
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The frequency shifts of the various vibration modes were recorded when the relative 

humidity was adjusted to 1%, 20%, 40%, 60%, 80% and 90% using the S11 and S21 signals 

to determine the resonant frequencies. The SAW device was mounted on a particular holder 

in a flat and bent-down position, the radius of the curvature is 50 mm as shown in Figure 

3.15, where the frequency responses to different humidity levels were obtained.  

(a) (b) 

  
 

Figure 3.15 SAW device mounted on holders for humidity sensing in a) flat and b) bent-
down position with curvature radius of 50 mm 

 

The real-time cycling responses was investigated by recording the frequency shift of the 

fundamental (A0 and S0) modes to the changes in relative humidity for five cycles when the 

device was placed in the flat and bent-down positions. Moreover, the cycling response was 

obtained for the nanorods-enhanced SAW device when the humidity was varied over several 

cycles. 

The SAW device was further investigated for the monitoring of respiratory rate and apnoea 

by exposing the device to the exhalation stream. The device was placed at a distance of 50 

mm from the mouth of a volunteer, where the exhaled air flowed in parallel over the device 

to minimise the pressure effect, as shown in Figure 3.16. The SHT71 reference sensor was 

fixed on the top of the SAW device to measure the changes in temperature and humidity due 

to the breathing cycles.  
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Figure 3.16 SAW device fixed in a flat position inside a breath 

chamber for the detection of respiratory rate and apnoea 
 

The volunteer was instructed to breathe in different patterns: regular and healthy, irregular, 

holding a breath (apnoea), and breathing slowly (bradypnea) and quickly (tachypnoea). The 

normal respiratory rate is defined when the number of the breaths per minute is 12 to 20 

breaths/min while resting. Therefore, breathing below this range is considered to be 

bradypnea, and tachypnoea when it is above the normal range.   

Thus, the frequency responses of the fundamental (A0 and S0) Lamb wave modes were 

recorded using the handheld network analyser, and the respiratory rate was counted manually 

when the volunteer was breathing. The performance of the SAW device in detecting 

respiratory rate and apnoea for various breath patterns was investigated when the device was 

placed in the flat and bent positions. The frequency response of the SAW device with the 

grown nanorods was further studied to show enhancement in breathing monitoring, and the 

results were compared with those for the SAW device without nanorods. 

 

3.7 Finite element analysis of SAW device based on ZnO thin film on 

aluminium foil 

SAW device based on ZnO thin film on aluminium foil has a double layer structure which 

Lamb waves are excited when the wavelength is the designed to be much larger than the 

thickness of the two layers. Thus, finite element analysis was exploited using COMSOL 

software to predict the eigen-frequency values and vibration modes patterns for the proposed 

SAW devices with five different wavelengths. The simulation was performed by 
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investigating the mechanical displacement occurring as a result of the application of an 

electrical potential to the piezoelectric material (ZnO) in a two-dimensional (2D) model as 

shown in Figure 3.17 [112, 113]. 

 
Figure 3.17 Geometry of a 2D cross-sectional model of ZnO thin film on aluminium foil 

The geometry of the 2D model consists of a double layer structure of ZnO and aluminium 

materials, and their heights are equal to 5 μm and 50 μm, respectively. The width of the 

model represents one wavelength (λ) which is varied according to the different designed 

wavelengths (100 μm, 160 μm, 200 μm, 300 μm, 400 μm). Gold material was assigned to 

one pair of IDTs, and infinite boundary conditions were applied.  

The propagation of the acoustic wave in a piezoelectric material is represented by the 

relationship between stress, strain, and electric field and displacement given by the following 

equations [113] : 

 r#$ �  �#$%&� E%& �  �#$%I% (3.3) 

 T# �  �#$%E%& �  	#%q I% (3.4) 

where T is the stress tensor, CE is the elastic matrix (N/m2) on constant electric displacement 

condition, S is the strain tensor, e is the piezoelectric coupling constant matrix (C/m2), E is 

the vector of electric field, D is the vector of electrical displacement (C/m2), and ε is the 

permittivity matrix (F/m) on strain constant condition.   
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Thus, the electric potential (V) and the displacement (u) in the direction (x) can be obtained 

by solving the Newton and Maxwell equations related to  formulas 3.3, and 3.4 and the 

solutions are given in the following equations [112]:  

 � �#$%&�  ��8&��$��% +  � �%#$  ��n��$��% �  6 ��8#�@�$%#$%  (3.5) 

 � �$%&  ��8&��$��% −  � 	$%y  ��n��$��% � 0$%%&  
(3.6) 

where i, j, k, l = 1, 2, and 3 and ρ is the density.  

A polarisation voltage value of 1 V is assigned to one of the gold electrodes, while the other 

is assigned to be ground. A zero charge/symmetry is applied to the top surface, and all the 

boundaries are considered to be stress-free since the device is designed to operate in Lamb 

wave modes. A periodic boundary condition was also applied to the left and right boundaries.  

The model was meshed using extra fine triangular mode, as shown in Figure 3.18.   

 

Figure 3.18 Image of the meshed 2D cross-sectional model of the ZnO thin 
film-based SAW device 

 

The structure of ZnO thin film is considered to have c-axis orientation with in-plane isotropic 

and ideal material properties. The material parameters of ZnO thin film and aluminium, 

which are used in the simulation, are summarised in Table 3.3.  
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Table 3.3 The parameters of ZnO thin film and aluminium that used in the simulation [1]   

Material Young’s 
modulus  

Y (GPa) 

Poisson’s 
ratio υ 

Piezoelectric 
constant e33 (c/m2) 

 

Relative 
dielectric 
constant 

ε 

Density ρ 
(kg/m3) 

ZnO 120 0.44 1.32 10.204 5680  

Al 70 0.35 - - 2700 
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Chapter Four                                                                                        

4.ZnO thin film and flexible SAW device characterisation 

 

4.1 Introduction  

ZnO thin film is deposited on aluminium foil using a DC magnetron sputtering system ready 

with high purity Zn targets. Besides, ZnO nanorods are grown on the surface of the λ=160 

μm device using the hydrothermal technique. A high-quality ZnO thin film is obtained by 

optimising process parameters such as bias voltage and gas flow rates. The piezoelectric 

properties are highly associated with the structure and orientation of ZnO thin film 

crystallites as well as the adhesion with aluminium substrate. Therefore, surface morphology 

and cross-section of the ZnO thin film and nanorods are characterised by SEM. XRD rocking 

curve is also obtained, which shows the structure, orientation, and crystallinity of the thin 

film. AFM results of surface roughness are important due to their effect on acoustic wave 

propagation and attenuation.  

Furthermore, the frequency responses of ZnO thin film-based SAW devices are 

characterised in various flat, bent-up and bent-down positions. Bending the devices causes 

resonant frequency shift due to the strain and the defects generated in the thin film. The 

resonant frequencies are obtained, and the various vibration modes are identified based on 

the eigen-frequencies predicted from simulation results.   

However, the surface of commercial aluminium foil possesses high roughness as well as has 

several defects and scratches which influences the fabrication of the IDTs, and hence the 

quality of the acoustic wave.    
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4.2 Characterisation of the ZnO thin film on aluminium foils substrate  

The SEM topographical image of the ZnO thin film on aluminium foil is shown in Figure 

4.1. The surface morphology of the deposited film showed a dense granular pattern 

composed of large ZnO grain-like structures with an average diameter of ~350 nm. The film 

was compact and did not show any apparent defects or significant cracks on the surface.  

 
Figure 4.1 SEM surface topographical image of the ZnO thin film deposited on 

aluminium foil substrate using DC reactive magnetron sputtering 

 

Figure 4.2 shows an SEM cross-sectional image of the ZnO thin film on the aluminium foil 

substrate. It shows that the ZnO film has a thickness of about ~8.5 µm, and it was vertically 

aligned in highly oriented columnar structures of nanocrystals perpendicular to the 

aluminium substrate. However, the sample was mechanically torn by hand for the cross-

sectional image to avoid any severe damage to the film at the edge to be scanned. Therefore, 

the image does show some cracks and defects.  
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Figure 4.2 SEM cross-section image showing the ZnO thin film deposited 

on an aluminium foil substrate 

 

The AFM image of a scanned area of 100 × 100 µm reveals that the surface texture of the 

ZnO film-based device was irregular, rugged, and curled, as shown in Figure 4.3. There are 

mechanical grinding patterns formed during the foil fabrication process. Further analysis 

showed that the root-mean-squared (RMS) value of the surface roughness (Rq) is 261.1 nm. 

This value is considerably high compared to the ZnO thin films deposited on rigid and 

smooth substrates such as silicon and glass. The values of RMS roughness reported for this 

type of substrates using sputtering method were in the range of less than a nanometre to 75 

nm [16, 111, 153]. This can be mainly attributed to the use of a thin commercial aluminium 

foil as a substrate which is expected to have a non-homogeneous surface with defects and 

irregularities.  

 
Figure 4.3 AFM image of the ZnO thin film deposited on an aluminium foil substrate 
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Therefore, the texture of the ZnO film is non-uniform as it conforms to the surface of the 

aluminium foil substrate, and this directly influences the characteristics of the excited 

acoustic waves and the overall performance of the ZnO thin film surface acoustic wave-

based sensors.  

 

The ZnO thin film was further characterised using XRD to study the film’s crystallinity, and 

the results are shown in Figure 4.4. The XRD analysis reveals that there is a sharp peak at a 

diffraction angle (2θ) of 34.2o corresponding to the orientation of the ZnO crystals in the 

(0002) plane along the c-axis and perpendicular to the substrate. The angle is slightly lower 

than that of the ZnO bulk as obtained from the XRD JCPDS card #75-1533 where the 2θ0 

value is ~34.29 o. This shift in diffraction angle is primarily due to the intrinsic or residual 

film stress that is resulted from defects generated during the deposition process. The intrinsic 

stress was estimated using equation 2.22, where Young’s modulus (Y) and the Poisson ratio 

(ν) of the bulk ZnO were considered to be 124 GPa and 0.3 respectively [241]. The film 

possessed a relatively lower compressive stress of -0.52 GPa compared to the non-annealed 

samples mentioned in a previous study [276]. This could be due to the elastic and flexible 

nature of the aluminium foil substrate that relieves some of the residual stress of the 

deposited film.  

 
Figure 4.4 XRD analysis of the ZnO thin film deposited on an 

aluminium foil substrate. 
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The full-width half maximum (FWHM) value of the diffraction angle of 34.2o is 0.31o (5.41 

mRad), indicating a small dispersion of the ZnO crystallites around the (0002) plane 

orientation. The mean grain size of the ZnO crystallites at the (0002) peak was estimated 

using Debye-Scherrer’s equation (2.18). The result showed that the average crystallite size 

of the ZnO deposited thin film was 28 nm for the (0002) orientation. This value is 

comparable to those reported in the reference [153], and to that of the annealed sample in 

the reference [276] for high-quality ZnO film.   

 

A very low-intensity peak can also be observed at 2θ of 30.78 o, corresponding to ZnO 

crystals orientation in the (101�0) plane compared to the reference diffraction angle of the 

XRD JCPDS card #75-1533. The estimated texture coefficient (TC %) of the ZnO (0002) 

orientation was calculated using equation 2.17. Results showed that the ZnO crystal 

orientation in (0002) plane was dominant over that of the other texture, with a TC% value 

of 98.5%. 

 

XRD analysis results showed that the grown ZnO film has wurtzite or hexagonal crystalline 

structure with the preferred (0002) plane orientation. This is particularly important for the 

piezoelectric properties and the performance of ZnO thin film-based surface acoustic wave 

devices, as discussed in section 2.3. 

 

Thus, the quality of ZnO thin film is mainly determined by the crystal structure and 

orientation of ZnO crystallites which they should be possessed a wurtzite shape and 

orientation plane of (0002). This structure showed the highest piezoelectric coefficients 

values along the c-axis compared to other crystals structures and orientation. This is 

important for better piezoelectric performance (converting mechanical stress into electrical 

potential) and the quality factor of the generated SAW. The existence of defects such as 

cracks, impurities, and low TC% of the orientation plane of (0002) (e.g. different crystal 
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orientations) have a great impact on film quality, hence the piezoelectric properties. For 

example, they have a negative influence on electromechanical coupling coefficient, 

piezoelectric coefficients, and the generation and propagation of the SAW. The sensing 

performance of the devices depends on the properties of the SAW; therefore, low film quality 

and defects may cause acoustic signal attenuation and low-quality factor and operating 

frequency which eventually decrease sensors sensitivity and performance.     

 

4.3 Characterisation of ZnO nanorods grown on the surface of the ZnO 

thin film-based SAW devices 

The ZnO nanorods were grown on the delay line region of the SAW device with a 

wavelength of 160 µm using the hydrothermal process. The growth process was carried out 

by using a precursor solution of zinc nitrate 25 mM, where the pH was adjusted to 10.3 by 

adding some drops of ammonium hydroxide, and then the solution was heated to 85 oC and 

left for 4 hours. The full experimental method has been discussed in detail in section 3.3. 

Figure 4.5 shows the SEM image of the ZnO NRs that were grown directly over the ZnO 

thin film without depositing an insulating layer between the ZnO thin film and NRs. The 

results showed that the ZnO NRs had coated the whole area with high and uniform densities 

of columnar structures perpendicular to the surface of the ZnO thin film.  The ZnO NRs had 

a similar appearance of the ZnO thin film as there were no apparent gaps between the 

nanorods. Also, they did not possess rod-like shaped nanostructures, and it was difficult to 

distinguish between the ZnO thin film and the grown ZnO NRs. Hence, it was clear that 

growing ZnO NRs directly over the surface of the ZnO thin film resulted in the formation of 

porous ZnO layer instead of actual ZnO NRs. This can be attributed to ZnO thin film which 

provides a high density of active nucleation sites and a suitable surface property such as 

surface roughness and crystallites sizes for growing nanorods. 
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Figure 4.5 SEM topographical image of the ZnO nanorods that grown on the ZnO thin 

film-based SAW device without SiO2 and seed layers 

 

Therefore, the surface of the ZnO thin film was first coated with an insulating layer of silicon 

dioxide (SiO2) with a thickness of 150 nm to separate the ZnO thin film from the nanorods, 

followed by the deposition of a 30 nm of ZnO seed layer to provide the required nucleation 

sites for nanorods. Figure 4.6 shows the SEM topographical image of the ZnO NRs grown 

on the seed layer over the top surface of the ZnO thin film. The SEM morphological image 

revealed that the ZnO NRs exhibited a highly- packed density over the surface of the ZnO 

thin film with a homogenous distribution and no apparent defects. Moreover, the grown ZnO 

NRs can be easily distinguished since they exhibited well-defined rod-like shaped 

nanostructures, and the gaps between the nanorods are clearly noticeable. 

 
Figure 4.6 SEM topographical image of  the ZnO nanorods grown on the ZnO thin 

film with a layer of 150 nm thick SiO2 and a seed layer of 30 nm thick ZnO  
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Furthermore, the ZnO NRs were equal in length, and they were aligned vertically in 

columnar structures perpendicular to the ZnO thin film, as shown in Figure 4.7. The ZnO 

NRs showed excellent adhesion to the substrate, and there were no dislocations or apparent 

defects. The average length and the diameter of the ZnO NRs were 900 nm and 65 nm, 

respectively.   

 
Figure 4.7 SEM cross-section image for the ZnO nanorods grown on the ZnO thin film with 

a layer of 150 nm thick SiO2 and a seed layer of 30 nm thick ZnO 

 

The XRD analysis and the corresponding JCPDS reference cards of the ZnO NRs grown on 

the 30 nm ZnO seed layer and 150 nm SiO2 insulating layer can be seen in Figure 4.8. An 

intense peak is found at a diffraction angle (2θ) of 34.35o corresponding to the ZnO 

orientation in the preferred plane (0002) along the c-axis and perpendicular to the substrate, 

and another peak at 2θ of 31.8o corresponds to the ZnO orientation in the plane (1010) as per 

the XRD JCPDS card# 75-1533.  
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Figure 4.8 XRD analysis of the ZnO NRs grown on the ZnO thin film with a layer of 

150 nm thick SiO2 and a seed layer of 30 nm thick ZnO. The insert shows the 
rescale plot of the peak at 2θ of 21.73o 

 

The peak at 2θ of 34.35o is likely to be a combined peak of ZnO NRs and the ZnO thin film, 

and this reveals that the overall ZnO crystal orientation in the (0002) plane is dominant in 

the whole device structure. However, there is a small peak with very low intensity at 2θ of 

21.73o corresponding to the SiO2 material based on XRD JCPDS card# 52-0650. Besides, 

the aluminium (200) orientation can also be observed at 2θ of 44.85o. 

 

Thus, the ZnO NRs grown on the surface of the ZnO thin film-based SAW devices possess 

the structural properties that are expected to enhance the sensing performance of the device 

because of the high surface-to-volume ratio. 

 

The crystal orientation of ZnO drives the growth of the nanorods in a columnar structure 

which gives the rod-like shaped nanostructures that aligned vertically and perpendicular to 

the ZnO thin film and results in a uniform distribution of the nanorods. Besides, the high 

aspect ratio (small diameter and long length) increases the surface-to-volume ratio as well 

as the spaces between the nanorods that allows the targets (e.g. humidity or photons) to 

penetrate and interact with the nanorods. Therefore, the amount of the targets binding and 

interacting with the nanorods increases which causes enhancement to the detectable signal, 

hence the sensitivity of the SAW sensors. 
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4.4 Eigen-frequency and modes of vibrations based on COMSOL 

simulation 

The eigen-frequency values and vibration modes patterns of the Lamb wave modes were 

evaluated by FEA using COMSOL software, as discussed in section 3.7. Figure 4.9 shows 

an example of the FEA simulation results for the total displacement of the cross-section of 

the SAW device at a wavelength of 160 µm. 

The X-axis of the plots represents the IDT period or a one-wavelength (λ = 160 µm) unit 

cell. The Y-axis shows the total device thickness (H = 55 µm), and the surface of the 2D 

cross-section represents the total displacement in the XY plane. The A0 and A1 modes are 

shown in Figure 4.9a and 4.9c, whereas, the symmetric S0 and S1 modes are plotted in 

Figures 4.9b and 4.9d, respectively. The deformation of the device or the structural 

displacement and the acoustic wave propagation occurred throughout the whole device 

thickness have shown the excitation of Lamb wave modes.  

  

  
Figure 4.9 The eigen frequencies and shape of deformation (displacement) obtained from COMSOL 

simulation of a 2D cross-sectional model of the ZnO thin film on aluminium foil with a wavelength of 160 
µm showing the various types of Lamb wave vibration modes a) A0, b) S0, c) A1 and d) S1  
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The acoustic wave modes are determined by the ratio between the total thickness of the 

device and the designed wavelength. When the ratio of the wavelength to device thickness 

(λ/H) > 1, then Lamb wave is dominant, and if the (λ/H) ratio < 1, Rayleigh wave can be 

observed as the first excitation mode [352]. Therefore, it is clear that the Lamb wave modes 

were dominant in all devices of wavelengths of 100 µm, 160 µm, 200 µm, 300 µm, and 400 

µm as per the FEA results summarised in Table 4.1.  

Table 4.1 FEA simulation results showing the vibration modes and the corresponding eigen-frequencies  for 
ZnO thin film/aluminium foil devices of various wavelengths  

Mode 

Device wavelength (µm)  

100 160 200 300 400  

A0 
24.22 MHz 13.2 MHz 9.58 MHz 5.06 MHz 3.09 MHz 

 

S0 
38.88 MHz 30.53 MHz 25.64 MHz 17.73 MHz 13.44 MHz 

 

A1 
55.60 MHz 41.9 MHz 24.31 MHz 24.26 MHz 9.62 MHz 

 

S1 
62.42 MHz 43.21 MHz 39.17 MHz 31.94 MHz 25.52 MHz 

 

 

The simulation results give a prediction of the vibration patterns of the zero-ordered (A0 and 

S0) and the first-ordered (A1 and S1) Lamb wave modes, and the corresponding resonant 

frequency (eigen-frequency) value at which each mode is excited. Moreover, the FEA results 

show that the resonant frequency of the vibration mode was decreased with increasing 

wavelength.  
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4.5 The frequency response of the ZnO thin film-based SAW devices 

Based on the simulation results, the ZnO thin film-based SAW devices of the wavelengths 

of 100 µm, 160 µm, 200 µm, 300 µm, and 400 µm were fabricated using the lithography and 

lift-off processes. The frequency responses of these devices were obtained using a vector 

network analyser where the reflection (S11) and transmission (S21) signals were used to 

determine the resonant frequency. 

  

Hence, the frequency spectra of the SAW devices of wavelengths 100–400 µm using S11 

signal are shown in Figure 4.10. The results show that the Lamb wave modes were excited 

in the four devices of different wavelengths, as predicted in the simulation.  

  

  

Figure 4.10 Frequency spectra of the SAW device of various wavelengths a) 100 µm, b) 200 µm, c) 300 
µm, and d) 400 µm. S11 signal was used to determine the resonant frequency  

 

The frequency responses of the fundamental modes (A0 & S0) were then further 

characterised, and the S21 signals are plotted in Figure 4.11. The results show that the (S21) 

signals have main lobe peaks at the central frequency values as well as multiple sides’ lobes 
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that vary in number and magnitude. The side lobes mainly result from IDT defects arising 

during the fabrication process due to the high surface roughness and waviness of the 

substrate leading to IDT pairs mismatching, in addition to the internal reflections of the 

acoustic signals.  

(a)                     Device wavelength (λ) = 100 µm (b)               Device wavelength (λ) = 200 µm 

  
(c)                   Device wavelength (λ) = 300 µm (d)                        Device wavelength (λ) = 400 µm 

  

 
Figure 4.11 Frequency spectra of SAW devices of various wavelengths a) 100 µm, b) 200 µm, c) 300 µm, 

and d) 400 µm. S21 signal was used to determine the resonant frequency 

 

It was observed that the transmission (S21) signals exhibited low values of insertion losses 

that varied from -13.5 to -43.7 dB. Besides, the S0 modes possessed lower insertion losses 

compared to those of the A0 modes for the same wavelength since this mode is extensional 

and less dispersive compared to A0 mode. The central frequency values of the main lobes 

are comparable to the resonant frequency results obtained for S11 signal but with slight 

variations, as shown in Figure 4.12. 



95 

 
Figure 4.12 The agreement of resonant frequency results of reflection (S11) 

and transmission (S21) signals of A0 and S0 modes  

The other SAW device with the wavelength of 160 µm was considered for growing ZnO 

nanorods on its delay line region, and the frequency response was characterised before and 

after the growth of the nanorods. Hence, the frequency spectrum of the S11 signal was 

obtained to identify the resonant frequencies and the corresponding vibration modes, as 

shown in Figure 4.13. The four Lamb wave modes A0, S0, A1 and S1 were clearly observed 

in the spectrum according to the results obtained by simulation. 

  
Figure 4.13 Frequency spectra of the SAW device of the wavelength of 160 µm. The 

S11signal was used to determine the resonant frequency 

 

Furthermore, the frequency response of the fundamental modes using the S21 signal was 

further investigated before and after growing the ZnO nanorods, as shown in Figure 4.14a 

and 4.15b, respectively. The main lobe of the S21 signals of the A0 and S0 modes for the 

SAW device without ZnO nanorods exhibited two consecutive and identical peaks where 
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the insertion losses of the two modes were nearly the same. However, the shapes of these 

two peaks were less identical, and they showed a slight change in insertion loss when the 

ZnO nanorods were grown on the surface of the device. This can be attributed to the 

perturbation of the acoustic wave propagation due to mass loading caused by the grown 

nanorods. 

(a) 

 
(b) 

 

                     Figure 4.14 Frequency spectra of the SAW devices of the wavelength of 160 µm  
                                         a) without ZnO nanorods and b) with ZnO nanorods 
 

Results show that the measured resonant frequencies of the devices of various wavelengths 

exhibited excellent agreements with those obtained by FEA, as shown in Figure 4.15. It 

shows that the resonant frequency was decreased with device wavelength in both measured 

and simulation results. There was a slight variation between the simulation and the 

experimental values due to film defects and the fabrication process.  
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Figure 4.15 The agreement between the values of resonant frequencies  obtained 

expeirmentally and from simulation for Lamb wave modes A0, S0 and A1  

 

4.6 The frequency response of the ZnO thin film-based SAW devices in 

bent positions 

Flexible ZnO thin film-based SAW devices were placed in a bent-up and bent-down 

positions to perform as flexible sensors. Bending the SAW devices generates some defects 

and cracks in ZnO thin film as well as induces film strain, which eventually influences the 

propagation of the acoustic wave.  

 

Figure 4.16 shows the frequency response of the fundamental Lamb wave modes of the SAW 

devices with wavelengths of 160 μm and 200 μm, when they were placed in a bent-up and 

bent-down positions with curvature radii of 10 mm and 50 mm, respectively. It shows that 

the resonant frequencies were shifted to lower values when the devices were bent. This shift 

was more significant in the bent-up position than that of the bent-down position since more 

cracks are likely to be produced due to tensile strain. On the other hand, the insertion loss 

was slightly affected when the device was bent-down compared to its original value in a flat 

position, whereas it was increased when the device was bent-up. This was much significant 
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for S0 mode because it propagates in a higher frequency and closes to the surface. Thus, the 

acoustic wave signal continued to propagate and be detectable despite the strain and film 

defects generated due to bending of the devices. This is particularly important for flexible 

SAW sensors when performing sensing in bending conditions. 

  

  
Figure 4.16 Frequency spectra of SAW devices in flat, bent-up and bent-down positions with wavelengths 

of  a) 160 μm, A0 mode, b) 160 μm, S0 mode, c) 200 μm, A0 mode, and d) 200 μm, S0 mode 

 

High-quality ZnO thin film is an essential requirement for the piezoelectric performance of 

the SAW device, and it is influenced by the deposition process and the properties of the 

substrate. The IDTs also play a vital role in exciting the acoustic wave modes, since the 

electrical potential is applied to the piezoelectric material (ZnO thin film) through them. 

Moreover, the accuracy of the wavelength of the SAW device is highly associated with the 

precision of the lithography process of the IDTs. Thus, fabricating IDTs with a thickness of 

~150 nm and a length of ~9 mm over a non-uniform surface and a substrate with high surface 

roughness such as aluminium foil can be considered to be a significant challenge.  
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Figures 4.17a and 4.17b show microscopic images of the IDTs defects such as broken IDTs 

during the lithography and lift-off process, and the mismatching of the period (λ/4) because 

the dimensions of the fingers and the inter-spaces widths are different. Figures 4.17c and 

4.17d show the IDT patterns on the aluminium foil and silicon substrates, respectively. It is 

clear that the silicon substrate exhibited distinct IDT patterns without apparent defects, 

whereas the surface of the aluminium foil substrate showed some defects and scratches that 

caused severe damage to the IDT patterns.  

(a) Broken IDTs, Al foil substrate  (b) IDT's periodic mismatching, Al foil substrate  

 
 

(c) Scratches on the surface of the Al-foil substrate  (d) IDTs fabricated on Silicon substrate 

  

 
Figure 4.17 Microscopic images of the IDTs of fabricated SAW devices showing a) broken IDTs, b) IDT 

periodic mismatching, c) scratches on the Al foil substrate and d) IDTs fabricated on silicon substrate   

The scratches shown in figure 4.17c cause severe defects in ZnO thin film and nanorods and 

damage to the IDTs which eventually result in low quality and attenuation of the surface 

acoustic wave and degradation in sensing performance of the devices.   
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4.7 Summary 

The surface morphology of ZnO thin film showed large ZnO grain-like structures with an 

average diameter of 350 nm. The results of the cross-section image showed that the ZnO 

thin film was vertically aligned in columnar structures of nanocrystals perpendicular to the 

substrate. The XRD results reveal that the ZnO crystals exhibited a strong texture in the 

orientation of (0002) plane along c-axis with texture coefficient (TC%) of 98.5%. 

Furthermore, the film possessed low compressive stress of -0.52 GPs, which is suggested 

that the elastic and flexible nature of the aluminium foil substrate relieves some of the 

residual stress of the deposited film. These results suggested that the ZnO thin film possessed 

the preferred orientation and structure for high piezoelectric coefficients. 

 

The ZnO nanorods showed highly packed density of well-defined rod-like shaped 

nanostructures, and they were aligned vertically and perpendicular to the ZnO thin film.  The 

average length and diameter of the ZnO NRs were 900 nm and 65 nm, respectively.   

 

The simulation results for the vibration modes of ZnO thin film SAW devices showed that 

the structural displacements occurred throughout the whole device thickness which indicates 

the excitation of the Lamb wave vibration modes. The Eigen frequencies were identified for 

these vibration modes for all designed wavelengths. Hence, the frequency responses 

obtained experimentally were compared with the corresponding simulation results, and they 

were in good agreements. Furthermore, the resonant frequency of the acoustic signals was 

downshifted, and the insertion loss was increased when the devices were placed in bent 

positions.  
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Chapter Five . 

5.Temperature sensing using the flexible ZnO thin film-

based SAW device 

 

5.1 Introduction  

The demand for flexible temperature sensors has remarkably increased due to the need for 

monitoring the temperature in real-time as well as for health and safety in harsh and 

hazardous conditions. Therefore, ZnO thin film on aluminium foil-based SAW devices was 

investigated as flexible temperature sensors. Motivated by their double-layer structure which 

aluminium foil possesses a high value of thermal expansion coefficient (TEC) and other 

elastic properties, and the excellent piezoelectric properties of ZnO thin film. Moreover, 

these devices are operated in Lamb wave modes which propagate through the whole device 

thickness. Thus, their phase velocities are influenced by changes in the physical properties 

of both aluminium foil and ZnO thin film.  

In this study, the temperature coefficient of frequency (TCF) of various ZnO thin film-based 

SAW devices and vibration modes are investigated in an equilibrium condition when thermal 

exchange reaches to a steady-state level, and no further increase in temperature has occurred. 

Therefore, the devices of wavelengths of 100 μm, 160 μm, 200 μm, 300 μm, and 400 μm are 

placed inside a closed oven which temperature is adjusted by the digital controller as 

discussed in section 3.4. The importance of TCF is that the higher value of TCF is more 

sensitive to changes in temperature.  

On the other hand, temperature sensing in the in-situ condition is investigated using a Peltier 

system which temperature is adjusted quickly, and real-time response is obtained.  

Frequency responses of SAW devices with wavelengths of 160 μm and 200 μm are recorded 
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when the devices are placed in flat and bent-up positions over several cycles of changing 

temperature. 

 

5.2 Equilibrium condition temperature sensing 

5.2.1 TCF of a flexible SAW device 

The resonant frequencies of SAW devices with varying wavelengths (λ); 100- 400 µm were 

recorded at various temperatures for different vibration modes. Hence, the frequency shifts 

that were resulted from the temperature change were obtained. Figures 5.1a and 5.1b show 

a linear relationship between the resonant frequency shift and the change in temperature for 

A0 and S0, respectively.  

 

 
 

Figure 5.1 The relationship between frequency shift and temperature change of 
different SAW device’s wavelengths (λ) and various resonant frequencies (f0) for a) A0 

and b) S0 vibration modes 
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The resonant frequencies for all vibration modes were decreased when the temperature 

increased. This can be attributed to changes in the stiffness constant, elastic properties, 

thermal expansion coefficient and density of the materials the SAW devices are made.  

The S0 modes showed higher frequency shifts than those of the A0 modes for the same 

temperature change and device wavelength. For instance, the frequency shifts for the SAW 

device with a wavelength of 100 µm at 20 oC were -335 kHz and -110 kHz corresponding 

to S0 and A0 respectively. Thus, the S0 mode showed ~3 times the size of a shift greater 

than that of the A0 mode, and this is due to the higher value of resonant frequency of the S0 

mode which results in larger detectable shifts in frequency (higher resolution).  

Furthermore, the values of slopes of these curves represent the rate of the change in resonant 

frequency relative to temperature change (∆f/∆T). The slopes also decreased with an increase 

in resonant frequency for the same mode. The TCFs were calculated using the ∆f/∆T results 

for all the corresponding resonant frequencies and vibration modes using equation 2.36 (in 

section 2.5.1). The obtained TCF values are shown in Figure 5.2 as a function of resonant 

frequency for the A0 and S0 modes.  

 
Figure 5.2 The relationship between TCF values and  resonant 

frequencies for A0 and S0 modes 

 

All the TCF results have negative signs since the resonant frequency of the SAW devices 

shifts to lower values when the temperature increases. The maximum absolute value of TCF 
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was 773 ppm/K at a resonant frequency of 3 MHz (A0 mode) of the device with a wavelength 

of 400 µm. In general, a substantial value of TCF is desired for SAW-based temperature 

sensors for then to exhibit better performance and sensitivity. This is among the highest TCF 

values (sensitivity) that has been obtained compared to those flexible SAW devices 

discussed in section 2.5.1 and summarised in table 2.3. Moreover, it is exceptionally high in 

comparison to the values of sensitivity of rigid substrates such as silicon (TCF ~ 20- 50 

ppm/K) [352].   

Furthermore, the absolute values of TCFs decreased with increases in frequency. In the case 

of A0 modes, TCFs decreased significantly when the resonant frequency was increased.  

They were decreased only gradually with slight variations for the S0 mode which exhibited 

relatively stable TCF values against different resonant frequencies before dropping markedly 

at 40 MHz.  

On the other hand, the relationship between the TCF and device wavelengths is illustrated 

in Figure 5.3. The absolute values of TCFs increased with device wavelength, assuming that 

the thickness of the devices (H) was the same for all samples. Moreover, the TCFs for the 

S0 modes of the SAW devices with wavelengths of 100 µm and 200 µm were higher than 

those for the A0 mode, but they remained at similar levels for wavelengths greater than 200 

µm. In contrast, the TCF results for the A0 mode continued to increase, and they possessed 

higher values than those of the S0 mode for devices with wavelengths of 300 µm and 400 

µm. Thus, the A0 modes showed significant variations in response to temperature change 

than the S0 mode of various wavelengths and resonant frequencies.  
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Figure 5.3 The relationship between TCF values and  wavelengths of 

SAW devices for A0 and S0 modes 

 

Thus, increasing device wavelength results in increasing the absolute value of TCF. 

However, there are some limitations to increasing the wavelength further in order to make 

SAW devices with higher TCFs. For example, the IDTs will occupy a larger area on the 

surface of the SAW device, and this will increase the overall size of the sensor. Also, it will 

reduce the resonant frequency of the fundamental A0 and S0 vibration modes to several 

kilohertz or a few megahertz resulting in reduced sensor accuracy, resolution, and precision.  

Another SAW device with a wavelength of 160 µm was also examined for temperature 

sensing, and the frequency change of the fundamental modes as a function of temperature 

can be seen in Figure 5.4.   

 
Figure 5.4 The relationship between frequency shift and temperature change of the 

SAW device of wavelength of 160 µm for A0 and S0 vibrating modes 
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The figure shows that the frequency shift has a linear relationship with temperature, and the 

rate of change in resonant frequency (∆f/∆T) of the S0 mode is higher than that of the A0 

mode. These results reflect the same response trend as obtained for the devices with 

wavelengths of 100-400 µm. The calculated TCF values for both fundamental vibration 

modes are summarised in Table 5.1. 

Table 5.1TCF values of A0 and S0 mode for SAW device of wavelength of 160 µm 

Vibration mode Resonant frequency (MHz) TCF (ppm/K) 

A0 13 -315  

S0 30 -288  
 

 

The results show that the TCF values also have a negative sign as the resonant frequency 

decreased when the temperature increased.  However, it was noticed that these values are 

less than those of the TCFs shown in Figure 5.2 except for the TCF of the A0 mode at 24 

MHz for the device with a wavelength of 100 µm.  

 

The TCF value of the SAW device is influenced by several factors, such as temperature and 

the thermal expansion coefficient (TEC) of the materials in its structure. The design of the 

SAW device consists of a bilayer of ZnO thin film and aluminium foil as the substrate. 

Therefore, this structure tends to be bent when the temperature increases due to mismatching 

in TEC between the aluminium foil and the ZnO thin film. This deformation has a significant 

impact on strain values of the device. However, aluminium foil has a TEC value of 23.6 

ppm/K which is much larger than that of the ZnO whose TEC is only 4.7 ppm/K [352], and 

has smaller Young’s modulus. It deforms and expands more easily compared to ZnO thin 

film. Therefore, it has a significant contribution to strain induction due to the large thermal 

expansion. Furthermore, increased temperature causes an increase in a strain which 
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decreases Young’s modulus, and this results in decreasing phase velocity of the fundamental 

modes of Lamb wave as per equations 2.34 and 2.35. Thus, the resonant frequency was 

decreased when the was temperature increased, and the high TCF values obtained for the 

SAW devices are mainly attributed to the elastic and thermal properties of the aluminium 

foil substrate.  

 

However, the Lamb wave mode is converged toward the Rayleigh wave mode at high-

frequency levels or when high order Lamb mode is excited, or when the wavelength of a 

SAW device becomes smaller. In this case, acoustic waves propagate mostly at the top 

surface and confined in ZnO thin film which explains the decrease in TCF readings because 

of the lower TEC value of ZnO film. Besides, the S0 mode is less dispersive compared to 

the A0 mode, and therefore, it shows relative stable TCFs for low frequencies, because the 

TCF had decreased significantly at high frequency.   

 

5.2.2 Real-time response of flexible SAW devices to temperature change  

The frequency responses of the SAW devices in real-time were obtained for one cycle in 

order to investigate their stability and sensing performance in response to the temperature 

change in an equilibrium condition. The temperature was increased slowly and gradually to 

about ~50 oC to achieve a steady state of thermal equilibrium, and then it was held for a few 

minutes before it being reduced again.  Changes in resonant frequencies were recorded 

continuously during temperature increase. The obtained real-time frequency shifts of the 

fundamental modes for the SAW devices with wavelengths of 400 µm and 160 µm are 

shown in Figure 5.5.  
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Figure 5.5 Real time response showing the changes in frequency shifts in response to temperature changes 

of SAW devices with wavelengths of a) 400 µm, A0 mode, b) 400 µm, S0 mode, c) 160 µm, A0 mode, 
and d) 160 µm, S0 mode. The devices were kept in flat position. 

 

No frequency shift was noticed in the first few minutes before turning the oven on (thus start 

heating the samples) indicating that the sensor was stable against environmental factors. 

However, the resonant frequency then decreased as temperature increased until it reached a 

maximum shift where it held the same value when the temperature was stable, and it then 

increased as temperature decreased. The maximum frequency shift of the A0 mode of the 

device with a wavelength of 160 µm was 60 kHz, as seen in Figure 5.5c. This value is 1.7 

times higher than that of the A0 mode of the device with a wavelength of 400 µm at the same 

temperature shown in Figure 5.5a. On the other hand, the frequency shifts obtained for the 

S0 mode for both devices were nearly the same, as shown in Figures 5.5b and 5.5d. This 

implies that the relatively low TCF values of the A0 and S0 modes of the 160 µm device 

were compensated by the higher resonant frequency values, resulting in a significant 

frequency shift. Hence, the sensitivity of the SAW device to temperature change is 

influenced primarily by the TCF and the values of the resonant frequency.  
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However, the SAW device with a wavelength of 400 µm, which has the highest TCF was 

further investigated in a bent-down position, as mentioned in section 3.4. The real-time 

frequency shifts in response to temperature change for A0 and S0 modes were obtained, as 

shown in Figures 5.6a and 5.6b, respectively. The frequency response of the fundamental 

modes exhibited nearly similar performance when the device was bent compared to the flat 

position.  The maximum frequency shifts obtained for the A0 and S0 modes were -30 and    

-90 kHz respectively at a temperature of 50 oC. These values are less than that of the 

frequency shift obtained for the device when kept in a flat position by 14-19%. This is likely 

resulted from cracks in the film and the deformation due to the device being bent. It is 

suggested that the bimorph structure and aluminium foil relieved the strain and film stress 

produced by the device being bent and subject to thermal expansion. However, this would 

not be possible at high temperatures where the bent curvature would change and result in 

significant resonant frequency fluctuations.   

  
Figure 5.6 Real time response showing the changes in frequency shifts in response to temperature changes  

of SAW devices with a wavelength of 400 µm for a) A0 and b) S0 modes.  
The device was kept in bent-down position 

 

Thus, in order to maximise the sensitivity of the proposed flexible ZnO-based SAW device 

on aluminium foil, optimal values of TCF and resonant frequency should be carefully chosen. 

For example, in this study, the S0 mode showed a relatively high absolute value of TCF (571 

ppm/k), fewer variations and more stability for a wide range of frequencies (12-25 MHz) 

and the maximum resonant frequency that held this value was 25 MHz for the device with a 
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wavelength of 200 µm. This device also has a high TCF value for the A0 mode. Therefore, 

it was selected for the in-situ investigation discussed in the next section 

 

5.3 In-situ temperature sensing 

The SAW devices with wavelengths of 160 µm and 200 µm were selected for further 

investigation in an in-situ condition where a Peltier system was used to control temperature 

change. The frequency responses of the fundamental modes of this device were obtained at 

various temperatures. Figures 5.7a and 5.7b show the linear relationship between resonant 

frequency shift and temperature change for the SAW devices of 160 µm and 200 µm, 

respectively.  

  
Figure 5.7 The relationship between frequency shifts and temperature change for A0 and S0 modes of 

SAW devices with wavelengths of a) 160 µm and b) 200 µm. 

 

As in the previous findings, the S0 mode shows a higher rate of frequency shift in response 

to change in temperature (∆f/∆T) than that of the A0 mode for the same devices. The ∆f/∆T 

of both modes of the device with a wavelength of 200 µm is slightly higher than that of the 

160 µm device. This is due to the higher TCF of the 200 µm device. However, the high 

values of resonant frequencies of the 160 µm device kept this difference small.  

Figure 5.8 shows a comparison between the values of TCF calculated for these devices in 

the in-situ condition and the values for the same devices in the equilibrium condition. The 

TCF results are similar to each device in both conditions, and this implies that the devices 
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possess excellent reliability and repeatability in various environmental conditions. This 

merit is due to the structure of the SAW devices and the material properties of the aluminium 

foil substrate such as high TEC and thermal conductivity as well as the characteristics of 

Lamb wave propagation.  

 
Figure 5.8 The agreement between TCF values obtained in equilbrium and in-

situ conditions in relation to resonant frequency of SAW devices of 
wavelengths of 160 μm and 200 μm  

 

The frequency response was obtained for one cycle where the temperature was increased to 

~55- 60 oC within 10- 20 seconds and then decreased again over 15- 20 seconds, as seen in 

Figure 5.9. The results show that the maximum frequency shifts for the device of wavelength 

200 µm were -114 and -385 kHz corresponding to A0 and S0 modes as shown in Figures 

5.9a and 5.9b respectively. Meanwhile, they were -90 and -195 kHz for the A0 and S0 modes 

of the device of wavelength 160 µm as seen in Figures 5.9c and 5.9d. 

Moreover, the devices exhibited a fast response time of less than 1.0 second/oC. However, 

the minimum resolution of the recorded frequency was 1.0 second/spectrum due to the 

technical limitations of the network analyser and the LabVIEW application, and so it was 

impossible to measure the exact response time below this value.  
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Figure 5.9 Real time response showing the changes in frequency shifts in response to temperature changes 

of SAW devices with a wavelength of a) 400 µm, A0 mode, b) 400 µm, S0 mode, c) 160 µm, A0 mode 
and d) 160 µm, S0 mode. The devices were kept in flat position 

 

The SAW device of a wavelength of 160 µm was further investigated in the bent-up position, 

as shown in Figure 3.11. The frequency responses against temperature changes for the A0 

and S0 modes were obtained, as shown in Figure 5.10a and 5.10b, respectively. The results 

show similar behaviour of the device in flat and bent positions in response to the change in 

temperature. Although bending the device might cause cracks in ZnO thin film, this had only 

a minimal influence on the frequency shift comparable to when the device was kept flat. This 

likely results from the effect of the aluminium foil, which dominates the changes in resonant 

frequency due to its high value of TEC. 
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Figure 5.10 Real time response showing the changes in frequency shifts in response to temperature 

changes of the SAW device with a wavelength of 160 µm for a) A0 mode and b) S0 mode. The device was 
kept in bent-up position. 

 

The real-time cycling response of the devices was also studied by heating up and cooling 

down the devices for five cycles, as seen in Figure 5.11. The devices showed a very fast 

response to temperature change, as the frequency was shifted down immediately when the 

temperature increased, and it was increased when the temperature decreased. Besides, the 

resonant frequency shift possessed a positive sign because it shifted upward to a higher 

frequency when the change in temperature was decreased below 0 oC. 

  

  
Figure 5.11 Cycling response to temperature change showing the change in frequency shifts of the SAW 
devices with wavelengths of a) 200 µm, A0 mode, b) 200 µm, S0 mode, c) 160 µm, A0 mode and d) 160 

µm, S0 mode. The devices were kept in flat position. 
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Furthermore, the cycling response of the SAW device of wavelength 160 µm was obtained 

when the device was bent-up, as shown in Figure 5.12. Likewise, the performance of the 

SAW when the device was in the bent position showed excellent stability and repeatability 

over five cycles of temperature change. 

  
Figure 5.12 Cycling response to temperature change showing the change in frequency shifts of the SAW 

device with a wavelength of 160 µm for a) A0 mode and b) S0 mode. The device was kept in bent-up 
positions. 

 

Thus, the performance of the devices exhibited excellent repeatability and reliability over 

several cycles of changing temperature as shown in Figure 5.13   

 
Figure 5.13 The reproducibility and reliability of temperature sensing of the SAW 

devices at various resonant frequencies in flat and bent-up positions  

 

The variance of frequency change due to temperature change over several cycles was 

calculated based on the values of (Δf/ΔT) obtained from Figure 5.13. The variance was in 

the range of 0.19 to 8% for different resonant frequencies which indicates a good 

reproducibility and repeatability of the SAW device to detect temperature change. The 
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dynamic range of temperature sensing using the proposed flexible SAW devices was 

investigated from -5 to 60 ͦ C which is considered to be suitable for biomedical applications, 

but it is much less than that of thermocouples (-200 to +1200). However, these sensors have 

the advantage of flexibility that allows the detection of temperature while the devices placed 

in bending positions. The properties of the SAW signal were maintained after several cycles 

of increasing and decreasing temperature which indicates good film robustness over 

temperature change. 

 

5.4 Summary 

Flexible SAW devices based on ZnO thin film on aluminium foil substrate have been 

investigated for the first time as temperature sensors while the devices were placed in flat 

and bending (curved) positions.  

The changes in resonant frequencies of various vibration modes for the ZnO/Al SAW 

devices possess a linear relationship with the change in temperature.  Therefore, TCF values 

were calculated for all flexible ZnO thin film based-SAW devices with various wavelengths 

and vibration modes. The highest value of TCF was -773 ppm/K for the device with a 

wavelength of 400 µm, which is considered to be among the highest values of TCF reported 

in the literature for flexible SAW devices. The lowest TCF value was 288 ppm/K for the 

λ=100 µm device for the A0 vibration modes. These high readings are due to the high TEC 

value as well as the elastic properties of aluminium foil.  The higher-order modes exhibited 

larger values of frequency shift and better performance in temperature sensing despite their 

lower TCF.  

Furthermore, the real-time cycling response in in-situ condition showed that the devices 

exhibited excellent linearity to the changes in temperature when they were placed in flat and 

in bent up positions.  
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These sensors can be used to detect temperature change in the range of -5 to 60 oC which is 

much less than that of thermocouples, but they have the advantage of good linearity and 

bendability.        
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Chapter Six . 

6.UV sensing using the flexible ZnO thin film-based SAW device 

 

6.1 Introduction 

Sensing and monitoring UV light has received a substantial interest since it has been used in 

various critical applications. The ZnO possesses bandgap energy of 3.37 eV and large stable 

exciton binding energy of 60 meV at room temperature. Therefore, it has been widely 

exploited in the development of ZnO thin film-based UV light sensors. The basic principle 

of ZnO thin film in the detection of UV light is based on changes in surface sheet 

conductivity of ZnO film as a result of UV illumination which eventually influences acoustic 

wave velocity as discussed in section 2.5.2. 

The flexible SAW devices with wavelengths of 160 µm and 200 µm are used to investigate 

the sensing performance to UV light. The devices are placed in flat, bent-up and bent-down 

positions at a fixed distance of high and low power UV light sources. The I-V characteristic 

curves of ZnO thin films are obtained to study the changes in surface sheet conductivity 

results from UV light illumination.  

The frequency responses of Lamb wave vibration modes A0, S0 and A1 are recorded at 

various UV light intensities. It is suggested that the frequency shift caused by using the high-

power UV light is resulted from changes in conductivity as well as temperature, whereas, it 

is mainly due to changes in conductivity only when the low power is used.  

Furthermore, the frequency responses of SAW devices of a wavelength of 160 µm with and 

without nanorods are also investigated in order to study the influence of nanorods on the 

enhancement of the sensitivity to UV light. Real-time cycling responses are obtained by 

illuminating the device by a fixed value of UV intensity for several cycles, which changes 

in temperature and humidity are also monitored.  



118 

6.2 I-V characteristic curve of ZnO thin film 

ZnO thin film has variable resistivity since it is known to be a semiconducting material. 

Hence, the I-V characteristic curves of ZnO thin film-based SAW devices were investigated, 

and the results are shown in Figure 6.1. The ZnO thin film exhibited very high resistivity (ρ) 

when the voltage was varied from 0 to 6.5 V as there was no current flowing within this 

range.  However, the current started to increase exponentially after this value, indicating that 

the film resistivity was decreasing. Hence, the voltage range was adjusted to between 0- 4 V 

to study the influence of UV light irradiation on the sheet conductivity (σ) of the ZnO thin 

film. 

 
Figure 6.1 I-V characteristic curve of ZnO thin film 

 

Figures 6.2a and 6.2b showed different I-V curves of ZnO thin film when it was illuminated 

with various UV light intensities using low and high UV power sources, respectively. This 

range of UV light intensities is frequently used in medical and environmental applications 

such as phototherapy (e.g. < 50 mW/cm2), disinfection of microorganisms, and water 

treatment (e.g. up to ~0.5 W/cm2) [353-355]. 

 

When the UV light was switched off (dark), the current change was insignificant at less than 

6 nA because the ZnO thin film has a high resistivity or a low surface sheet conductivity. 
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This attributed to the presence of extra free electrons that originate due to the intrinsic defects 

in the ZnO thin film as a result of the fabrication process and the rough surface of the 

aluminium foil substrate. Therefore, oxygen molecules from the surrounding environment 

will be chemically adsorbed and confined those electrons. This eventually causes a decrease 

in the surface sheet conductivity (σs) of the thin film. 

On the other hand, when UV light illuminated the top surface of the ZnO thin film, the 

current flow increased at various voltages suggesting that the surface sheet conductivity had 

increased. This is associated with the generation of electron-hole pairs due to the interaction 

of UV light with the surface of the ZnO film. Therefore, the confined electrons and generated 

holes will recombine and release the adsorbed oxygen back into the atmosphere. 

 

 
Figure 6.2 The relationship between current and voltage when ZnO thin 

film was illuminated with various UV light intensities using a) low and b) 
high power UV light sources 
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The current flow increased linearly with voltage when the low-power UV light source 

illuminated the surface of the ZnO thin film device, as seen in Figure 6.2a. Whereas during 

the early period of illuminating the device with high-power UV light, the current flow 

increased linearly and then it exhibited an exponential relationship with increasing further 

voltage, as shown in Figure 6.2b. This attributes to the heat generated (thermal influence) 

due to exposure of the UV light. 

Moreover, the maximum value of current increased proportionally to the increase in UV 

light intensity. However, when the UV light was switched off, the current dropped 

immediately, suggesting a marked decrease in surface sheet conductivity. Hence, the change 

in surface sheet conductivity (∆"y) is calculated using equation 6.1, assuming that the thin film has 

a uniform sheet thickness [356].   

 ∆"y �  1∆�y �  ∆�∆n  �� (6.1) 

where ∆"y is the change of the surface sheet conductivity, ∆�y is the change of surface sheet 

resistance, ∆� is the change of the current, ∆n is the change of voltage, and � and � are the 

length and width of the device, respectively. The L×W dimensions are the area occupied by 

the IDTs which the UV irradiation was illuminated, and they are equal to 0.7 × 0.7 cm. The 

value (∆I/∆V) under UV light exposure can be obtained from the slopes of the curves in 

Figure 6.2a because the current varies linearly with the voltage. Thus, Figure 6.3 shows a 

linear relationship between the changes in surface sheet conductivity and the various UV 

light intensity where it is given by the formula in equation 6.2 

 ∆"y �  1.32 + 0.31 ���  (�E) (6.2) 

 

where IUV is the intensity of UV light in mW/cm2. This equation is valid when the low power 

UV light source has been used, and the temperature increased to less than 1 oC. 
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Figure 6.3 Change in surface sheet conductivity in response to various 

UV light intensities using low power source  

 

6.3 The frequency response of flexible SAW devices in the flat position to 

UV irradiation 

The frequency response of the SAW devices while kept in a flat position was then 

investigated. The S11 signal of the (A0) mode for the 200 µm and 160 µm SAW devices at 

different UV light power intensities are shown in Figure 6.4a and 6.4b, respectively. When 

the surfaces of the devices were illuminated with UV light, the resonant frequency shifted 

toward lower frequency values (downshift) as a result of the increasing surface sheet 

conductivity of the ZnO thin film. The insertion loss of the acoustic wave spectrum also 

increases with the UV light intensity indicating that the UV light caused signal attenuation. 
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Figure 6.4 Frequency spectra showing increase in resonant frequency shifts with 

various UV light intensities of the SAW devices of wavelength a) λ = 200 µm and 
b) λ = 160 µm. S11 signal of A0 mode was used to determine resonant frequency. 

 

The relationship between the change in acoustic wave velocity and insertion loss as well as 

surface sheet conductivity is given by equations 2.40 and 2.41. Thus, as the surface sheet 

conductivity of ZnO thin film increases, the acoustic wave velocity decreases and the 

insertion loss increases. Therefore, the UV light will eventually cause a decrease in resonant 

frequency due to the increase in the surface sheet conductivity of the ZnO thin film. This 

matches the frequency response obtained for these devices when illuminated with UV light.  

 

The changes in the resonant frequency of the A0 mode for both SAW devices at various UV 

light intensities when using low and high-power UV sources are shown in Figure 6.5. The 

change in resonant frequency while the UV light was kept off for 20 seconds was 

insignificant, and this indicates sensor stability against external and environmental factors. 
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However, frequency change occurred very rapidly, and the resonant frequency markedly 

decreased (downshift) when the UV light was switched on. Besides, the resonant frequency’s 

shifts increased with higher UV light power intensity. After switching UV light on, the 

response time of the sensors until reaching the maximum frequency shift was approximately 

10-12 seconds, as shown in Figures 6.5a, 6.5b and 6.5d. The frequency shift was quite stable 

at this value as photon generated carriers started to be saturated, and there was no further 

change in the surface sheet conductivity of the thin film. In contrast, it is noticed in Figure 

6.5c that the frequency shift continued to increase and did not reach a stable value within the 

period of exposure. This attributes to thermal effect and the high TCF value of this device, 

where frequency shift results from both the effect of the UV light interaction and the thermal 

influence. The resonant frequency was shifted to higher value immediately once the UV light 

was switched off, reaching about 65% of the maximum frequency shift. Then, for those 

devices illuminated by the low-power UV light source, it took 1-10 seconds to recover 

entirely depending on the value of UV light intensity. This phenomenon is likely resulted 

from film defects that influence electron-hole recombination and oxygen adsorption. 

Meanwhile, this process took much longer when the devices were irradiated with the high-

power UV light source, and this is likely to be due to the thermal influence.  
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Figure 6.5 Frequency shifts of A0 mode in response to various UV light intensities for SAW devices with 
a) λ = 200 µm, f0= 9 MHz, low power source, b) λ = 160 µm, f0= 13 MHz, low power source, c) λ = 200 

µm, f0= 9 MHz, high power source and d) λ = 160 µm, f0= 13 MHz, high power source 

 

The frequency shift of other Lamb wave modes such as S0 and A1 vibration modes showed 

the same behaviour as in the A0 mode. Thus, the changes in the resonant frequency of 

different vibration modes at various UV light intensities are summarized in Figure 6.6, where 

the maximum frequency shift obtained for each mode is displayed.  
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Figure 6.6 The relationship between frequency shift of different vibrating modes and 

various UV light intensities using a) low power and b) high power UV sources 
 

The results show that the resonant frequency shift possesses a linear relationship with UV 

light intensity. However, the thermal effect happens due to the elevation of temperature 

during exposure to UV light, where the UV light-induced temperature increases with UV 

light intensity, as shown in Figure 6.7. The maximum temperature rise was 19 °C in 20 

seconds when a high-power UV light source was used with an intensity of 330 mW/cm2, 

while it was only 1.1 °C for the low power UV light source at 26 mW/cm2.  
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Figure 6.7 The change in temperature in response to the exposure to high power UV light. The insert plot 

shows the change in temperature in response to the exposure to low power UV light. 

 

As discussed in section 2.5.1, the relationship between TCF and frequency shift is linear. 

The TCF values obtained for the various vibration modes of the λ=200 µm SAW device are 

much higher than those of the λ=160 µm devices, as shown in Table 5.1 and Figure 5.2. 

Therefore, the frequency shift caused by the thermal effect is minimal at low temperature 

and low values of TCF, and more significant when these values are higher. Figure 6.8 shows 

the calculated frequency shifts using the measured values during temperature change UV 

light exposure at various intensities. 
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Figure 6.8 The calculated frequency shifts due to UV light induced temperature based 
on TCF values of the devices when using a) low power and b) high power UV sources 

 

In the case of using low-power UV light, the maximum frequency shift calculated due to the 

thermal effect for the λ=160 µm device was 13.75 kHz at f0 = 41 MHz (A1 mode), whereas, 

it was 17 kHz at f0 = 37 MHz (S0 mode) for the λ=200 µm device. On the other hand, the 

maximum frequency shifts obtained when high-power UV light source was used are 237 

kHz and 300 kHz corresponding to the λ=160 µm and λ=200 µm devices, respectively and 

for the first-order mode A1. Thus, the frequency shifts in Figures 6.6a and 6.6b result from 

a combination of light interaction and thermal influence as represented by the following 

equation: 

    ∆aX �  ∆a;�� &#w��< �  ∆a;k�~Y�x& #��&�~��~<  (6.3) 
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Hence, the frequency shift caused by UV light (∆f (UV light)) can be calculated by substituting 

the values of frequency shifts in Figures 6.6 and 6.8 in the above equation. Thus, the 

corrected frequency shifts due to various UV light intensities are shown in Figure 6.9a and 

6.9b for low and high-power UV sources. 

 

 

Figure 6.9 The relationship between frequency shifts and UV light intensities after 
subtracting shifts due to induced temperature when using a) low power and b) high-

power  UV sources 

 

The relationship between frequency shift and UV light intensity is nearly linear after 

eliminating the thermal effect. This attributes to the linear correlation between the 

concentration of the generated electron-hole pairs and the light intensity. This ratio is 
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expressed as a percentage which represents the contribution of UV light to the frequency 

shift for various resonant frequencies, as illustrated in Figure 6.10.  

 
Figure 6.10 The ratio of frequency shift in response to UV light to the total 
frequency shift (including thermal effect) for various resonant frequencies  

 

The figure shows that the maximum frequency shift caused by UV light is about 80% of the 

total shift at f0 = 30 MHz (λ=160 µm device) and the minimum is 50% at f0 = 25 MHz (λ=200 

µm device) when low-power UV was used. Whereas, for high-power UV, the maximum UV 

light contribution is 65% at f0 = 13 MHz (λ=160 µm device) and the minimum is 37% at f0 

= 25 MHz (λ=200 µm device). Also, the λ=160 µm device exhibits a better overall response 

to UV light with minimal thermal effects compared to the λ=200 µm device because it has 

lower TCF values.  

The real-time response was further investigated to demonstrate the repeatability during UV 

light cycling, as shown in Figure 6.11. The resonant frequency decreased immediately when 

the UV light was switched on. The response time remained almost the same in all cycles 

(~10 seconds), and in each cycle, the frequency shift reached a similar value or saturation 

level. Moreover, as the UV light was switched off, the resonant frequency was increased, 

and it reached the original baseline level within 8-10 seconds. The frequency response was 

stable, and the same readings were obtained after five cycles as the thermal effect is 

insignificant at low UV intensity levels 
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Figure 6.11 Cycling response to UV light intensity of 16 mW/cm2 showing the change in frequency shifts 

of the SAW devices of a) λ=200 µm device, f0 = 9 MHz and b) λ=160 µm device, f0 = 13 MHz  

 

In contrast, the resonant frequency continued to decrease and did not become saturated when 

the high intensity was used, as seen in Figures 6.12a and 6.12b. They show that, when the 

UV light switched on, the resonant frequency quickly decreased until it reached a particular 

frequency level where the UV light influence was dominant, and the thermal effect was 

minimal. As the temperature increased, the resonant frequency further decreased but only 

slowly and linearly due to the thermal influence. When the UV light was switched off, the 

interaction between the light and ZnO thin film stopped immediately, and the frequency 

increased quickly. However, the resonant frequency continued to increase slowly toward the 

original baseline value because of the thermal effect by which the time of cycling (20 

seconds) was not enough to lower the temperature of the device. Therefore, when the UV 

light was switched on before the resonant frequency had fully recovered, the next cycle 

exhibited a higher frequency shift, and it continued to decrease further in the following 

cycles as noticed in Figure 6.12b.  
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Figure 6.12 Cycling response to UV light intensity of 240 mW/cm2 showing thermal effect and the change 
in frequency shifts of the SAW devices of a) λ=200 µm device, f0 = 9 MHz and b) λ=160 µm device, f0 = 

13 MHz  

 

6.4 The frequency response of flexible SAW devices in bent positions to 

UV irradiation 

The sensing performance of the SAW devices was investigated in two different bent 

positions of down and up, as shown in Figure 3.12 in section 3.5. The low-power UV source 

only was used to illuminate the SAW devices, since the thermal influence is insignificant 

compared to that using the high-power source. Besides, when the devices are placed in bent 

positions, the temperature will change the radius of device curvature due to thermal 

expansion and contraction, causing changes in film stress and strain. 

Figure 6.13 shows the changes in the resonant frequency of the A0 mode of the devices when 

irradiated with UV light when they were bent-down in Figures 6.13a and 6.13b, and when 

bent-up in Figures 6.13c and 6.13d. Reflection spectra (S11) were considered for the 

determination of the resonant frequency.  
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Figure 6.13 Frequency shifts of A0 mode in response to various UV light intensities for SAW devices with 
a) λ = 200 µm, f0= 9 MHz, bent-down, b) λ = 160 µm, f0= 13 MHz, bent-down, c) λ = 200 µm, f0= 9 MHz, 

bent-up and d) λ = 160 µm, f0= 13 MHz, bent-up 

 

As noticed in these figures, the frequency response of the devices in the bent positions shows 

similar behaviour to that of the flat device. Therefore, when the UV light was switched on, 

the resonant frequencies downshifted immediately, and they continued to decrease until they 

reached the saturated level within 8-12 seconds. Also, the resonant frequency was increased 

quickly and reached to the original baseline level in 1-6 seconds when the UV light was 

switched off. Thus, the response and recovery times of the devices in the bent positions are 

comparable to those obtained when the device was kept flat. 
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However, the threshold value, which is the lowest UV light intensity that resulted in a 

significant frequency shift, when the devices were placed in the bent down position was 2 

mW/cm2. This value was increased to 5 mW/cm2 when they were kept in the bent-up position, 

and this is higher than the minimum detectable limit of 1 mW/cm2 devices in a flat position. 

It is suggested that bending the device generates strains and some defects in ZnO thin film 

that affect its surface sheet conductivity and increase the threshold UV intensity to produce 

a noticeable frequency shift. 

Likewise, the S0 and A1 vibration modes were also investigated for both devices, and they 

exhibited the same behaviour like that in A0 mode. In addition, the change in resonant 

frequency possesses a linear relationship with UV light intensity for different resonant 

modes, as seen in Figure 6.14a and 6.14b. 

In comparison to the flat position, the resonant frequency was shifted due to the strain 

induced as a result of bending the device and illumination of UV light. Hence, the rate of 

change (∆f0/∆IUV) decreased when the device was bent, and this is likely to be due to the 

defects and cracks generated during bending which influence the lattice structure of the thin 

film. Moreover, the rate of change was much less when the device was bent up since more 

cracks and film defects are likely to have occurred. However, the internal stress of the film 

has no significant effect because the flexible bimorph structure of the ZnO/Al-foil causes the 

relaxation of the film.  
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Figure 6.14 The relationship between frequency shift of different vibrating modes and 

various UV light intensities when the devices were kept in a) bent-down and b) bent-up 
positions 

 

The real-time frequency response (cycling) of the devices in the bent down position is shown 

in Figure 6.15a and 6.15b, and the bent-up response can be seen in Figure 6.15c and 6.15d. 

The results show that the resonant frequency was decreased when the UV light was switched 

on until reached a maximum value where it was stable, and the same value was held. Then, 

the frequency was increased when the UV light was switched off and returned to its original 

level until the UV light was switched on again. This was observed for five cycles of real-

time investigation. 
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Figure 6.15 Cycling response to UV light intensity of 16 mW/cm2 showing the change in frequency shifts 
of the SAW devices of a) λ = 200 µm, f0= 9 MHz, bent-down, b) λ = 160 µm, f0= 13 MHz, bent-down, c) 

λ = 200 µm, f0= 9 MHz, bent-up and d) λ = 160 µm, f0= 13 MHz, bent-up 

 

6.5 Sensitivity analysis of flexible ZnO thin film-based SAW devices to 

UV irradiation 

The sensitivity of the devices to UV light was calculated from the slopes (∆f/∆IUV) obtained 

in Figures 6.6, 6.9 and 6.14, and it is given by equation 6.4 [312]: 

  E����@�4�@N (E��) � 1
aX

∆a

∆���

 MM9;9�/�9�< 3� (6.4) 

where ∆f is the frequency shift, ∆IUV is the change in UV light intensity, and f0 is the resonant 

frequency. The change in resonant frequency (∆f) is associated with both the influence of 

the light interaction and the thermal effect. The sensitivity of the SAW devices to UV light 

while the devices were kept flat is shown in Figure 6.16. It was estimated based on the 

corrected frequency shifts after eliminating the thermal influence. 
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Figure 6.16 The sensitivity of various resonant frequencies  to UV light after subtracting 
thermal effect for SAW devices of wavelengths a) λ=200 µm and b) λ=160 µm while the 

devices were kept in flat position 
 

 

The highest sensitivity of the λ=200 µm device was 44.4 ppm (mW/cm2)-1 at 9 MHz (A0 

mode), and the lowest value was 15.2 ppm (mW/cm2)-1 at 25 MHz S0 mode, both occurred 

when the high-power UV source was used as seen in Figure 6.16a. Whereas, the maximum 

sensitivity value of the λ=160 µm device was 42.3 ppm (mW/cm2)-1 at 30 MHz (S0 mode) 

and the minimum was 26 ppm (mW/cm2)-1 at 13 MHz (A0 mode) for the low-power UV 

source as seen in Figure 6.16b.  

However, the two devices have different IDT designs as mentioned in section 3.2, and also, 

they are likely to have different patterns of defects in the ZnO thin film due to a non-uniform 

roughness of the foil surface. Thus, the vibration modes of both devices responded 
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differently to the various UV light sources. Besides, despite eliminating thermal influence 

from the calculations by using TCF values, it is likely to affect other parameters such as 

conductivity and film stress.  

The sensitivity of the devices in various positions was calculated based on the total frequency 

shift resulting from both UV light and thermal influence. Figures 6.17a and 6.17b show the 

sensitivity of the λ=200 µm and λ=160 µm devices at the various resonant frequencies 

(vibration modes) and different positions of flat, bent down and bent up. The highest 

sensitivity was obtained when both devices were placed in the flat position, and it decreased 

when they were bent due to film defects and cracks. Also, it is evident that the sensitivity 

values of the bent-down position were higher than those in the bent-up position as in the 

latter case, more cracks and film defects were likely to occur.  



138 

 

 
Figure 6.17 The sensitivity of various resonant frequencies  to UV light for SAW devices 
of wavelengths of a) λ=200 µm and b) λ=160 µm while the devices were placed in flat, 

bent up and bent down positions 

 

The maximum value of sensitivity of the λ=200 µm device was 63 ppm (mW/cm2)-1 at 9 

MHz (A0 mode), and this value dropped to 27 ppm (mW/cm2)-1 when the device was bent 

up, as seen in Figure 6.17a. This remarkable decrease in sensitivity probably results from 

the thermal influence and the film defects caused by bending the device. These influence the 

propagation of acoustic waves, and A0 vibration mode has the highest TCF value ~580 

ppm/K among all other modes. The TCF value is associated with the linear expansion 

coefficient of ZnO thin film, which is likely to change when the film is deformed. However, 

the minimum sensitivity was 21 ppm (mW/cm2)-1 at 37 MHz (A1 mode) when the device 

was bent-up. This indicates that more defects had been generated in the ZnO thin film which 

affected the surface acoustic wave properties. In contrast, the maximum and the minimum 
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sensitivity values of the λ=160 µm device were 53 and 8 ppm (mW/cm2)-1 at 30 MHz (S0 

mode) when the device was kept flat and at 41 MHz (A1 mode) for the bent-up position, 

respectively. However, the values of sensitivity for the bent-down devices are intermediate 

between those of the flat and bent-up positions indicating that the performance of the device 

in flat and bent-down positions is better than in the bent-up position.  

Thus, several factors likely affect the sensitivity of ZnO thin film-based SAW devices, such 

as film quality, intrinsic defects, TCF values, vibration modes, and acoustic signal quality.     

 

6.6 The frequency response of flexible SAW device with enhanced 

nanorods to UV irradiation 

ZnO nanorods were grown on the top surface of the ZnO thin film using a simplified 

hydrothermal method, as explained in section 3.3. The λ=160 µm device was selected 

because it has a relatively shorter distance between the input and output IDTs, and this 

minimises the insertion loss of the S21 signal S21. The frequency responses of the SAW 

device before and after growing the nanorods were obtained and discussed in section 4.5. 

The device was illuminated with the low-power UV light source only that generates low UV 

intensity levels in order to study the enhancement of device sensitivity to UV light with less 

thermal interference.  Thus, the sensing performance to UV light of the λ=160 µm device 

with and without enhanced nanorods was investigated. The frequency responses of the S21 

signal S21 were recorded before and after the growth of the nanorods to determine the 

change of resonant frequency as a result of exposure of UV light. This change is shown in 

Figure 6.18a for the device without nanorods and in Figure 6.18b for the enhanced nanorods 

device.  
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Figure 6.18 Frequency shifts of A0 mode in response to low power UV light for SAW device of 

wavelength of 160 µm a) without nanorods and b) enhanced with nanorods 

 

It shows that the change in the resonant frequency of the S21 signal of the A0 mode follows 

the same trend as the S11 signal discussed in Sections 6.3 and 6.4. The signal decreased 

immediately when the UV light was switched on and decreased with increasing UV light 

intensity. However, it is noticed in Figure 6.18a that the frequency change was reached to 

saturated level in 10-12 seconds where the maximum shift obtained was 12 kHz. This value 

is comparable to the change in the resonant frequency of the same mode (A0) for the S11 

signal, as shown in Figure 6.5b. In addition, the minimum frequency shift was 1.2 kHz when 

the device was illuminated with a UV light intensity of 5 mW/cm2. 

On the other hand, the resonant frequency shown in Figure 6.18b did not reach a steady-state 

level, and it continued to decrease further, but slowly until it reached the maximum shift. 

Also, it decreased substantially when the UV light was switched off, and then it changed 

slowly toward the original frequency level. This indicates that the interaction between the 

UV light and ZnO nanorods/ZnO film continued to generate more photo-carriers when the 

UV light was switched on.  

The maximum frequency shift recorded was 27 kHz, and it is 2.25 times the maximum shift 

obtained for the device without growing the nanorods. Moreover, the minimum change in 

frequency was 6.6 kHz when the device was illuminated by UV light at 2 mW/cm2, whereas, 
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there was no shift at this intensity for the non-enhanced device. In addition, it was found that 

the lowest UV intensity that resulted in a significant frequency shift was 0.45 mW/cm2, 

which caused a change in the resonant frequency of 1.9 kHz. Thus, growing the nanorods on 

the top surface of the sensing region or the delay line of the SAW device enhanced both the 

frequency shift and the limits of detection.  

The other vibration modes S0 and A1 were also investigated, and they exhibited a similar 

response trend as the A0 mode. Figure 6.19a and 6.19b show the changes in the resonant 

frequencies for different vibration modes as a result of various UV light intensities before 

and after growing the nanorods. The frequency shift has a nearly linear relationship with UV 

light intensity with and without nanorods. However, the change in frequency shift has been 

enhanced by 75%, 70% and 135% for the A0, S0, and A1 modes respectively when the 

nanorods were grown on the top surface of the device. This is mainly attributed to the fact 

that the nanorods have a large surface-area-to-volume ratio that can enhance the absorption 

of UV light and increase the number of photo-generated carriers, eventually influencing the 

surface sheet conductivity and thus causing significant frequency shifts [306].  
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Figure 6.19 The relationship between frequency shift of various vibrating modes and UV 

light intensities for the device of wavelength 160 μm a) without nanorods and b) enhanced 
with nanorods 

 

The real-time response of the nanostructured device exhibits excellent repeatability and 

stability after five cycles, as shown in Figure 6.20. The resonant frequency did not reach a 

saturation level, and it was slowly shifted until it reached the maximum shift value before 

the UV light was switched off. Similarly, it shifted upward slowly toward the original 

baseline level during the recovery stage. 
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Figure 6.20 Cycling response to UV light intensity of 16 mW/cm2 showing the change 

in frequency shifts of the nanorods-enhanced SAW devices  

 

The sensitivity of the device has been calculated using equation 6.4, where the slopes in 

Figure 6.19 represent the rate of resonant frequency changes at various values of UV light 

intensities (Δf/ΔIUV). Thus, the highest sensitivity for this device is 65 ppm (mW/cm2)-1 

corresponding to A0 mode enhanced with nanorods as seen in Figure 6.21. This value is 1.76 

times as high as the sensitivity of the same mode for the device without nanorods. However, 

it can be noticed that there is a significant drop of the sensitivity for the S0 mode (at 30 MHz) 

in both devices, but it is followed by a slight increase for the A1 mode (at 41 MHz) for the 

enhanced nanorods device.  

 
Figure 6.21 The sensitivity of various resonant frequencies  to UV light for SAW 

device of wavelength of 160 µm with and without nanorods 
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The proposed flexible ZnO thin on aluminium foil-based SAW UV sensors showed less 

sensitivity, limit of detection, and response time compared to other detectors such as 

thermopile and Schottky photodiode. For example, thermopile has a dynamic range of 0.001 

– 100 mW/cm2, whereas the detection limit for the proposed sensors was about 2 mW/cm2. 

However, these detectors are well-developed, and they have been used as UV light sensors 

for more that fifty years. Besides, the proposed devices have an advantage of flexibility and 

bendability as well as they have a great potential for further development.   

 

On the other hand, the sensitivity of these devices exhibited lower values compared to rigid 

SAW devices such as ZnO/Si which showed a maximum sensitivity of 2190 ppm (mW/cm2)-

1 as shown in Table 2.3 in section 2.5.2. This attributes to the high frequency by which this 

device was operated (842.8 MHz), while the proposed devices are operated in much lower 

frequencies (3 – 41 MHz) which are limited by the design of the IDTs due to the high surface 

roughness of aluminium foil. Furthermore, the sensitivity of the proposed device is 

comparable to those of the flexible devices made by polyamide substrate where the 

sensitivity of the Lamb wave mode was 55.8 (mW/cm2)-1. 

 

6.7 Summary 

Flexible SAW devices based on ZnO thin film on aluminium foil substrate have been 

investigated for the first time as UV light sensors while the devices were placed in flat and 

bending (curved) positions. 

The I-V characteristics curves showed that the surface sheet conductivity of ZnO thin film 

was increased with the increase in UV light intensity. These changes in conductivity resulted 

in frequency shifts where the resonant frequency was decreased linearly with UV light 

intensity. Thermal effect had markedly influenced the changes in the resonant frequency 

when the high-power UV light source was used, whereas it was insignificant when using the 
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low power source. Moreover, the device of a wavelength of 200 μm possessed high TCF 

values as discussed in the previous chapter, which makes it more sensitive to changes in 

temperature.  

The maximum value of sensitivity of the λ=200 μm device was 63 ppm (mW/cm2)-1 when 

the device was kept in a flat position, whereas it was 53 ppm (mW/cm2)-1 for the λ=160 μm 

device. These values were decreased when the devices were bent due to the defects and 

cracks generated in ZnO film. The value of sensitivity was enhanced by 1.76 folds when 

nanorods were grown on the surface of the device. Real-time cycling response showed 

excellent repeatability for several cycles when the devices were placed in flat and bent 

positions. 

 

The sensitivity, limit of detection, and response of the flexible SAW UV sensors was much 

lower than that of the well-developed UV light detectors such as thermopile and Schottky 

photodiode. Also, their sensitivity was less than that of other ZnO thin film-based SAW 

devices made on rigid substrate such as silicon, and it was comparable to those fabricated on 

flexible polyamide substrate and operated by Lamb wave modes. However, the significant 

advantage of the proposed devices is performing sensing in bendable and flexible (curved) 

positions, besides, they have a potential for further development.     
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Chapter Seven  

7.Humidity and Breath detection using the flexible ZnO thin 

film-based SAW device 

 

7.1 Introduction 

Humidity is one of the most commonly measured parameters in environmental, biomedical, 

and industrial applications as well as in research and controlled processes. SAW devices 

have been employed in humidity sensing as part of gravimetric-based devices which utilises 

the change in mass loading of humidity on the surface of the sensor. It is also suggested that 

changes in surface sheet conductivity and density due to the adsorption of water molecules 

at the surface of ZnO thin film are likely to be contributed to the change in acoustic velocity.  

Flexible ZnO thin film-based SAW devices with a wavelength of 160 μm with and without 

nanorods are selected to perform humidity sensing using various operating modes. The 

device without nanorods is used to investigate flexible sensing performance in flat and bent 

down positions. The nanorods-enhanced device is exploited to study the enhancement in 

sensitivity compared to that of the device without nanorods. The S11 and S21signals are 

used to determine the resonant frequencies. Real-time cycling response is conducted by 

changing the humidity continuously for several cycles and recording the frequency response 

at the same time. 

The sensors are also investigated in breath rate and apnoea detection by exploiting changes 

in humidity and temperature during inhalation and exhalation. The device is placed in flat 

and bent-up positions to study sensing performance in flexible conditions as well as when 

using nanorods. A volunteer is instructed to breathe normally in a rate of 12-20 breaths/min, 

slowly in a rate below 12 breaths/min, and fast in a rate above 20 breaths/min as well as to 

hold breathing for few seconds for detection of apnoea. 
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7.2 The frequency response of flexible SAW device to humidity change 

The performance of the flexible SAW device-based humidity sensor was investigated. The 

device has a wavelength of 160 µm and was placed inside a humidity chamber where the 

relative humidity (RH) was controlled by adjusting the flow rate of dry nitrogen that passed 

through a bottle filled with DI water. The device was kept flat as well as bent down on a 

semi-circular holder with a radius of 50 mm.   

Figures 7.1a and 7.1b show the changes in relative humidity and temperature inside the 

chamber as measured by the commercial reference sensor. The relative humidity was 

increased slowly from 1% to 90%, and the corresponding temperature change was ± 0.5 oC.   

  
Figure 7.1 Changes in humidity and temperature inside the humidity chamber due to flowing nitrgoen gas 

carrying vapour at varied flowrates, a) humidity and b) temperature changes    

 

Thus, the temperature change is insignificant and has only a slight effect on the propagation 

of the surface acoustic wave. However, the change in acoustic wave velocity caused by 

humidity is mainly due to other factors such as mass loading due to the condensation of 

vapour and changes in surface sheet conductivity and film density.  

The changes in resonant frequency as a function of relative humidity for the different Lamb 

wave vibration modes (A0, S0, A1) are shown in Figure 7.2. The measurements were 

obtained while the device was kept in a flat and bent down positions, and the (S11) signal 

was recorded to determine the resonant frequency.  



148 

  
Figure 7.2 Frequency shifts of various vibrating modes in response to changes of relative humidity of the 
SAW device of the wavelength of 160 µm while the device was kept a) flat and b) bent down positions. 

S11 signal was used for the determination of the resonant frequency 

 

Figure 7.2a shows that the change in resonant frequency has a nonlinear relationship 

(monotonic trend) with the increase in relative humidity. The frequency shift also increased 

with humidity. The maximum shift obtained was -57 kHz at RH 90% for the higher-order 

mode (A1), and the minimum shift was -20 kHz for the A0 mode. Hence, the higher resonant 

frequency caused a more substantial frequency shift. Moreover, the change in resonant 

frequency increased slowly in the range of RH 1-50% after which it increased dramatically 

for high RH values above 60%. The maximum resonant frequency shift for the A1 mode 

was decreased by 28% when the device was bent down due to existence of film crack and 

defects compared to the shift obtained for this mode when the device was kept flat, as shown 

in Figure 7.2b. 

In contrast, the maximum frequency shift of the A0 mode was slightly less than that of the 

shift of the A0 mode when the device was kept flat. This could have been due to the 

characteristics of the Lamb waves where the higher-ordered modes are confined to the 

surface of the device, and they propagate mainly in the ZnO thin film which the defects 

existed because the device was bent. Therefore, the A1 mode was more influenced than the 

A0 mode by bending the device. The relationship between the shift in resonant frequency 

and relative humidity remained monotonic nonlinear, and the shift of frequency was 

remarkably increased when humidity was increased above 60%.  
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Likewise, when the S21 signal was used to determine the resonant frequency, the frequency 

shift increased as humidity increased, and it possessed a nonlinear relationship with humidity 

as seen in Figure 7.3. It is noticed that the frequency shifts of the three vibration modes 

showed slight variations when the humidity was changed from 1-60%. However, the 

resonant frequency decreased remarkably at RH 90%, and the maximum frequency shift of 

the A0 mode was 31 kHz, whereas, for other S0 and A1 modes, the shifts were ~41 kHz for 

both, as shown in Figure 7.3a.   

  
Figure 7.3 Frequency shifts of various vibrating modes in  response to changes of relative humidity of the 
SAW device of the wavelength of 160 µm while the device was kept a) flat and b) bent down positions. 

S21 signal was used for the determination of the resonant frequency 

 

However, when the device was bent down, the maximum frequency shifts of all the vibration 

modes were decreased by 25% compared to values for the device in a flat position, as shown 

in Figure 7.3b. This attributes to film defects, particularly in the delay line region where the 

transmission signal is propagating.  

Table 7.1 presents a summary of the values of frequency shift at 90%RH of various vibration 

modes when the device was kept flat and bent-down positions.  
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Table 7.1 Summary of frequency shifts of various vibration  modes at 90%RH  

Mode f0 

(MHz) 
Δf (Hz)  

S11 
(flat) 

Δf (kHz)  
S11 bent 
down) 

Δf (kHz)  
S21 
(flat) 

Δf (kHz)  
S21 (bent 

down) 

Δf (kHz)  
S21 with 
nanorods 

A0 13 -20.3 -19.6 -31 -21.3 -41.82 

S0 30 -42.7 -24.6 -40.8 -27.6 -52.72 

A1 41 -57 -41.3 -41.8 -32.4 -107 

 

Hence, when the S11 signal was used to record the resonant frequency, the measurements 

were obtained from one port of the SAW device (resonator configuration) underneath the 

IDTs. Meanwhile, in the case of the S21 signal, the resonant frequency was recorded from 

the two ports of the device where the acoustic signal propagates from one to another through 

the delay line region. Thus, the S21signal is influenced by several factors. These include the 

mismatching of IDTs between the two ports due to the lithography process and the surface 

roughness of aluminium foil. Besides, the intrinsic defects in the ZnO thin film and the non-

uniform cracks that occurred in the thin film when the device was bent. Therefore, some 

variation in the performance of the device for the S11 and S21 signals was noticed as well 

as in both flat and bent positions where the S11 signal exhibited higher frequency shifts than 

the S21 signal. 

 

7.3 The frequency response of flexible SAW device with enhanced 

nanorods to humidity change 

Nanorods were grown on the top surface of the device in the delay line region using the 

hydrothermal process to enhance the sensitivity of the device. The nanorods-enhanced SAW 

device was investigated as a humidity sensor. Figure 7.4 shows the frequency shift of the 

nanorods-enhanced device as a function of change in relative humidity. The maximum 

change in resonant frequency was 107 kHz for the A1 mode representing a significant 

enhancement of ~255% compared to that of the same mode of the device without nanorods, 

as shown in Table 7.1. The changes in the resonant frequencies of the A0 and S0 modes 
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showed fewer improvements compared to those values of the A1 mode, where the 

enhancement of the frequency shift was only about ~132%.  

 
Figure 7.4 Frequency shifts of various vibrating modes in response to changes 

in relative humidity of the nanorods-enhanced SAW device. 

 

The significant enhancement in the frequency shift of the higher-order (A1) mode results 

from the propagation characteristics of the Lamb waves. In general, Lamb wave travels 

through the whole device thickness in both the ZnO thin film and the aluminium foil 

substrate. Therefore, it exhibited less sensitivity to mass loading compared to the Rayleigh 

wave that travels along the surface of the device. Hence, the higher vibration modes of the 

Lamb wave have better performance in detecting any change on the surface of the device 

because they are more converging to the Rayleigh wave and have higher values of the 

resonant frequency. Besides, the nanorods increase the surface area of the sensing region 

where more water vapour is expected to be trapped on the surface of the device. This 

increases the mass loading, which eventually causes a significant change in acoustic wave 

velocity. 
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7.4 Sensitivity analysis of flexible ZnO thin film-based SAW devices to 

humidity change 

The sensitivity of the flexible SAW device-based humidity sensor is defined by the following 

formula [357]: 

 E �  ∆a

∆�u
 (7.1) 

where ∆f is the shift in resonant frequency and ∆RH is the change in relative humidity. The 

calculated sensitivities for various resonant frequencies when the device was kept in flat and 

in bent positions are shown in Figure 7.5. The frequency shift is considered when the 

humidity changed by 10%RH at 90%RH.  

 
Figure 7.5 The sensitivity of various resonant frequencies to change in relative humidity 

of 10% RH (80-90%) when the device was placed in flat and bending positions. 

 

The maximum sensitivity was ~19 kHz/10% RH for the higher-order mode (A1) at the 

resonant frequency 41 MHz (S11 signal) and when the device was kept in a flat position. 

This is attributed to the relatively high-frequency value where this mode is propagating close 

to the surface (converges to Rayleigh wave) as discussed. Besides, the S11 signal is used to 

determine the resonant frequency recorded from a single port where the acoustic wave is 

excited and measured. Therefore, it is more sensitive to mass loading as some of the water 
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molecules condensate directly over the IDTs area. In contrast, although the humidity level 

affected the acoustic velocity of the S21 signal, the water molecules on the surface of the 

device caused more signal damping than to the reflection signal. This mainly applies to the 

higher vibration mode as the acoustic wave is confined to the surface.   

In addition, the SAW device exhibited less sensitivity when the sensor was bent compared 

to the flat position, due to cracks and defects in the film. Therefore, the lowest sensitivity 

was ~7.0 kHz/10% RH for the fundamental mode (A0) at 13 MHz when the device was in a 

bent position and for the S21 signal. This obviously results from the low frequency of this 

mode, as well as film cracks and defects and the slight damping of the S21 signal 

The sensitivity of the nanorods-enhanced SAW humidity sensor was further studied, and the 

results are shown in Figures 7.6a and 7.6b for the device without nanorods and the nanorod-

enhanced sensor, respectively. Sensitivity was calculated for different humidity change 

intervals from 1% to 80% with steps of 20% and for various vibration modes.  The sensitivity 

of the device increased with relative humidity.  

  
Figure 7.6 The sensitivity of various vibrating modes to changes in relative humidity at intervals of 20% 

RH of the SAW device a) without nanorods and b) with nanorods 

 

The results show that the nanorods improved the sensitivity of the SAW device significantly 

when the relative humidity was above 60%. The maximum sensitivity of the nanorods-

enhanced device was ~36 kHz/20%RH corresponding to the A1 mode at the resonant 

frequency of 41 MHz. This value is 3.6 times the sensitivity of the same mode of the device 
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without nanorods where the value was 10.4 kHz/20%RH. The calculated percentages 

enhancements in sensitivity for various humidity change intervals are shown in Figure 7.7. 

 
Figure 7.7 The sensitivity enhancement in percentage of various vibrating modes to 
changes in relative humidity at intervals of 20% RH of the nanorods-enhanced SAW 

device 

 

There was a substantial enhancement of sensitivity when the change in humidity was 

between 60-80%, where the maximum enhancement was 246% for the A1 mode. However, 

the A0 and S0 modes also showed enhancements of 88% and 135%, respectively, for the 

same humidity change and interval. However, the values of sensitivity for the different 

vibration modes of the SAW device for humidity intervals from 1-60% were enhanced by 

10-60%.  

Moreover, the sensitivity for the A1 mode when humidity was changed from 80-90% was 

47.7 kHz/10%RH for the nanorods-enhanced device. This value is 2.7 times the sensitivity 

of the same mode for the device without nanorods and 1.3 times higher than when humidity 

was changed from 60-80%.  

The sensitivity and/or the frequency shift achieved in response to humidity change of the 

proposed devices exhibited higher values compared to those devices operated in lower 

operating frequency or in bulk mode (e.g. quartz-based devices) as mentioned in Table 2.5 

in section 2.5.3. Whereas, they showed lower values compared to the SAW devices which 
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is mainly attributing to the lower operating frequency where the maximum resonant 

frequency of the proposed devices was 41 MHz, and this value is much lower than that of 

the highest frequency used in the literature (~395 MHz). However, the sensitivity of the 

flexible ZnO/Aluminium foil was greater than that of the flexible ZnO/polyimide where it is 

the only flexible device with similar structure found in the literature for humidity sensing. 

This indicates that the proposed flexible devices showed better performance than that of the 

flexible ZnO thin film-based SAW devices.   

On the other hand, the limit of detection and resolution of the flexible device was 10% RH 

which is 10 times less than that of the capacitive humidity sensors. Also, the dynamic range 

of detection of flexible sensors was 1% - 90% while it was 0% - 100% for the capacitive 

sensors.   

However, the significance of these sensors is the flexibility where the devices were 

performing humidity sensing in flat and bending (curved) positions. Besides, ZnO/Al foil-

based SAW devices are investigated for the first time as humidity sensors and they exhibited 

a good potential for the detection of humidity, and they are subject for future development. 

 

7.5 Real-time cycling response of flexible SAW device to humidity change 

The real-time responses of the SAW device were further investigated to show repeatability 

during humidity cycling, as shown in Figure 7.8. The relative humidity increased and 

decreased between 1% and 90% in several cycles and the resulting changes in resonant 

frequency were recorded. The S11 signal was used to determine the resonant frequency and 

Figures 7.8a and 7.8b show the frequency response of A0 and S0 modes when the device 

was kept flat. Meanwhile, Figures 7.8c and 7.8d show the frequency response in humidity 

cycling for A0 and S0 modes when the device was bent down.  
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Figure 7.8 Cycling response to changes in humidity showing the change in frequency shifts of a) A0 mode in the 
flat position, b) S0 mode in the flat position, c) A0 mode in the bent down position and d) S0 mode in a bent 

down position. S11 signal was used for the determination of the resonant frequency 

 

The results show that the resonant frequency decreased when the humidity increased due to 

the accumulation of water vapour on the surface of the device, and it increased when the 

humidity was decreased as the water evaporated. 

However, it is suggested that some of the water molecules have remained on the surface of 

the device while cycling due to the very rough surface, and this allowed the diffusion of 

these molecules into the thin film. This probably resulted in changes in the surface sheet 

conductivity of the ZnO thin film, hence causing the fluctuations in the frequency shift. In 

addition, the resonant frequency did not move back toward the baseline level when the 

humidity was decreased. 

However, the overall cycling response of the A0 and the S0 modes exhibited excellent 

repeatability when the SAW device was kept in flat and bent positions, as shown in Figure 

7.9. 
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Figure 7.9 The reproducibility and reliability of humidity sensing of A0 and S0 vibrating 

modes of S11 signals while the SAW device was kept in flat and bent-down positions 

 

Likewise, the cycling response of the device obtained when the transmission signal was used 

to determine the resonant frequency showed similar behaviour compared to the response of 

the reflection signal, as seen in Figure 7.10. It shows that the resonant frequency shifted 

downward when the humidity was increased and moved upward when the humidity was 

decreased by purging more dry nitrogen into the chamber.   

  

  
Figure 7.10 Cycling response to changes in humidity showing the change in frequency shifts of a) A0 mode 
in the flat position, b) S0 mode in the flat position, c) A0 mode in a bent down position and d) S0 mode in a 

bent down position. S21 signal was used for the determination of the resonant frequency 
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Thus, the sensing performance for the reflection (S11) and transmission (S21) signals were 

comparable, and the overall frequency response exhibited excellent repeatability when the 

device was kept in both flat and bent down positions as shown in Figures 7.9 and 7.11. 

 
Figure 7.11 The reproducibility and reliability of humidity sensing of A0 and S0 vibrating 

modes of S21 signals while the SAW device was kept in flat and bent-down positions 

 

Furthermore, the real-time response to humidity change of the nanorod-enhanced SAW 

device was further studied, and the results are shown in Figure 7.12a and 7.12b for the A0 

and S0 modes, respectively.  

  
Figure 7.12 Cycling response to changes in humidity showing the change in frequency shifts of the 

nanorods-enhanced SAW device for a) A0 mode and b) S0 mode 

 

The resonant frequency decreased the humidity was increased. Then. It was fully recovered, 

and it showed the same stable level in the four cycles when the humidity was decreased to 

the original value before it started to decrease again when the humidity was increased. The 
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frequency response of the device to humidity cycling showed better stability and 

repeatability than that of the device without nanorods, as shown in Figure 7.13. 

 
Figure 7.13 The reproducibility and reliability of humidity sensing of A0 and S0 

vibrating modes of nanorods-enhanced SAW device 

 

7.6 The frequency response of the flexible SAW device to various breath 

patterns 

The flexible ZnO thin film-based SAW device was further investigated for respiratory rate 

monitoring and apnoea detection. Exhaled air carries humidity and other gases such as 

oxygen and carbon dioxide. Therefore, changes in humidity and the temperature during the 

breath cycle were exploited to monitor respiratory status, as these variables strongly 

influence the acoustic wave velocity. The SAW device was placed at a distance of 

approximately ~5.0 cm away from the mouth where the exhaled air comes into contact with 

the sensor. A commercial reference sensor was fixed to the top surface of the device to 

measure the change in humidity and temperature continuously. The humidity changes during 

inspiration and expiration are shown in Figure 7.14 as measured by the commercial reference 

sensor. 
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Figure 7.14 The changes in relative humidity as a result of breath cycling 

(inspiration and expiration) 

 

The humidity increased from ~60 % to 80 % as a result of the moisture air in exhalations, 

and it fluctuated between 70 % and 80 % during the breathing cycles. These changes in 

humidity were sufficient to cause a significant frequency shift, as discussed in the previous 

section. Humidity was increased during the expiratory phase and decreased during the 

inspiration phase. However, it is noticed that humidity levels did not reach the original 

baseline because the time required to dry all the water vapour is not long enough, and the 

humidity is kept accumulated on the sensor.   

On the other hand, the temperature was increasing continuously during the process where it 

was varied from 26.0 – 28.5 oC within one minute of breathing cycles, as seen in Figure 7.15. 

Although the temperature increased, there was a slight difference between inspiration and 

expiration where the difference in temperature during one breath cycle from the beginning 

of expiration until the end of inspiration was only about ± 0.5 oC. The frequency shift caused 

by the temperature variation during a breath cycle is calculated using the TCF equation 

(2.36), and the results are ~2.0 kHz and 4.3 kHz corresponding to A0 and S0 modes, 

respectively. 
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Figure 7.15 The changes in temperature as a result of breath cycling (inspiration 

and expiration) 

 

The frequency responses of the SAW device as a function of time versus the change in the 

temperature and the humidity in one breath cycle are shown in Figures 7.16a and 7.16b, 

respectively.  

  
Figure 7.16 Frequency shift of SAW device in response to changes in a) temperature and b) humidity 

showing the time of inspration and expiration during one breath cycle  

 

The temperature changed from ~26.0 to 26.5 oC during expiration, and humidity increased 

from 63% to 72%. The resonant frequency also decreased during the expiratory phase and 

increased during inspiration, where the maximum frequency shift was 42.6 kHz. The change 

in acoustic wave velocity has resulted from the combined effects of mass loading due to the 

accumulation of humidity at the surface of the sensor and the temperature changes during 

expiration and inspiration.   
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The response and recovery times of the device were about 2.0 seconds (1.0 second for each), 

and the total time of the breath cycle was 4.0 seconds. Therefore, the resonant frequency was 

not fully recovered to the original baseline, and instead held a value of ~12.45 kHz that could 

decrease further in the subsequent cycles. This is mainly attributed to the remaining water 

molecules at the surface of the device, which required more time to be entirely evaporated.    

  

7.6.1 The frequency response of flexible SAW device to various breath 

patterns in a flat position  

Figure 7.17 shows an example of the frequency response of the SAW device to several breath 

cycles involving an apnoea episode. The frequency shift decreased and increased with each 

expiration and inspiration breath cycle in a regular pattern. The estimated respiratory rate 

was 14 breaths per minute in the period from 20-80 seconds in one-minute breath cycles. 

The resonant frequency fully recovered when breathing paused (apnoea) at a time of 84 

seconds and held the same value at the original baseline for 40 seconds before breathing 

resumed again for further regular breath cycles. 

 
Figure 7.17 The response of SAW device showing frequency shifts due to regular breathing and 

apnoea episode  

 



163 

Figure 7.18a and 7.18b show the frequency response of the A0 and S0 modes to breathing 

cycles within one minute. The results show that the frequency shifts of the zero-order 

vibration modes of the Lamb wave were decreased and increased in response to the 

interchange between expiration and the inspiration. The respiratory rate can be estimated by 

counting the number of breath cycles in one minute.  Thus, the respiratory rates detected by 

A0 and S0 modes were 13 and 17 breaths per minute, respectively. The respiration pattern 

was regular since the time between the two consecutive breath cycles was nearly similar 

  
Figure 7.18 The response of SAW device showing frequency shifts due to regular breathing within one-

minute cycle for a) A0 and b) S0 modes  

 

Figures 7.19a and 7.19b show the frequency response of the fundamental modes A0 and S0, 

respectively, for slow breathing status (bradypnea) with apnoea episodes (cessation of 

breathing). The resonant frequency shifted immediately each time the device was exposed 

to the exhaled air, and it had fully recovered at the end of the inspiratory phase. The resonant 

frequency was stable and held the same original value during the apnoea interval, indicating 

that breathing had ceased. 

  
Figure 7.19 The response of SAW device showing frequency shifts due to bradypnea and apnoea episodes  

for a) A0 and b) S0 modes 
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However, the detection of tachypnoea, where the respiratory rate is higher than 20 

breaths/min is more challenging than for bradypnea as it requires high response and recovery 

speeds to distinguish between the numbers of breaths. Therefore, the performance of the 

SAW device in detecting high respiratory rates was investigated. The frequency shifts of the 

A0 and S0 modes as a result of rapid breathing with alternating apnoea intervals are shown 

in Figures 7.20a and 7.20b, respectively. The resonant frequency of the SAW device 

exhibited excellent responsiveness to the high respiratory rate with a response time of 1.0 

second, and it decreased and increased with each breath cycle. However, the resonant 

frequency was not recovered to the baseline during the inspiratory phase due to the 

accumulation of the humidity at the surface of the device. When breathing ceased, the 

resonant frequency fully recovered and became stable as this was allowed a longer time for 

any remained moistures to be dried. The respiratory rates detected by the A0 mode and S0 

modes were 25 and 30 breaths per minute, respectively. 

  
Figure 7.20 The response of SAW device showing frequency shifts due to tachypnea and apnoea episodes  

for a) A0 and b) S0 modes  

 

7.6.2 The frequency response of flexible SAW device with enhanced 

nanorods to various breath patterns 

The SAW device with enhanced-nanorods was also investigated for respiratory rate 

monitoring and apnoea detection. Figures 7.21a and 7.21b show the frequency shift of the 

A0 and S0 modes as a function of time in response to breathing cycles in one minute.  
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Figure 7.21 The response of the nanorods-enhanced SAW device showing frequency shifts due to regular 

breathing within one-minute cycle for a) A0 and b) S0 modes 

 

The frequency shift continuously decreased with each breathing cycle, and it showed a long 

recovery time of 3-4 seconds due to the trapped moistures within the nanorods and on the 

surface of the device. However, the values of the changed resonant frequencies have been 

increased compared to the device without nanorods. This is mainly attributed to the mass 

loading and the changes in the surface sheet conductivity of the ZnO thin film due to the 

interaction between the trapped humidity from one side, and the nanorods and the ZnO thin 

film from another side.   

  

7.6.3 The frequency response of flexible SAW device position to various 

breath patterns in a bent position 

The performance of the SAW device in monitoring respiratory status and detecting apnoea 

while the device was kept in a bent position was also investigated. The SAW device with a 

wavelength of 160 μm was bent-up on a semi-circular holder with a radius of 50 mm, as 

shown in Figure 3.15b in section 3.6. The frequency shifts in response to various respiratory 

cases, including regular, bradypnea, tachypnoea and apnoea, are shown in Figures 7.22a and 

7.22b, for both A0 and S0 modes, respectively.  
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Figure 7.22 The response of SAW device showing frequency shifts due to regular breathing, tachypnea, 
bradypnea and apnoea episode while the device was kept in bent down position for a) A0 and b) S0 modes  

 

The shifts in the resonant frequency of both modes decreased in response to expiration in 

the various breath patterns. They exhibited comparable performance to those of the flat 

device. However, the maximum change in the resonant frequency of A0 mode was 10.0 kHz, 

and it was 20.0-25.0 kHz in the case of the S0 mode. These values are significantly lower 

than the frequency shifts obtained for the same modes when the device was in a flat position. 

Moreover, the resonant frequency took a more prolonged time of 3.0-4.0 seconds to fully 

recover when breath had ceased (apnoea). These are attributed to the defects and cracks 

generated in the ZnO thin film as a result of bending of the device, where humidity was 

likely to have accumulated within those cracks, thus delaying in the recovery time. 

 

7.7 Summary 

Flexible SAW devices based on ZnO thin film on aluminium foil substrate have been 

investigated for the first time for humidity sensing as well as breath detection while the 

devices were placed in flat and bending (curved) positions.  

Frequency responses to changes in relative humidity for the flexible SAW devices with a 

wavelength of 160 μm with and without nanorods were obtained. Relative humidity was 

changed in a range of 1-90% inside a humidity-controlled chamber where the devices were 
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placed in flat and bent down positions with a curvature radius of 50 mm. An external 

reference sensor was used to measure the changes in humidity and temperature. 

 

The results showed that the maximum frequency shift was -57 kHz at 90%RH for the higher-

order A1 mode when the value of S11 was used to determine resonant frequency, whereas 

the lowest value was -19.6 kHz for the A0 mode when the device was bent. These readings 

are corresponding to sensitivity values of 19 and 7 kHz/10%RH at 90%RH for the A1 and 

A0 modes, respectively. This attributes to (1) the high resonant frequency of the A1 mode 

which converges toward Rayleigh wave where it is confined on the surface of the device, 

and (2) to defects and cracks generated due to bending of the device. On the other hand, the 

maximum value of sensitivity of the nanorod-enhanced device was 47.7 kHz/10%RH at 

90%RH, and this is resulted in a maximum enhancement by 3.6 folds.  The real-time cycling 

response showed excellent repeatability over several cycles when the device was kept in flat 

and bent positions.  

 

The values of sensitivity of flexible devices are lower than that of the SAW based humidity 

sensors in the literature due to the low operating frequency and the cracks generated due to 

bending the devices. Besides, the resolution of the flexible device was 10% RH and the 

dynamic range was 1% - 90% RH which they are lower than that of the capacitive humidity 

sensors. However, ZnO/Al foil-based SAW devices are investigated for the first time as 

humidity sensors and they exhibited better performance compared to the flexible ZnO thin 

film-based SAW devices. Besides, they possessed good potential for the detection of 

humidity in flat and bending position which makes them an interesting candidate for future 

development.  
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Furthermore, the sensing performance of the flexible SAW devices was obtained for various 

breathing patterns. The results showed that the devices exhibited excellent performance and 

responsiveness to various breathing patterns. The resonant frequency was shifted 

immediately in response to inhalation and exhalation. The response and recovery time was 

1 second, and the maximum respiratory rate detected was 30 breaths/minutes, which was 

limited by the sampling rate of the LabVIEW applications. Therefore, the proposed sensor 

exhibited the capability to detect apnoea in one second, which makes it a potential candidate 

for early detection of apnoea related problems.   
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Chapter Eight . 

8.Conclusions and future work 

 

8.1 Conclusions 

Flexible ZnO thin film on aluminium foil-based SAW devices have been investigated for the 

first time as sensors for temperature, UV light, and humidity as well as breath and apnoea 

detection, and these devices were performing sensing while they were placed in flat and 

bending (curved) positions.  

The devices were fabricated by depositing ZnO thin film ~5 μm thick on a commercial and 

low-cost aluminium foil 50 μm thick using DC reactive magnetron sputtering method. The 

depositing parameters were; DC power 400 W and flow rates of Ar and O2 were 6.5 and 13 

sccm, respectively. The as-deposited ZnO thin film was characterised using SEM, XRD and 

AFM. The results showed that the surface morphology of ZnO thin film exhibited a dense 

granular pattern composed of large ZnO grain-like structures with an average diameter of 

~350 nm. The ZnO nanocrystals were vertically aligned in highly oriented columnar 

structures perpendicular to the aluminium substrate. They have also possessed wurtzite or 

hexagonal crystalline structure with a textured orientation in the (0002) plane along the c-

axis and perpendicular to the substrate, which texture coefficient was 98.5%. Low 

compressive stress of -0.52 GPa was observed as well as a relatively high RMS value of 

surface roughness of 261.1 nm. The ZnO thin film possessed a high quality and the desired 

structural and physical properties for good piezoelectric performance. 

 Various types of IDTs structures were designed using analytical and finite-element method-

based models to excite Lamb waves. Accordingly, flexible SAW sensors were made by 

patterning two different structures of IDTs (Cr/Au) using lithography and lift-off processes. 

The designed wavelengths used for sensing studies were 100 μm, 160 μm, 200 μm, 300 μm, 

and 400 μm. Frequency response was obtained and compared with simulation results, and 
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they were in good agreement. Frequency spectra were also measured for selected devices 

when they were placed in bent-down and bent-up positions by which the acoustic signal was 

still detectable and maintained good quality.       

 ZnO nanorods were further grown on the surface of a SAW device with a wavelength of 

160 μm in order to enhance the sensitivity during sensing performance. The growth of the 

nanorods was conducted using a modified hydrothermal technique which a precursor 

solution of zinc nitrate 25 mM was prepared, and its pH was adjusted to 10.3 by adding 

ammonium hydroxide. The solution was placed in a sealed container and heated to about 85 

oC for 4 hours. An isolation layer of SiO2 was used to separate the thin film from nanorods 

and followed by depositing a seed layer of ZnO of 30 nm thick. The nanorods were evaluated, 

and the results showed that nanorods were aligned vertically in columnar structures 

perpendicular to the ZnO thin film with an average length of 900 nm and a diameter of 65 

nm. 

The flexible SAW devices were used for temperature, UV light, humidity, and breath sensing 

and the key findings are: 

• TCF was obtained for all devices in which TCF values were among the highest values 

compared to those published for flexible devices. The range of the measured TCF values 

was 288-773 ppm/K. It was suggested that the reason for the high TCFs is the high TEC 

value of aluminium foil and its elastic properties. However, although low-frequency 

Lamb waves such as A0 modes possessed higher TCF values than that of high frequency 

such as S0 and higher-order modes, the latter exhibited better performance and more 

significant frequency shift, and hence higher sensitivity to temperature. The real-time 

cycling response showed that the devices had excellent linearity and repeatability when 

they were placed in flat and bent positions.  
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• The frequency shift of SAW devices possessed a linear relationship with various UV light 

intensity when they were placed in flat, bent down and bent up positions. A more 

substantial shift was observed when a high-power UV light irradiation was used due to 

UV light interaction and thermal effects as well as for higher frequency vibration modes, 

and when the devices were placed in flat positions. The highest and the lowest sensitivity 

values to low power UV light, which thermal effect is insignificant, were 63 and 8 

(mW/cm2)-1, respectively. These results are corresponding to the device with a 

wavelength of the 200 µm in a flat position, and the 160 µm in bent-up position, 

respectively. However, the sensitivity to UV light was enhanced 1.76 times when 

nanorods-enhanced SAW device with was used.  

 

• The frequency shift of the SAW device of a wavelength of 160 μm, exhibited a monotonic 

but non-linear relationship with the change in relative humidity when the device was 

placed in flat and bent positions. The highest and lowest sensitivity values were 19 and 7 

kHz/10% at 90%RH for the A1 and A0 modes, respectively. The nanorods-enhanced 

SAW device showed maximum enhancement in sensitivity by 3.6-fold compared to the 

device without nanorods. The real-time cycling response of the SAW device in flat and 

bent positions exhibited acceptable repeatability.  

 

• The frequency response of the SAW device to various breathing patterns was also 

investigated when the device was kept in flat and bent-up positions. The results showed 

that the device exhibited excellent responsiveness to normal, slow, and fast respiratory 

rates as well as apnoea detection. The response and recovery time were both one second 

which was limited by the recorded sampling rate of the LabVIEW application, and 

therefore, the highest rate detected was 25-30 breaths/minute.  
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8.2 Future work 

Significant progress has been reported on various flexible SAW sensors with high sensitivity 

and excellent physical properties as well as low cost with the capability for integration with 

other technologies such as nanotechnology, microfluidics, and lab-on-a-chip. The main 

challenge of flexible SAW devices is selecting a substrate material which can withstand 

bending and deformation and considered to be a suitable medium for acoustic wave 

propagation without causing damping or attenuation to the signal. Depositing high-quality 

ZnO thin film is also another requirement for maximum piezoelectric performance, hence 

transduction excellence. Besides, the high resonant frequency and Q factor of the sensors are 

very crucial parameters for high sensitivity and reliability. 

Thus, the suggested future work includes further improvements to the fabrication process to 

overcome the high rough surface of aluminium foil. This could be achieved by optimising 

the process parameters or introducing intermediate materials to decrease surface roughness 

such using nanoparticles on the surface.  

The design of IDTs is another crucial factor in developing high-performance SAW sensors.  

Therefore, a focused IDT design with internal reflectors and optimised wavelength and 

dimensions could make an improvement in generating a high-quality signal with high Q 

factor, reduce power loss, and enhance coupling coefficients.  

Besides, further studies using different sensitive layers are recommended to improve the 

sensitivity of the SAW sensors. In this thesis, ZnO nanorods were used as a sensing layer. 

However, further work is needed to improve the growth process or using sensing materials 

decorated nanorods such as Cu or Ag nanoparticles.  

Moreover, studies have been conducted in using ZnO thin film on aluminium foil in 

microfluidics applications. Therefore, it would be an interesting field for developing an 

integrated sensing-microfluidics platform as a flexible lab-on-a-chip where one part is used 
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for acoustofluidics, and another part is utilised for sensing. Furthermore, finite element 

analysis can be used to study the Lamb wave modes and wave propagation into the liquid. 

It is also suggested to conduct a comparative study on the influence of surface roughness, 

substrate type, and film properties (various thickness, grain size, and texture) on surface 

acoustic wave characteristics and sensing performance.   
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