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Abstract – Surface acoustic wave (SAW) is a type of wave that propagates on the surface of an 

elastic material. The concentration of energy of these waves is higher at the surface and decreases 

exponentially along the depth of the material. In general SAW devices are realized on polished 

piezoelectric substrates in conjunction with metallic interdigital transducer (IDT) for the 

transduction of electric energy to acoustic energy and vice versa. Various types of surface waves 

like Rayleigh wave, shear horizontal wave, Bleustein-Gulyaev-Shimizu (BGS) wave, and Love 

wave are generated by choosing appropriate crystal cut of the piezoelectric substrate and guiding 

layers. Electric field generated by the IDT produces strain in the piezoelectric substrate and vice 

versa. Applying alternating voltage to the IDT results in the generation of SAW in the substrate. 

The operating frequency of a SAW device depends on the dimensions of IDT structure and 

acoustic velocity in the substrate.  

As technology advances, there is always a need for superior SAW devices with improved stability, 

high electromechanical coupling coefficient, high frequency of operation, and low acoustic losses. 

The performance of SAW devices to some extent can be improved by employing piezoelectric and 

dielectric thin films over SAW devices. It is possible to realize SAW devices on non-piezoelectric 

substrates using piezoelectric overlay in conjunction with interdigital transducers. SAW devices 

on non-piezoelectric substrates like silicon, sapphire and diamond have been reported using films 

of piezoelectric materials like ZnO, CdS, and AlN. The SAW devices made on silicon can be 

integrated with circuits for lab on chip, signal processing and communication applications.  

This thesis mainly focuses on the research work carried out on the realization of SAW devices on 

silicon substrate using ZnO in the form of either periodically patterned films or thin films. The 

first major contribution of the thesis is the investigation of transduction of SAW on silicon 

substrate using periodic patterns of ZnO to achieve SAW devices with high phase velocity and 

high coupling coefficient suitable to integrate with CMOS and IC circuits on a silicon substrate.  

The finite element simulations of the proposed SAW devices with patterned-ZnO on silicon are 

carried out using COMSOL Multiphysics and the results reveal the generation of surface modes 

having unique property of high coupling coefficient with high phase velocity. The fabrication 

design parameters are obtained using equivalent circuit model. We fabricated and tested the 

proposed patterned-ZnO SAW devices on silicon and verified the test results with simulation 

results of identical SAW devices as fabricated.  

The second major contribution of this research work is to realize the proposed structure in the 

edge reflection (ER) type SAW devices which offer substantially small device area, since the 

device area on a silicon chip is crucial and minimizing the area of the SAW device would be of high 

priority in monolithic integration. The simulations of the proposed ER type SAW devices on 
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silicon are carried out using COMSOL Multiphysics and the device parameters for the fabrication 

are obtained using equivalent circuit model. We have fabricated the proposed edge reflection type 

SAW devices on silicon and the testing of the fabricated devices confirms practicability of the 

proposed devices. In order to demonstrate an application of the proposed devices, we fabricated 

and tested coupled resonator filters and ladder filters using ER type SAW resonators on silicon 

substrate for RF signal processing applications. 
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Chapter 1  

Introduction to Surface Acoustic Wave Devices 

There has been tremendous growth in the micro electromechanical systems (MEMS) industry 

and subsequent increase in demand for high quality components. Surface acoustic wave (SAW) 

devices form an important part of MEMS family. The SAW devices are widely used as 

resonators, correlators and delay lines for signal processing and sensing applications in the area 

of electronic and telecommunications industry [1]. A SAW is an acoustic wave traveling along 

the surface of a material exhibiting linear elasticity. The concentration of energy of these waves 

is higher at the surface and decreases exponentially along the depth of the substrate. SAW 

devices provide geometrical freedom near the surface for modification, amplification and 

physical interaction with the generated SAW along its propagation path, which permits SAW 

devices for wide range of applications. Conventionally, SAW devices are realized on polished 

piezoelectric substrate in conjunction with an interdigital transducer (IDT) as the transduction 

element for the excitation of various types of surface waves like Rayleigh wave, Shear horizontal 

wave, Bleustein–Gulyaev-Shimizu (BGS) wave, and Love wave, owing to piezoelectric nature of 

the substrate. In piezoelectric materials electric field is produced when mechanically strained 

and vice versa. The frequency characteristics of SAW devices depend on the IDT structure and 

material properties of the substrate. 

SAW devices have unique advantages of realizing real time signal processing in compact devices 

without using external power supply. As the acoustic velocity of surface wave is about 10-5 

times that of electromagnetic waves, it allows a significant reduction in size of the device [1]. 

SAW devices are one of the major components in many communication systems such as satellite 

receivers, remote control units, keyless entry system, radio frequency identification (RFID), 

television sets, and mobile phones. SAW devices are also used in micro actuators such as SAW 

nano-stepping motors and SAW micro-pumps. As technology advances, there is always a need 

for superior SAW devices with improved stability, high electromechanical coupling coefficient, 

high frequency of operation, and low losses. The performance of SAW devices can be improved 

by employing piezoelectric and dielectric thin films over SAW devices. It is possible to realize 

SAW devices on non-piezoelectric substrates using piezoelectric overlay in conjunction with 

interdigital transducers. SAW devices on non-piezoelectric substrates like silicon, sapphire and 

diamond have been reported using films of piezoelectric materials like ZnO, CdS, and AlN. Hence 

SAW devices made on silicon can be integrated with circuits for lab on chip and wireless 
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applications [2]. Onboard antennas can be integrated within SAW devices and employed in 

sensors for remote and inaccessible locations.  

1.1 Contributions of the thesis 

This thesis mainly focuses on the research work carried out on the realization of novel class of 

SAW devices on silicon substrate using piezoelectric zinc oxide (ZnO) thin films and periodically 

patterned ZnO films. The first contribution of the thesis is the improvement in device 

parameters of the reported thin film SAW devices on silicon by introducing periodic patterns in 

the piezoelectric film.  The investigation and simulations of the proposed SAW devices with 

patterned-ZnO on silicon, carried out using COMSOL, reveal generation of surface modes with 

high coupling coefficient and high phase velocity. We fabricated the proposed patterned-ZnO 

SAW devices on silicon and verified the simulation results. The second contribution of the thesis 

is the development of novel edge reflection (ER) type SAW devices realized on silicon using ZnO 

films as well as periodically patterned-ZnO films.  The simulations of the proposed ER type SAW 

devices on silicon are carried out using COMSOL and the device parameters for fabrication are 

designed using equivalent circuit model. We fabricated the proposed edge reflection type SAW 

devices on silicon and the testing of the fabricated devices confirms practicability of the 

proposed devices. In order to demonstrate an application of the proposed devices, we fabricated 

and tested coupled resonator filters and ladder filters using ER type SAW resonators in silicon 

for RF signal processing applications.   

1.2 Generation of waves in elastic medium 

An elastic or acoustic wave generated in a solid material implicate changes in relative position 

of the particles, expressed in terms of strains. The change in position also specifies the 

displacement of particle from the equilibrium state and the displacement is generally a function 

of position. In the presence of strains, internal forces are generated in the material as the 

particles tend to return to their equilibrium state or unstrained state. The forces are expressed 

in terms of stresses and the propagation of acoustic wave involves stresses and strains. For 

example, a localized displacement, such as a hammer blow on a material will cause strains 

which in turn generate stress, the stresses generate further strains at distant points and the 

disturbance propagates away from the excitation source in the form of acoustic waves [3]. From 

the perspective of concentration of energy, elastic waves are classified into bulk waves and 

surface waves [4].  Bulk waves propagate into the medium whereas surface waves propagate 

along the surface of the medium. Bulk waves are classified mainly into longitudinal and 

transverse waves. Longitudinal waves are type of waves that involve compression and 
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rarefaction having particle displacement along the direction of wave propagation as shown in 

Fig. 1.1(a). The other type of bulk wave is transverse wave or shear wave, where the particle 

displacement is perpendicular to the direction of propagation as shown in Fig.  1.1(b) [4].  

Surface waves are elastic waves propagating along the surface of a semi-infinite solid (bounded 

medium). There are two main types of surface waves, viz. Rayleigh waves and Love waves. 

Rayleigh waves were first identified by Lord Rayleigh in 1885. The particles of Rayleigh wave 

near the surface possess elliptically motion along the sagittal plane with anti-clockwise motion, 

whereas particles within a wavelength depth of material have clockwise direction of motion, 

shown in Fig. 1.1(c) [5].  In case of Love waves, the particle displacements are in plane of the 

surface and transverse to the direction of wave propagation, as shown in Fig. 1.1(d).  In general, 

Love waves are generated along a guiding layer over a substrate with acoustic velocity higher 

than the guiding layer and most of the energy is confined to the guiding layer [3]. 

In general, elastic waves are excited in a solid depending on the nature of material and 

interaction with the type of excitation like mechanical, thermal, electrical and magnetic. For the 

generation of elastic waves the materials in which normally the stress varies linearly with the 

applied excitation are suitable, e.g. piezoelectric and piezo-magnetic materials. Normally, piezo-

magnetic materials have applications limited to low frequencies (below 1 MHz), and 

piezoelectric materials are suitable for applications with high operating frequencies. In this 

thesis we consider devices using piezoelectric materials. 

 

 

 

 

      

(a) (b) 

(c) (d) 

Direction of wave propagation 

Direction of wave propagation 

 

Direction of wave propagation 

Direction of wave propagation 

λ 

λ λ 

λ 

 

Fig. 1.1. Schematic of elastic wave propagation in perturbed medium, (a) longitudinal or 

compressional wave, (b) shear or transverse wave, (c), Rayleigh wave, and (d) Love wave, 

adapted from www.aeic.alaska.edu. 
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Elastic waves are generated in piezoelectric substrate by means of electrical excitation using a 

transducer. So far 14 types of elastic waves have been discovered [6], however the thesis mostly 

deals with two types of surface acoustic waves (Rayleigh and Love) and two types of bulk 

acoustic waves (longitudinal and transverse) as depicted in Fig. 1.1. The propagation 

characteristics of generated surface and bulk waves in a medium are determined by the 

substrate properties, dimensions, and orientation of transducer [1]. 

Fig. 1.2(a) shows interdigital transducer (IDT) commonly used for the generation and detection 

of surface acoustic waves on a piezoelectric substrate and Fig. 1.2(b) depicts the top view of IDT 

structure. An IDT consists of comb shaped metallic electrodes with large number of interleaved 

fingers, and voltage applied to the electrodes cause spatial periodic fringing field at the surface 

of the substrate causing strain field due to piezoelectric coupling and the stress developed with 

the strain leads to generation of SAW in both left and right sides of each finger pair. The waves 

add constructively and reach maximum if the adjacent fingers are spaced at half wavelength of 

the SAW. The frequency of operation of the IDT is given by 

 ƒ = ν/λ  (1.1) 

 λ = 2p   (1.2) 

where υ is the phase velocity of SAW which is constant for a material, λ is acoustic wavelength, 

and p is the pitch of the IDT as shown in Fig. 1.2(b). 

In general, elastic waves are generated in non-piezoelectric substrates by means of a 

piezoelectric transducer with mode conversion between bulk acoustic waves (BAW) and 

surface acoustic waves. Fig. 1.3 shows the most common ways of generating surface waves on 

non-piezoelectric materials [6]. Fig. 1.3(a) shows a simple method for the excitation of surface 

wave, employed in studying the acoustic properties of material using a point contact excitation 

of surface waves over non-piezoelectric materials, where a pointed piezoelectric crystal is used 

as the transduction element. The bulk wave transducers with wedge-shaped mode converters 

are commonly used to launch surface waves for non-destructive testing of materials as depicted 

 

 
 
 
 
 
 
 

 

Piezoelectric substrate 

Surface wave 
+ - + - + 

Electrodes 
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Electrodes 
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(b) 

Electric 
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(a) 

Surface wave 

Fig. 1.2. (a) Excitation of surface acoustic waves over piezoelectric substrates using interdigital 

transducer (IDT) and (b) Top view of an IDT structure on a piezoelectric substrate. 
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in Fig. 1.3(b). The transducer comprises of a wedge shaped piezoelectric medium with 

electrode, physically in contact with substrate. By applying an electric signal generates a bulk 

wave that is converted into a unidirectional surface acoustic wave at the wedge-material 

interface and the wave propagates along the surface of the material. Fig. 1.3(c) and (d) shows 

the transduction phenomenon of surface acoustic waves on non-piezoelectric materials using 

piezoelectric thin film in conjunction with a transducer. The stresses generated in the 

piezoelectric film are induced into the material resulting in propagation of surface wave along 

the surface of the non-piezoelectric medium. The conversion efficiency of the transducer 

depends on the quality and dimensions of the film. 

In general, mutual mode conversion between surface wave and bulk wave is observed at 

periodic irregularities and periodic structures or grooves in solids as shown in Fig. 1.4. The 

periodic structures can be formed by gratings, grooves etched in a substrate or by depositing 

strips over the substrate. The grating structure couples SAW and bulk acoustic waves (BAWs), 

and the coupling is exploited to generated SAW by the incident BAW as shown in Fig. 1.4(a). The 
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Fig. 1.3. Various methods employed to excite SAW over non-piezoelectric materials. (a) Point excitation, 

(b) mode conversion using wedge, (c) and (d) piezoelectric film transducers, adapted from White et al. 

[6]. 
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Fig. 1.4. Mutual conversion of bulk and surface waves at periodic irregularities in a substrate, adapted 

from White et al. [6]. 

 
5 

 
TH-1583_09610201



Chapter 1      Introduction to Surface Acoustic Wave Devices 
 

incident BAW can be transformed into Rayleigh or shear horizontal SAW depending on the 

material properties and type of BAW incident at the periodic structure [7], [8]. Fig. 1.4(b), 

shows a device for double mode conversion where the incident surface wave at a periodic 

grating is converted into BAW that propagates through the substrate and is converted back to 

surface wave at the bottom surface of the substrate using another periodic grating [6]. 

1.3 Surface acoustic wave (SAW) devices 

The principle of generation of SAW on piezoelectric substrates described in previous section is 

used to design SAW devices. SAW devices are usually fabricated on polished single crystal 

piezoelectric substrates such as lithium niobate, lithium tantalate, quartz and langasite. SAW 

devices are also realized on various non-piezoelectric materials like silicon, diamond, sapphire, 

and silicon dioxide using piezoelectric thin films like ZnO and AlN in conjunction with IDT. In 

general, SAW devices are operated in two configurations: resonator and delay line as shown in 

Fig. 1.5 [1]. The metallic IDTs employed in SAW devices are fabricated on piezoelectric substrate 

using well-established lithography techniques used in semiconductor industry.  

Fig. 1.5 shows common configurations of SAW devices. In SAW resonators, SAW propagates 

within a resonant cavity such that the wave is reflected back to the generating IDT by the 

reflector gratings. The resonator devices are mainly of two types: one port resonator and two 

port resonator. A one port resonator comprises of a pair of reflector gratings that are fabricated 

on the either side of the bidirectional IDT. The reflector gratings act as mirrors to confine the 

generated surface wave between them by forming standing wave pattern, the arrangement of 

IDT and grating structures are shown in Fig. 1.5(a) [3]. Sharp resonance can be observed by the 

IDT when the device is designed so that the dimensions of IDT and reflectors are similar [1].  

The reflectors could be made of shorted metal strips or grooves. At the Bragg frequency, such 

that the periodicity of reflector electrodes equals half the wavelength, reflections from 

individual strips have the same phase so they add coherently, as in a single electrode of an IDT. 

Surface waves are completely reflected from the gratings when N|rs|~1, where N is the number 

of electrodes and rs is the reflection coefficient of each electrode. Typically, |rs| is in range of 1–

3%, which is proportional to electromechanical coupling coefficient and value of N is about 100 

or more [1].  Considering practical aspect of device, the length of grating structure must be 

greater than the penetration depth (Lp) which is the distance that the surface wave propagates 

into the grating structure. A one port SAW resonator can also be made by using large number of 

IDT fingers without reflectors as shown in Fig. 1.5(b). In this device, multiple reflections within 

the IDT lead to formation of standing waves and the device resonates at a particular frequency 
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and the bandwidth of the device depends on the number of IDT finger pairs. A two-port SAW 

resonator consists of a set of IDTs arranged in between two reflectors gratings as shown in the 

Fig. 1.5(c). Two port resonators are used as a controlling element for a high stability oscillator 

[1]. One IDT act as transmitter and the other as receiving IDT, these two port resonators are 

widely used in design of high stability oscillators. The band width of a two port resonator is 

proportional to the number of fingers in IDT, Lc, and Lg. Where Lc is the distance between IDT’s 

and Lg is the distances between the reflector grating and IDT structure.  

Fig. 1.5(d) shows the schematic of a delay line SAW device, as the term delay corresponding to 

the distance between the IDTs centers (d). The device consists of transmitting IDT and receiving 

IDT, absorbers are placed at the end of the IDT structure to avoid unwanted reflections form 

edges of substrate or any other spurious acoustic reflections. Effectively, both transducers are 

  

(a)                         (b) 

 

 

 (c)    (d)   

Lp 

Lp 

λ 

Output port 

Reflector gratings 

 

Lg 

Lc 

d 

Absorber 

Input IDT 

Output IDT 

Input port 

W 

IDT 

IDT 

 

Fig. 1.5. Schematic of SAW devices fabricated on piezoelectric substrate with metal IDT. (a) one-port 

resonator with reflector gratings, (b) one-port SAW resonator with large number of IDT fingers, (c) two-

port SAW resonator, and (d) SAW delay line device with absorbers. 
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maintained at a similar pitch corresponding to SAW wavelength. Hence, the response is 

strongest at this frequency and weak at other frequencies, so that the device can also act as 

band pass filter. Delay lines are widely used for sensing applications. 

1.4 Edge reflection (ER) type SAW devices 

In general, surface waves reflect from a free surface perpendicular to the propagation direction, 

in case of Ryleigh SAW mode conversion occurs whereas in case of SH-type waves like BGS and 

Love wave are totally reflected from the surface without mode conversion. Suzuki et al. in 1976 

[9], first reported the realization of resonators on a piezoelectric substrate with free parallel 

edges using the property of total reflection of shear horizontal type waves. Further, Kadota et al. 

in 2002 [10] reported several edge reflection type SAW devices fabricated on single crystal 

piezoelectric substrates like 41° Y–X lithium niobate, 64° Y–X lithium niobate, and 128° Y–X 

lithium tantalate. The schematic of edge reflection type one port and two port SAW resonators 

on piezoelectric substrate are shown in Fig. 1.6.  The IDT for ER types SAW devices consists of a 

pair of λ/8 electrodes positioned at the edges and λ/4 electrodes between the two edge 

electrodes. The generated surface waves propagates perpendicular to the aperture of IDT and 

totally reflect back at the free edges to add in phase with the generated wave to form standing 

wave pattern between the two free edges of the device. Fig. 1.6(b), shows the two port 

resonator configuration of the ER type SAW device, the resonant frequency depends on the 

dimensions of the IDT and the device characteristics are substantially depends on the overall 

length of device and positioning of the edge electrode. 

  

IDT 

L=N*λ 

λ/8 

λ/8 
Input port 

Output port 

λ/8 

λ/8 

L=N*λ 

 
(a)      (b) 

Fig. 1.6. Schematics of Edge reflection type SAW devices (a) one port and (b) two port SAW resonators. 
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1.5 Thin films over SAW devices 

Recent trend in electronics is towards device miniaturization and high performance. In general 

SAW devices are fabricated over single crystal piezoelectric substrates and its frequency of 

operation is determined by the IDT structure. The higher the frequency of operation, the lower 

is the dimension of IDT, for a given substrate material. Therefore the maximum frequency of 

operation is limited by the minimum possible feature size of the lithography technique. 

Substrates with high acoustic velocity can be employed for the fabrication of high frequency 

SAW devices. However materials like diamond and sapphire that exhibit high acoustic velocity 

are non-piezoelectric in nature. To improve the performance of SAW devices, not only in terms 

phase velocity but also temperature coefficient, insertion loss and coupling coefficient, thin films 

are employed in SAW devices. There are several reports in the literature on thin film SAW 

devices employing piezoelectric and dielectric films. Dielectric films are employed for 

customization of SAW characteristics, electrical and chemical passivation, improve the coupling 

efficiency and temperature characteristics of the device. SiO2 films are used for temperature 

stability, whereas thin films like diamond and SiC (silicon carbide) are used for improving phase 

velocity and silicon nitride films are used for chemical passivation. ZnO thin film over quartz 

and glass substrates are very popular and commercially used in television filters [11]. Thin films 

over SAW devices are used for sensing applications and dielectric films like SiO2 and Si3N4 are 

used for temperature stability and surface passivation [12-13], whereas films like nano-porous 

ZnO and polymers are used in bio-sensing applications [14-15]. ZnO films over SAW devices are 

also widely used for ultraviolet (UV) sensors [16]. The metal films and patterned metal films are 

used to influence the direction of wave propagation, velocity, and propagation loss. Piezoelectric 

films have been used in SAW devices to improve the device performance in terms of coupling 

coefficient and temperature stability. Piezoelectric films on amorphous and non-piezoelectric 

materials are used to realize SAW devices, where transduction of surface waves is carried out by 

an IDT [3]. In particular, substrates like silicon, diamond, and sapphire with films of 

piezoelectric materials like ZnO and AlN are used for high frequency devices with low insertion 

loss characteristics that have additional advantage of possible integration with microelectronic 

circuitry. Relevant literature on thin films implemented over traditional SAW devices are 

tabulated in Table 1.1.  

Thin films are widely used on SAW devices in sensing applications and for the customization of 

the following SAW device parameters. 

Phase velocity (ν): Phase velocity of SAW propagating on the substrate, and frequency of 

operation is directly proportional to it. 
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Electromechanical coupling coefficient (K2): Efficiency of electrical to mechanical energy 

conversion and vice versa. 

Temperature coefficient of frequency (TCF): Change in device operating frequency with respect 

to change in temperature, and defines the stability of device with respect to temperature. 

Insertion loss (IL): Attenuation of a signal due to its conversion and propagation in a device, 

typically expressed in dB.  

1.6 SAW devices on non-piezoelectric substrates 

To realize SAW devices on non-piezoelectric substrates, films of piezoelectric materials like ZnO, 

AlN, and CdS are employed in conjunction with interdigital transducers. Substrates like silicon, 

diamond and sapphire are chosen based on the application and requirement. In 1973, Kino et al. 

[20], posted a method for the excitation of surface wave on non-piezoelectric substrates by 

depositing a thin piezoelectric film over the transducer as shown in Fig. 1.7(a). Electrical 

excitation to IDT causes acoustic stress in the piezoelectric film, which induces the stress in non-

piezoelectric substrate resulting in launching of surface wave.  An identical transducer is used 

for acoustic to electric conversion. In 1976, Hickernell [21] published a fabrication methodology 

Table 1.1 List of selected reports on implementation of thin films over traditional SAW devices. 

SI. 
No Layered structure Type of surface 

wave Application Reference  
and year 

1. Si3N4/LiNbO3 Rayleigh wave Low loss devices with frequency 
tuning and passivation 

Jacqueline et al. 
[12] 1995 

2. SiO2/LiNbO3 Rayleigh wave High frequency and temperature 
stable wide band filters 

Yamanouchi et 
al. [13] 1995 

3. SiO2/LiTaO3 Love wave Low loss wide band filters Yamanouchi et 
al. [13] 1995 

4. ZnO/LiTaO3  Love wave Liquid sensors Powell et al. 
[17] 2002 

5. ZnO/Quartz Love wave Low loss IF SAW filters Kadota et al. 
[18] 2003 

6. ZnO/ 36° YX 
LiTaO3 

Shear wave NO2 sensor Ippolito et al. 
[16] 2003 

7. ZnO nano-rod/ 
64° YX LiNbO3 

Shear wave CO sensor Sadek et al. 
[14] 2006 

8. ZnO/Quartz Love wave Gas sensors with high K2 and 
high temperature stability 

Moreira et al. 
[11] 2008 

9. SiO2/LiNbO3 Rayleigh wave High K2 and high temperature 
stability 

Nakai et al. [19] 
2008 
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of ZnO thin film transducers to excite surface waves on non-piezoelectric substrates as shown in 

Fig. 1.7(b) and studied the effects of ZnO film properties and deposition conditions. The device 

performance substantially depends on the quality ZnO film as well as its surface roughness. ZnO 

quality is determined by the percentage of defects which can be reduced by precise control of 

substrate temperature, working pressure and percentage of oxygen. Because of high acoustic 

velocity in diamond and sapphire, ZnO or AlN thin film on diamond or sapphire results in SAW 

devices with high frequency of operation. Uehara et al. demonstrated a SAW filter with 5 GHz 

band and 0.1% coupling coefficient using AlN film over sapphire substrate [18]. Using diamond 

thin films, high frequency devices are implement over silicon substrate, where surface wave 

transduction is carried out with the help of ZnO thin films. The phase velocity, coupling 

coefficient, and temperature coefficient of frequency (TCF) characteristics of Rayleigh waves 

and other higher order modes generated in the ZnO/Diamond/Si structure, and also the change 

in surface wave characteristics with respect to the thickness of diamond layer has been 

reported by Nakahata et al [22]. Another high frequency SAW device using bi-layered structure 

of AlN/nano crystalline diamond (NCD) on silicon with operating frequency of 11.3 GHz has 

been reported by Ali et al. [23].  

Integration of SAW filters (ZnO/SiO2/Si structure) with transistor circuits made on the same Si 

substrate is first reported by Visser et al. [24] in 1989. He reported the monolithic integration of 

SAW device and its fabrication process flow and also demonstrated the SAW filter applications 

in wireless communication systems. In 1994 Vellekoop et al. [25], reported a liquid sensors 

using acoustic plate modes generated in IDT/ZnO/M/SiO2/Si structure interfaced with 

transistor circuitry on a single silicon substrate and sensing is carried out by realizing an 

oscillator circuit with SAW device in the feedback path. Subsequent research on the integration 

of SAW devices with Si technology is reported by the group of Nordin, and Tigili [26-28]. In 

2005 Tigli et al., demonstrated the fabrication of delay lines on silicon integrated monolithically 

 

(a) (b) 

Si Si 

Input IDT Input IDT Output IDT Output IDT 

ZnO 

ZnO 

Fig. 1.7. Methods of generation and detection of SAW over non-piezoelectric substrates reported by (a) 

thin film SAW device on silicon substrate with ZnO thin film for the generation and propagation of surface 

waves, Kino et al. [20] and (b) SAW device on silicon substrate using ZnO thin film transducer for the 

excitation of SAW that propagates in silicon Hickernell et al. [21]. 
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with CMOS circuit for chemical and bio-sensing applications. In 2007, Nordin et at. Reported the 

design of fabrication of ZnO/SiO2/Al/Si configured two port SAW resonators with CMOS circuits 

on silicon [29]. A consolidated list of reports on implementation of SAW devices on silicon 

substrate using piezoelectric thin films is given in Table 1.2. It presents various configurations 

of thin film SAW devices on non-piezoelectric substrates reported in last four decades. 

Table 1.2 List of selected reports of SAW devices on non-piezoelectric substrates 

SI. 
No Layered structure Type of 

surface wave Application Reference and 
year 

1. ZnO/Si,  
LiNbO3/Al2O3, 
ZnO/Al2O3,  
ZnO/SiO2 

Rayleigh wave 

Demonstration of excitation 
of surface waves on non-
piezoelectric substrates 

G. S. Kino et al.[20] 
1973 

2. ZnO/Si Rayleigh wave Thin film transducers on 
non-piezoelectric substrates 

Hickernell et al. 
[21] 1976 

3. ZnO/SiO2/Si Rayleigh wave Amplification of Rayleigh 
waves 

J. H. Visser et al. 
[24] 1989 

4. ZnO/SiO2/Si Rayleigh wave SAW filters on silicon with 
electronic circuitry 

J. H. Visser et al. 
[31] 1989 

5. ZnO/Si Lamb wave SAW monolithic micro 
sensors 

Vellekoop et al. 
[25] 1994 

6. ZnO/Diamond/Si, 
LiNbO3/Diamond/Si, 
SiO2/ZnO/Diamond 

Rayleigh wave 
High frequency devices Nakahata et al. 

[22] 1995 

7. AlN/ Al2O3 Rayleigh wave 5 GHz band SAW filter Uehara et al. [32] 
2004 

8. ZnO/Si Rayleigh wave 
and love wave 

SAW-CMOS chemical sensor Tigli et al. [26] 
2005 

9. ZnO/SiO2/Si Love wave High frequency devices Krishnamurthy et 
al. [33] 2006 

10. ZnO/SiO2/Metal/Si Rayleigh wave CMOS–SAW resonators Nordin et al. [26] 
2007 

11. LiNbO3/Si Rayleigh wave 
and Love wave 

High frequency devices Pastureaud et al. 
[34] 2007 

12. AlN/ZnO/Diamond Waveguiding 
layer acoustic 
wave 

Package less SAW devices Laurent et al. [35] 
2010 

13. ZnO/Si, 
AlN/Si 

Plate waves High coupling coefficient 
devices 

Anisimkin et al. 
[36] 2011 

14. ZnO/Si Plate waves UV sensors Phan et al. [37] 
2011 

15. AlN/NCD/Si - High frequency SAW devices Ali B et al. [23] 
2012 
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In 2005 Tigli et al. [26], published the fabrication and characterization of SAW resonators with 

CMOS circuits for cancer biomarker sensing. They realized the fabrication of SAW device with 

CMOS process, where initial metal layers and oxide layers are carried out and IDTs are 

patterned along with the final metal layer of CMOS process and ZnO is deposited all over the 

substrate, another lithography process is carried out to opening the contact pads for 

characterization.  

1.7 Problem definition 

SAW devices are normally fabricated on piezoelectric substrates and therefore are difficult to 

integrate with circuits made on silicon substrate. For example, SAW filters are widely used in 

intermediate frequency section of radio receivers, however the SAW devices have to be 

separately packaged and externally connected with the chip containing the most of the receiver 

circuitry. Therefore the researchers mostly in last decade have attempted monolithic fabrication 

of SAW devices on silicon substrate. SAW devices can be realized on non-piezoelectric 

substrates using piezoelectric films in conjunction with IDT for various applications. However, 

the reported SAW devices using piezoelectric films exhibit tradeoff between electromechanical 

coupling coefficient and phase velocity. The performance of thin film SAW devices significantly 

depends on the quality of the piezoelectric film usually deposited by RF sputtering, and it is 

difficult to maintain the quality of the film and reproduce the devices in mass production.  

The aim of the research work reported in the thesis is to develop SAW devices feasible to 

fabricate monolithically on silicon substrate using CMOS processes and providing high phase 

velocity and high coupling coefficient while reducing the dependency on the quality of the 

piezoelectric film deposition. Consequently we thought of changing the principle of SAW 

transduction used in the reported devices. It can be achieved by periodically patterning the 

piezoelectric film, so that the patterned structure resonates and the bulk mode generated in the 

structure induces surface wave in silicon by mode conversion. Since the piezoelectric film is 

patterned, the surface wave is confined to propagate in silicon which has high acoustic velocity. 

In addition, the quality of piezoelectric film has little effect on the surface wave propagation as 

the wave is not travelling in the film. The resonance frequency of bulk mode in the patterned 

piezoelectric structure mainly depends on the thickness of the film which can be accurately 

controlled during the deposition process.  

The second major objective of this research work is to realize the proposed structure in the 

edge reflection type SAW devices which offer substantially small device area, since the device 

area on a silicon chip is crucial and minimizing the area of the SAW device would be of high 

priority in monolithic integration.  
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1.8 Scope of the thesis 

The thesis presents a research work on the development of SAW devices on silicon substrate 

using piezoelectric ZnO films and periodically patterned ZnO films, and their application for 

resonators and RF filters. The theoretical and practical study of the proposed SAW devices on 

non-piezoelectric substrates has not been reported in literature to the best of author’s 

knowledge. The major contributions of the thesis are as follows. 

• Study of mutual mode conversion of bulk waves and surface waves at periodically 

patterned ZnO structures on silicon substrate. 

• Modeling and simulation of SAW resonator and delay line on silicon substrate using the 

proposed periodically patterned ZnO structure to obtain the phase velocity and 

electromechanical coupling coefficient dispersion characteristics.  

• Modeling and simulation of conventional thin film SAW resonator and delay line on 

silicon substrate and comparison of their performance with the proposed devices.  

• Process steps suggested for the fabrication of the proposed patterned-ZnO SAW devices 

on silicon using UV lithography for low frequency devices (up to 1 GHz) and using E-

beam lithography for high frequency devices (beyond 1 GHz). 

• Fabrication of large number of one port resonators, two port resonators and delay lines 

using the proposed patterned-ZnO structure on silicon. 

• Testing of the fabricated devices and obtaining their S-parameter characteristics using 

network analyzer and RF probe station. 

• Determination of phase velocity and electromechanical coupling coefficient of the 

fabricated devices using test results. 

• Simulation of edge reflection type SAW devices on silicon substrate, with and without 

SiO2 layer, using ZnO films and using periodically patterned-ZnO films. 

• Process steps suggested for bulk fabrication of edge reflection type SAW devices on 

silicon using ZnO films and using periodically patterned-ZnO films. 

• Fabrication of large number of edge reflection type SAW devices (one port resonators, 

two port resonators) on silicon substrate using ZnO films and using periodically 

patterned-ZnO films. 
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• Fabrication of edge reflection type SAW ladder filters on silicon substrate using ZnO 

films and using periodically patterned-ZnO films. 

• Testing of the fabricated edge reflection type devices and obtaining their S-parameter 

characteristics using network analyzer and RF probe station. 

1.9 Thesis organization 

The thesis has been organized into 9 chapters and their contents are briefly outlined as follows. 

In chapter 1, we give a brief introduction of elastic waves, methods of generation of elastic 

waves, classification of elastic waves, surface acoustic waves, generation of SAW by an IDT, SAW 

device configurations, thin film SAW devices, edge reflection type SAW devices on piezoelectric 

substrates, a brief literature over thin film SAW devices on silicon substrate, problem definition 

and the scope of the thesis. 

In chapter 2, we present various modeling and simulation techniques of SAW device such as 

equivalent circuit method, coupling of modes (COM) model, impulse response method, and 

finite element (FE) simulations using COMSOL Multiphysics. We performed mesh optimization 

for the simulation of thin film SAW devices on silicon substrate and calculated the phase 

velocity. In latter part of the chapter presents the mechanical properties of piezoelectric ZnO, 

orientation of ZnO on COMSOL Multiphysiscs, simulation of conventional ZnO film based SAW 

devices on silicon substrate, study of phase velocity and electromechanical coupling coefficient 

dispersion characteristics of various ZnO/Si device configurations and simulation of ZnO/Si 

SAW delay line using COMSOL Multiphysics.  

Chapter 3 presents the proposed periodically patterned-ZnO thin film SAW devices on silicon 

substrate. In this chapter we discuss the theory of generation of surface waves on silicon using 

periodically patterned-ZnO and its theory of operation.  Initially 3D simulations with eigenmode 

and frequency dependent studies are carried out to study the displacement and admittance 

characteristics of surface modes generated in the structure. The simulation results of proposed 

SAW device are compared with the simulation results of conventional ZnO/Si thin film SAW 

devices on silicon. Further simulation study is carried out on the proposed patterned-ZnO/Si 

SAW resonator with the inclusion of buffer layer like SiO2 and AlN, the phase velocity and 

coupling coefficient characteristics are obtained using eigenmode analysis. The fabrication 

design parameters of proposed patterned-ZnO/Si SAW devices are designed using equivalent 

circuit model. 
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Chapter 4 demonstrates the fabrication of patterned-ZnO/Si and patterned-ZnO/SiO2/Si SAW 

devices using UV lithography and e-beam lithography processes. The fabrication process steps 

of development of IDT pattern on silicon substrate, ZnO thin film deposition parameters using 

RF sputtering, and various chemical recipes used in ZnO etching process are presented. 

In chapter 5, we present the testing of fabricated SAW devices using network analyzer and RF 

probe station. The device characteristics are studied using S parameters and FE simulations are 

carried out with dimensions of the device observed by FESEM analysis to identify the surface 

modes generated in the structure. The experimental results and simulation results are 

compared and further study is carried out on the effect of practical deviations on the device 

operating frequency.  

In Chapter 6, we present the simulation of edge reflection type SAW devices on silicon substrate, 

one of the major contribution of the thesis. The background theory of Love wave and its 

property of complete edge reflection at free edges and literature on conventional edge reflection 

type devices are presented. FE simulations of ER type SAW devices on silicon and the effect of 

buffer layers in proposed ER type SAW devices are presented. The dispersion characteristics of 

ER SAW devices with patterned-ZnO film and the effect of buffer layer are discussed. The design 

of ER type SAW devices on silicon using equivalent circuit model and the background theory of 

coupled resonators and ladder filters are detailed in this chapter.  

Chapter 7 discusses the various fabrication process steps suitable for the fabrication of the 

proposed ER type SAW devices on silicon substrate with ZnO film and patterned-ZnO film via 

UV lithography process. The micromachining processes employed in the development of 

vertical grooves are reported.  

In chapter 8, we present the details of the measured S parameters of ER type SAW devices, 

obtained using network analyzer and RF probe station. FE simulations are carried out to study 

the effect of practical deviations on operating frequency of the device.  

Chapter 9 lists the conclusion of the research work and recommendation for the future work. 
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Chapter 2 

Modeling and Simulation of Surface Acoustic Wave Devices 

The background of SAW devices and implementation of thin film SAW devices on silicon 

substrate are discussed in the previous chapter. This chapter of the thesis discuss the basics 

of piezoelectricity, modeling of SAW devices, mechanical properties of ZnO, finite element 

(FE) simulations of thin film SAW devices, and the orientation of ZnO in COMSOL 

Multiphysics. The piezoelectric nature of ZnO is discussed in brief and the phase velocity 

and electromechanical coupling coefficient (K2) dispersion characteristics of surface waves 

generated in the layered structure (ZnO/Si) are testified. Design of conventional thin film 

SAW devices on silicon using the equivalent circuit model and dispersion characteristics 

obtained from FE simulations and simulation of ZnO/Si SAW delay line devices are reported. 

2.1 Theory of elasticity 

A solid subjected to external forces gets deformed and returns to its original form when the 

forces are removed, the body is said to be elastic. Various types of forces like, mechanical, 

thermal, electrical and magnetic can be employed for the generation of elastic waves in an 

elastic medium, however it is more suitable to choose materials in which the stress varies 

linearly with applied electric field. Elasticity of a solid is concerned with the internal forces 

within the solid and its particle displacement from equilibrium position [38]. The forces are 

expressed as stress T, while the displacements are expressed in terms of strain S. The 

particle is an elementary region of a material much larger than the inter-atomic distance 

and much smaller than any characteristic elastic dimensions such as wavelength. Assume 

the equilibrium state of solid with a particle 

located at point x = (x1, x2 , x3) and is displaced by 

an amount u = (u1, u2, u3) under the application of 

external force. Where, the components u1, u2 and 

u3 are the general displacement components along 

coordinates x1, x2 and x3 , respectively.  Thus the 

particle has been displaced to a new position x+ u 

as shown in Fig. 2.1. If u is independent of x there 

will be no internal force, since this simply shows a 

displacement of a material as a whole, and also 

 

x2 

 

x1 

x3 x = (x1, x2, x3) 

x +u 

u 
x 

 

Fig. 2.1. Particle position in equilibrium 

and deformed states of solid body. Note: 

The deformation of the solid is shown in 

broken lines [38]. 
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there will be no force if the material is rotated. The strain at each point can thus be defined 

as
 

 𝑆𝑆𝑖𝑖𝑖𝑖�𝑥𝑥1, 𝑥𝑥2,𝑥𝑥3� =
1
2 �

𝜕𝜕𝑢𝑢𝑖𝑖

𝜕𝜕𝑥𝑥𝑗𝑗
+

𝜕𝜕𝑢𝑢𝑗𝑗

𝜕𝜕𝑥𝑥𝑖𝑖
� ;  𝑖𝑖 , 𝑗𝑗 = 1,2,3. (2.1) 

Thus the strain is related to the internal forces. The strain is a second rank tensor and 

symmetrical as Sij  = Sji . The stress T is defined as internal stress in the material i.e. force per 

unit area. The second-rank stress tensor is defined as Tij  (x1 , x2 , x3) and is symmetric, Tij  = 

Tji . According to Hooke’s law, each components of stress is given by the linear combination 

of the strain components and is expressed as 

 1 2 3= =∑∑( ) , , , , , , .ij mech ijkl kl
k l

T c S i j k l  (2.2) 

where, C ijkl  is the fourth-rank stiffness tensor. These elements are the physical properties 

of the materials under consideration [3]. 

2.1.1 Piezoelectricity and constitutive equations 

Piezoelectricity is a phenomenon which couples the elastic stress and strain to the electric 

field and displacement that occurs only in anisotropic materials, whose internal lattice 

structure lacks a center of symmetry [38].  The stress, Tij (elec)  produced by the piezoelectric 

effect is given by  

 ( ) , , , , 1, 2,3.==∑
k

ij elec kij k i j k lT e E  (2.3) 

where, electric field 𝐸𝐸𝑘𝑘 = − 𝜕𝜕𝜕𝜕 𝜕𝜕𝑥𝑥𝑘𝑘⁄ , Total stress T ij is the sum of stresses due to the electric 

field Ek  and mechanical strain and can be expressed as [3], [38-40]                     

 ∂
∂

= − = +∑∑ ∑ ∑∑ ∑
k l k k l k k

E E
ij ijkl kl kij k ijkl kl kij

V
x

T c S e E c S e  (2.4) 

When an electric field is applied to the dielectric medium, the electric displacement can be 

expressed by electric field and permittivity tensor ε ij  of the dielectric medium. In case of 

piezoelectric material, the additional electric field displacement caused by the strain is 

developed due to piezoelectric effect. The total electric displacement Di  can then be given 

as 

 ε= +∑ ∑∑s
i ij j ijk jk

j j k
D e SE  (2.5) 
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where, 𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝐸𝐸  is the stiffness tensor for constant electric field (N/m2), S jk  is the strain 

components, eijk  is the piezoelectric tensor relating elastic to electric fields (C/m2), 𝜀𝜀𝑖𝑖𝑖𝑖
𝑠𝑠  is the 

permittivity tensor for constant stress (F/m), and Ej  is the electric field vector (V/m) [38]. 

2.1.2 Equation of motion 

If the stress and strain are functions of time and position then the above equations can be 

expressed in the terms of equation of motion using Newton’s laws [38]. Theoretically, the 

electric field distribution can be found by solving the equations of Newton and Maxwell 

simultaneously. For an elementary cube centered at X’ = (𝑥𝑥′1, 𝑥𝑥′2, 𝑥𝑥′3) with edge length of δ, 

density ρ, and the mass ρδ3, the total force in terms of stress along xi  direction is given by 

 3

x

δ
′

 ∂
 

∂  
∑ ij

j j

T
x  (2.6) 

 
2

2 , , 1,2,3.ρ
∂∂

= =
∂ ∂∑ iji

j j

Tu i j
t x

 (2.7) 

In case of piezoelectric medium elastic waves travel much slowly than the electromagnetic 

waves. Hence the magnetic field due to these waves is negligible and electric field can be 

expressed using quasi static approximation. Thus Maxwell equation can be approximated 

as  

 curl , gradE V
t

∂
= − = = −

∂
0B E  (2.8) 

where, B is the magnetic field, E is the electric field derived from the scalar electric potential 

V [3].   

 i
i

E
V
x
∂

= −
∂

 (2.9) 

From equations (2.1), (2.9) and (2.4) the equation of motion for piezoelectric material can 

be expressed as [3] 

 Ei k
kij ijkl

j k lj k j l

u uVe c
x x x xt

ρ
 ∂ ∂∂ = + 

∂ ∂ ∂ ∂∂   
∑∑ ∑

2 22

2
 (2.10) 

In addition, the material is taken to be an insulator there are no free charges. Thus div D = 

0. From equation (2.5) 
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 jS
ij ijk

i j ki j i k

uV e
x x x x

ε
 ∂∂ − = 

∂ ∂ ∂ ∂  
∑∑ ∑

22

0  (2.11) 

The degrees of freedom (dependent variables) are the global displacements u1, u2, and u3 

in the global x1 , x2 , and x3 directions, respectively, and the electric potential V can be 

obtained by solving the equations (2.10) and (2.11) using appropriate boundary conditions 

[38]. 

2.1.3 Solution of surface wave in piezoelectric media 

The detailed procedure for finding the solution of surface waves in isotropic and anisotropic 

materials is explained in [38]. In this section, boundary conditions and solutions of surface 

waves are briefly elaborated. The boundary conditions at the surface should be satisfied in 

order to determine the phase, velocity and amplitude of the waves. The appropriate 

boundary conditions should be applied in order to determine the phase velocity and 

amplitude of the wave [38]. In general, two cases are considered; the first case is called as 

free surface case where the space above the surface of piezoelectric material is a vacuum 

and no conductor is present, so that there are no free charges. The second case is called as 

metalized case where the surface of piezoelectric material is covered with thin metal layer 

with infinite conductivity and short the horizontal components of the electric field E.  These 

two cases give different surface wave velocity and measure the coupling between wave and 

electrical perturbation at the surface. For free surface case, if the wave number of the 

surface wave is β then the potential in vacuum ( )x ≥3 0  using Laplace’s equation can be 

expressed as 

 ( ) ( )x j t xV V e eβ ω β− −= 3 1
0  (2.12) 

where, V0
 is a constant. For metalized surface case the potential at x3 = 0 is zero. The 

mechanical boundary conditions at the surface of the substrate is stress-free condition as 

expressed in equation below    

 T13 = T23  = T33  = 0 at x3 = 0 (2.13) 

The electrical boundary is imposed by Maxwell’s equation, the normal component of D 

being continuous across the air/substrate interface (at x3 = 0).  To find the surface wave 

solutions, we first consider the partial waves in which the displacements and potential, 

denoted by u’ and V’, take the form  
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 0 3 0 1' ' exp( ) exp[ ( )],j x j t K xτ ω= −u u  (2.14) 

 0 3 0 1' ' exp( )exp[ ( )]V V j x j t K xτ ω= −  (2.15) 

where K0 is the wavenumber of the surface wave, assumed to be real. These expressions are 

substituted to equation (2.10) and (2.11).  Then these equations are solved for τ 

numerically, giving eight solutions for the same. Accordingly for every solution of τ, relative 

solutions of u’ and V’ are obtained.  There are four values of τ in general denoted by τ1  , τ2   

τ3  ,and τ4  . The partial waves are therefore, 

 ' '
0 3 0 1exp( )exp[ ( )],i i ij x j t K xτ ω= −u u  (2.16) 

 ' '
0 3 0 1exp( )exp[ ( )],   1,2,3,4i i iV V j x j t K x iτ ω= − =  (2.17) 

In the half-space it is assumed that the solutions is a linear sum of these partial waves, so 

that 

 
4

'

1
i i

i
A

=

=∑u u  (2.18) 

 
4

'

1
i i

i
V AV

=

=∑  (2.19) 

The coefficients Ai are to be such that the solution satisfies the electrical and mechanical 

boundary conditions. These conditions give a determinant which must be zero for a valid 

solution for a right choice of K0.  The velocity than can be determined by ω/K0  and 

displacement and potential are given by equation (2.18) and (2.19). 

2.1.4 Acoustic waves in isotropic media 

In an isotropic material the stiffness tensor cijkl  is given by [3] 

 cijkl  = λδ ijδkl  + μ(δ ikδ jl+δ ilδ jk)     (2.20) 

Where, the Kronecker delta is defined by δ ij  = 1 for i=j and δ ij  = 0 for i≠j. The constants λ 

and μ are known as Lamé constants and in practice these are always positive. μ is also called 

rigidity. Substituting cijkl  into (2.2) and the stress is written in form of  
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 Tij  = λδ ijΔ+2μS ij   (2.21) 

 i
ii

i i i

u
S

x
∂

∆ = =
∂∑ ∑   (2.22) 

The equation of motion (2.7) rewritten as 

 
2

2
2 ( )j

j
j

u
u

xt
ρ λ µ µ
∂ ∂∆

= + + ∇
∂∂

  (2.23) 

Where ∂
∇ =

∂
∑

2
2

2
i ix

   

Considering an infinite isotropic medium supporting plane waves, with frequency ω and the 

displacement u can be given by  

 u = u0  exp [j(ωt – k.x )]   (2.24) 

The wave vector k = (k1, k 2, k 3), gives the direction of propagation.  Wave fronts are 

solutions of k.x = constant, and they are perpendicular to k. The phase velocity of the wave 

is V=ω/|k|. From eq (2.24), ∂u/∂xj  = –jkju, and substituting into eq (2.23) and we obtain 

 ω2ρu j  = (λ+µ) (k.u) kj+µ|k|2uj , j = 1,2,3,  (2.25) 

where |k|2 = 𝑘𝑘1
2 + 𝑘𝑘2

2 + 𝑘𝑘3
2 , substituting for u j  in eq (2.25), and results in vector form, gives 

 ω2ρu0 = (λ+µ) (k.u0) k+µ|k|2 u0 (2.26) 

Here, there are two terms parallel to u0 and the other term is parallel to k, with the latter 

including the scalar product k.u0.Therefore two cases are to be considered, firstly if u 0 is 

perpendicular to k and the scalar product is zero, and the remaining terms in the equation 

are parallel. Secondly, if u0  is not perpendicular to k the scalar product is non-zero. Hence, 

for non-trivial solutions we must have u0 parallel to k. These two cases give shear wave and 

longitudinal wave solutions respectively.  
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Considering shear wave case, u0  is perpendicular to k gives shear waves and wave vector 

denoted by kt given by |k t|2 = ω2ρ/µ and the phase velocity of shear waves is denoted by 

V t , equal to ω/|k t |, and then transvers wave  

 𝑉𝑉𝑡𝑡 = �𝜇𝜇
𝜌𝜌�  (2.27) 

For longitudinal wave, u0  is parallel to k then k = ±u0  (|k|/|u0|), using this relation we find 

(k.u0)k = u0|k|2, and substituting in eq (2.26) gives |k l |2 = ω2ρ/(λ+2µ), and then 

longitudinal phase velocity is given by  

  𝑉𝑉𝑙𝑙 = �(𝜆𝜆 + 2𝜇𝜇)
𝜌𝜌�  (2.28) 

2.2 Modeling of SAW devices 

In order to fabricate SAW devices, the device performance and its dimensions are to be 

estimated for the optimum performance of SAW device. SAW devices can be modeled by 

theoretical models or computer aided based simulations. Several theoretical methods are 

developed by various researchers to study the performance of SAW transducers and 

estimate various device characteristics such as admittance, bandwidth, coupling coefficient, 

and impedance parameters. Theoretical models such as the equivalent circuit model, 

coupling of mode (COM) method, delta function model, impulse response method, and 

piezoelectric permittivity method are reported for the estimation of SAW device 

performance and IDT designing [3], [38], [39], and [40].  

2.2.1 Coupling of mode (COM) model 

COM model is widely used in designing of SAW devices, this method is based on local 

analysis of way of two coupled waves evolve when propagating in both directions opposite 

to each other. This section gives brief description about COM model. The COM model 

comprises of differential equations governing SAW mode amplitudes R(x, ω), S(x, ω) in 

either side of IDT and the current due to the flow of charges I(x, ω)(see Fig. 2.2). 
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where, V is the voltage across the IDT electrodes, k0=2π/λ is transducer synchronous wave 

number, and 
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(2.30) 

In the above equations φT  = π and φB = π/2 

are phase offsets of the grating and the 

potential respectively, and ω =2πf is the 

angular frequency. The COM parameters 

are as follows, v phase velocity of SAW, α 

transduction coefficient, Rf  thin film 

resistance in one transduction unit, Cf   

interdigital capacitance in one 

transduction period, κ the reflection 

parameter, γ propagation loss per unit length. The suffix R and S represent the values for 

the corresponding direction of wave propagation shown in Fig. 2.2. These parameters can 

be computed through computer simulation such as FEM or using experimental analysis of a 

test structure. The COM equations can be represented in P matrix form. The acoustic ports 

are treated as scattering port and electric port as admittance port and  
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where, 

 
Fig. 2.2. Coordinates of an IDT [3]. 
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P11  and P22  are the reflection coefficients, and P12  and P21 are the transmission coefficients. 

The remaining terms P13  and P23 correspond to the excitation coefficients of the IDT and 

the term P33  clearly represents the admittance of the structure relating the current flowing 

in the electrode (i) and the drive voltage (V). P31  and P32 terms represent the current 

generated by the waves arriving at the acoustic ports. Admittance or P33 can be calculated 

from simulations and it is the most useful parameter in the device design. 

2.2.2 Discrete source or delta function method 

The discrete source method or delta function method is one of the earliest and simplest 

methods which explain the shape of the IDT frequency response [39]. It does not consider 

energy, capacitance, and electromechanical coupling coefficient of the material used in the 

device. The discrete source model is derived from the examination of spatial distribution of 

charge density or electric field at the surface of piezoelectric substrate. This method 

associates either two charge spikes of the same sign to each IDT finger or two electric field 

spikes of the same sign to each interval between adjacent IDT fingers [39]. The amplitude 

of each delta function is proportional to the corresponding aperture W of the IDT and sign 

depends on the polarity of the charge density or electric field. 
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2.2.3 Equivalent circuit model 

The mason equivalent circuit model for surface wave transducers is well explained by smith 

et al. [38]. An IDT with N number of pairs can be modeled using a periodic section of IDT 

can be represented by an equivalent electromechanical circuit. The equivalent circuit model 

of one period of IDT is shown in Fig. 2.3. It consists of three ports, viz. two acoustic ports 

and one electric port. The electrical equivalent of the two acoustic ports is represented as 

SAW transmission line and third port is represented as electric port where the electric 

potential is applied and sensed. In this model, θ is expressed as 2πf/f0, where f is the 

frequency of the applied input potential and f0  is the resonance frequency and is the 

periodic section transit angle. R0 is the electrical equivalent to Z0  or mechanical impedance 

given by 

 𝑅𝑅0 =
𝑍𝑍0

𝜙𝜙2 (2.32) 

where, ϕ =ςCs/2 is the turns ratio of an acoustic-to-electric circuit transformer, Cs  is the 

static electrode capacitance of one periodic section, and ς is a piezoelectric constant.  

In this model, the acoustic forces are converted into electric potentials as En = Fn/θ and SAW 

velocities are converted into equivalent electric currents In  = vn’ θ. These transformations 

allow the mechanical characteristic admittance (similar to the transmission line 

characteristic impedance expressed in ohms) to be expressed as an equivalent transmission 

line characteristic admittance as, 

 

 

θ = Periodic section transit angle 

 R0 = Mechanical impedence  

  Cs = Electrode capacitance per electrode 

    j = Imaginary unit      

 En = Equivalent electric potential 

  In = Equivalent electric current. 
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Fig. 2.3. Mason equivalent circuit of one period of IDT analyzed by Smith et al. [6] 
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 G0  = 1/R0 = (ωCsK2)/2π (2.33) 

where, K2 represents electromechanical coupling coefficient and its values can be 

approximated by −2Δv/v, where, Δv is the change in SAW velocity when the piezoelectric 

surface is electrically shorted by a thin metal film [41]. The entire IDT can be realized by 

connecting acoustic ports in series and electrical ports in parallel as shown in Fig. 2.4. 

If the generator IDT and receiver IDT of the SAW device are completely matched, the Y 

parameters of the 3-port network using the equivalent circuit of a period of an IDT can be 

expressed as  
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where, C T  = NC s  (total capacitance of IDT) [24].  

The overall equivalent circuit of an IDT is shown in Fig. 2.5 [38], [39]. The input admittance 

can be expressed as 

 Y (f) = Ga (f) +Ba(f)+jωCT (2.34) 
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Fig. 2.4. Equivalent circuit for entire IDT, made up with N pairs of IDT finger with acoustic ports in 

cascade and electrical ports in parallel. 
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Fig. 2.5. Overall equivalent circuit of an IDT. 
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where,  Ga (f) is the radiation conductance and Ba(f) is the susceptance given as 

 𝐺𝐺𝑎𝑎(𝑓𝑓) ≈ 8𝑁𝑁2𝐺𝐺0 �𝑆𝑆𝑆𝑆𝑆𝑆 𝑋𝑋
𝑋𝑋

�
2

  (2.35) 

 𝐵𝐵𝑎𝑎(𝑓𝑓) ≈ 8𝑁𝑁2𝐺𝐺0 �𝑆𝑆𝑆𝑆𝑆𝑆 (2𝑋𝑋)−2𝑋𝑋
2𝑋𝑋2 �

2
  (2.36) 

where, X = Nπ(f−f0)/f0. The radiation susceptance is a reactive parameter that goes to zero 

at the resonance frequency. Conductance at resonant frequency f0  is given by  

 𝐺𝐺𝑎𝑎(𝑓𝑓0) ≈ 8𝑁𝑁𝐾𝐾2𝐶𝐶𝑡𝑡𝑓𝑓0  (2.37) 

Where N is number of transducer pairs in the IDT structure and f0 is the operating 

frequency. In the above described models for designing the IDT of a SAW device, the second 

order effects such as electrode resistance, electrode discontinuities, and propagation losses 

are neglected. 

2.2.4 Device design parameters 

In design of SAW devices, certain parameters are very crucial in the performance of device 

and also the design IDT to match with source impedance (50 Ω). As defined in the above 

equivalent circuit model, the electromechanical coupling coefficient (K2) which depends on 

the material for transduction of SAW, frequency of operation is determined by the 

wavelength of IDT structure and acoustic velocity of the substrate, using these two 

parameters the admittance of IDT is designed for 50 Ω at operating frequency. 

2.3 Finite element method (FEM)  

The finite element method (FEM) is a numerical technique for solving differential equations 

or integral equations used in almost every discipline of engineering particularly in the areas 

of stress/strain analysis of solid structures, heat conduction analysis and fluid dynamics. 

The propagation of SAW governed by differential equations given in equations (2.10) and 

(2.11) must be solved along with complexities in geometry of device, materials used in the 

device, and proper boundary conditions. This section gives some basic procedures and 

techniques used in finite element method formulations. The detailed descriptions can be 

found in [42] and [43]. 

2.3.1. Input and output information in FEM 

In FEM, the following input information about the structure that to be analyzed is given. 
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1. The geometry of the structure to be 

solved. 

2. Coordinate systems according to the 

geometry in 3D or 2D. 

3. Properties of the materials used in the 

model.  

For example, in SAW devices material 

properties of the piezoelectric substrate such 

as elasticity matrix, piezoelectric constant, 

permittivity constant, and density are to be 

furnished and for IDT electrodes an isotropic 

material properties such as Young’s modulus, 

density, Poisson ratio, etc. are to be provided. 

Boundary conditions at the boundaries of the 

structure are to be provided. For example in 

case of stress/strain analysis for piezoelectric material, the boundary conditions can be 

displacement constraints and electric boundary conditions such as electric potential, 

electric displacement, charge etc.  

Further the geometry domains are to be divided into smaller domains called elements which 

are connected at specific points called nodes as shown in Fig. 2.6. The elements created in 

the geometry can be in the shape of triangular, quadrilateral, tetrahedral, or brick 

depending on the dimensionality. The output information in case of stress/strain analysis 

in piezoelectric material involves nodal and elemental information, the solution to the 

primary unknown quantities, the displacements in all directions, and voltage are 

determined at nodes. These unknowns are called as degrees of freedom (DOF).  

In this thesis, the simulations and analysis of SAW devices are carried out by FEM using 

piezoelectric module of COMSOL Multiphysics software. The software has well developed 

solvers, graphical user interface (GUI) and post-processing capabilities. More details of the 

software can be found in the user guide of the software [43]. 

2.3.2 Finite element simulation of SAW devices  

Simulations of conventional SAW devices using FEM have been reported by many 

researchers. Some of them are given below. Lerch et al. [44] presented an FEM scheme to 

calculate Eigen modes, and dynamic response to mechanical and electrical excitations of 2D 

and 3D piezoelectric transducer for any geometry. Rahman et al. [45] performed FEM 

 

Fig. 2.6. Illustration showing a solid body 

discretized into finite number of elements. 

 

elements

Applied voltage (V)

Boundary constraints 

Nodes
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simulation to study SAW based quantum devices. Atashbar et al. [46] simulated the mass 

loading effect of palladium sensing film in the presence of hydrogen gas. Wu et al. [47] used 

Taguchi method on FEM results and established robust design processes for SAW sensors 

based on the mass loading principle. Ippolito et al. [48] performed the FEM based analysis 

of acoustic waves propagating on layered SAW devices. In most of the earlier works, the 

number of DOF to solve is large due to the large size of the SAW structures considered in 

the model. In order to solve DOF for an entire SAW device, it requires high computing facility 

and large computation time. Thus a valid approximation and simplified model are required 

to perform FE simulation of SAW devices. In this chapter, the conventional SAW devices 

such as one port SAW resonators and SAW delay line devices are simulated to verify the 

mass loading effects, electrical loading effects, bulk acoustic wave (BAW) generation, and 

other secondary effects due to the presence of metallic IDT on the piezo-substrate using 

COMSOL Multiphysics. 

2.4 ZnO thin film based SAW devices on silicon 

To design SAW devices on silicon, it is very essential to study the elastic properties and 

surface modes generated by the piezoelectric thin films. Piezoelectric films like ZnO, AlN 

and CdS are commonly used materials to improve the performance of conventional 

piezoelectric substrate SAW devices and also in the implementation of SAW devices on 

silicon substrate, as discussed in chapter 1. In this thesis we consider ZnO as the 

piezoelectric material for the transduction of surface on silicon substrate, due to its high 

coupling coefficient in comparison with other materials like AlN, LiNbO3 and CdS. ZnO is a 

unique material that exhibit both semiconductor and piezoelectric properties based on its 

crystal orientation. Piezoelectric ZnO films are have been used for many years for the bulk 

wave generation [3]. ZnO/Glass IF SAW filters with frequencies around 40 MHz, are widely 

used in television sets. Piezoelectric ZnO films on semiconducting substrate like silicon and 

gallium arsenide provides the possibility of integration of SAW devices with electronic 

circuits. The crystal structure and piezoelectric orientations of ZnO are as follows.  

2.4.1 Mechanical properties of ZnO 

ZnO is anisotropic material exhibits both semiconductor and piezoelectric properties based 

on the orientation of the deposited film [49]. The wurtzite structure of ZnO crystal is shown 

in Fig. 2.7, where three unit cells form a hexagonal structure with six fold symmetry and the 

orientations of ZnO that exhibits piezoelectric properties are mentioned.  In general the 

mechanical properties of a material involves various concepts like stiffness, piezoelectric 
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constants, Young’s and bulk modulus. Since stiffness tensor is symmetric consisting of 21 

independent elastic constants forming 6x6 matrix, due to the symmetric of hexagonal 

crystal nature of ZnO, there remain only 5 independent elastic constants: C11 , C 12 , C 13 , C 33, 

and C 44. Elastic constants C 11  and C 33  corresponds to longitudinal modes along directions, 

whereas C 44 and C66  relates to transverse modes propagating in [1000] and [0001] 

directions. The material constants of ZnO are given in Appendix A. The orientation of 

sputtered ZnO film is determined by using X-ray diffraction and the grain size of the film is 

determined by AFM (Atomic force microscope). Both Rayleigh and Love waves can be 

excited along the ZnO film, based on the orientation and arrangement of the IDT structure 

[33], [49-51]. In general (002) and (100) oriented ZnO thin films are used for SAW devices 

and in the orientation representation [tuvw] v is neglected.  Here we consider (002) 

oriented ZnO films on silicon for design of SAW devices which are modeled using finite 

element simulations and equivalent circuit method. 

2.4.2 3D FE simulations of IDT/ZnO/Si configured one-port SAW resonator  

FE simulations of similar thin film SAW devices on silicon have been reported by the 

following researchers. Tigili et al. [27] presented the FE simulations of SAW delay line on 

silicon and time dependent analysis to study the characteristics of surface waves generated 

in the structure. Laurent et al. [35] and Gao et al. [52] presented the wave guiding 

characteristics of surface waves in bi-layered and multilayered structures. R. Ro et al. [53] 

performed FE simulations on diamond based SAW device to obtain the SAW reflection 

characteristics. S. wu et al. [54] reported the phase velocity and coupling coefficient 

characteristics of surface modes generated in ZnO/Si layered configuration. In order to 
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solve complete device it requires high computation 

facility and consumes time, so valid approximation and 

simplified model is considered to perform FE 

simulations of thin film SAW devices using COMSOL 

Multiphysics.  

3D geometry with piezoelectric devices physics module 

is used for the simulations. Since, ZnO is anisotropic 

material the elastic constants vary according to 

orientation of film. The elastic constants of (002) 

oriented ZnO are obtained from the literature [22], 

[35], still the orientation has to be in coordinate with 

COMSOL axis to obtained accurate phase velocity and 

coupling coefficient results. To obtain proper 

alignment of ZnO, we carried out 3D FE simulations of 

one port SAW resonator with IDT/ZnO/Si 

configuration with different COMSOL axis orientations. 

Similar to the conventional SAW resonators, thin films 

devices are modeled using periodic boundary 

conditions [27], [35]. The model employed in 3D 

simulations with boundary conditions is depicted in Fig. 2.8. As IDT exhibit periodic nature, 

one period of IDT is considered for all the four layered configurations and eigenmode 

analysis is performed for various thicknesses of ZnO. The structure composed of (002) 

oriented ZnO layer and (001) silicon substrate of 10λ thickness and a perfectly matched 

layer (PML) below the silicon to absorb unwanted acoustic reflections from bottom surface. 

Material constants of (002) ZnO, Al and Si are summarized in Appendix A and electrical 

conductivity 2×10-3 S/m is considered in simulations. 

The short circuit boundary conditions are applied to the electrodes for the calculation of 

reflection coefficient of a pair of shorted reflection gratings.  The phase velocity (ν), 

reflection coefficient (k), and electromechanical coupling coefficient (K2) are calculated 

using the following expressions [53], [55] and [56]. 

 𝜈𝜈 =  𝑓𝑓. 𝜆𝜆 (2.38) 

 𝐾𝐾2 = 2 ∗ �𝑣𝑣𝑓𝑓 − 𝑣𝑣𝑚𝑚� 𝑣𝑣𝑓𝑓�  (2.39) 
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 −

=  + 
 (2.40) 

Where, f is the operating frequency, ν f  and νm  are the free surface and metalized surface 

velocities. To calculate metalized surface velocity, a thin metal film is included at the IDT 

position and the thickness of metal film is preferable small, so that mass loading effect due 

to the film is negligible. fa  and fr  are the anti-resonance and resonance frequencies, 

respectively and are obtained from the parametric sweep of eigenmode analysis, where the 

parameter is the ZnO film thickness. The phase velocity and coupling coefficient obtained 

from FE simulations are tabulated in Table 2.1 and the values are in good agreement with 

the values reported by G. S. Kino et at.[20] and Sean wu et al. [54].  

The simulation concludes that the c–axis of ZnO coincides with z-axis of COMSOL. In general 

the shear coupling along c–axis of ZnO is zero [49], and also observed form the YZ oriented 

ZnO simulation. From the reported and obtained values, YZ orientation generates Rayleigh 

wave and Love wave is generated in ZX orientation, which is observed from 3D simulations. 

Displacement profiles of the Rayleigh and Love waves generated in IDT/ZnO/Si layered 

structure are depicted in Fig. 2.9 and Fig. 2.10 respectively. From the eigenmode analysis, 

we obtain the frequencies of all surface wave modes generated in the structure and to know 

the dominant mode generated. In case of two orientations XY and YZ we observed both 

Rayleigh and love waves in the structure, from the K2 values we can conclude that Rayleigh 

waves are generated in YZ orientation and love wave in XY. To avoid further discrepancies, 

we performed frequency dependent analysis over both the orientations. In frequency 

dependent analysis, 1V electrical boundary conditions are applied to the IDT and frequency 

sweep is carried over the frequency range of both Rayleigh and Love surface waves 

observed in eigenmode analysis, to obtain the harmonic admittance characteristics and the 

results are shown in Fig. 2.11. 

Table 2.1. Phase velocity and coupling coefficient of ZnO/Si layered configuration with different 
orientations of ZnO. 

Orientation of ZnO 
Phase velocity (m/s) K2 (%) 

Rayleigh 
wave Love wave Rayleigh wave Love wave 

X propagation Y normal  3373.02 3311.26 0 5.1 

Y propagation Z normal 3393 3357.45 0.49 0 

Z propagation X normal 3397.38 3317.02 4.7 0 
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(a)           (b)         (c) 

Fig. 2.9. Displacement profiles of Rayleigh mode generated in IDT/ZnO/Si SAW resonator having YZ 

oriented ZnO, (a) x–displacement, (b) y–displacement, and (c) z–displacement, Displacements are in µm. 

 
(a)           (b)         (c) 

Fig. 2.10. Displacement profiles of Love wave generated in IDT/ZnO/Si SAW resonator having XY oriented 

ZnO, (a) x–displacement, (b) y–displacement, and (c) z–displacement. Displacement scale in µm. 

 

 
(a) (b)    

Fig. 2.11. Normalized harmonic admittance plots obtained from frequency dependent analysis, (a) 

characteristics of Rayleigh mode generated in IDT/ZnO/Si SAW resonator having YZ oriented ZnO film and 

(b) love wave characteristics with XY oriented ZnO film. 
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From the harmonic admittance plots, we observed that the bandwidth of Rayleigh wave is 

lower than love wave device, which is in agreement with the K2 values, as K2 is directly 

proportional to bandwidth of the device. 

2.4.3 Effect of aperture length on operating frequency and admittance characteristics 

Further, the eigenmode analysis is carried out on 3D model to study the change in resonant 

frequencies with various lengths of aperture (W). For this study, we consider 8 µm 

wavelength and 0.25λ thickness of ZnO film with IDT on top of it. Mechanical and electrical 

boundaries conditions are applied to geometry as discussed in the previous section. From 

the eigenmode parametric analysis the resonance frequencies of Rayleigh and love waves 

generated in the structure for an aperture of 1 µm to 40 µm is tabulated in Table 2.2. It can 

be seen that the frequency variations are within ±0.05 MHz and after 4λ length of aperture 

the Rayleigh wave frequency is constant and love wave is almost constant at 5λ. 

The harmonic analysis of 3D model SAW resonator is performed for various values of W (1 

µm and 2 µm) to study the effect of aperture length on the admittance characteristics. The 

admittance and displacement characteristics for aperture widths 1 µm and 2 µm are shown 

in Fig. 2.12. Fig. 2.12 (a) shows the admittance plots of first Rayleigh wave generated in the 

IDT/ZnO/Si configuration and Fig. 2.12 (b) shows the characteristics of Love wave 

generated in the structure.  

Table 2.2 Variation in resonant frequency with change in aperture (W) 

Aperture (µm) Rayleigh wave (MHz) Love wave (MHz) 

1 421.7761 413.9217 

2 421.7882 413.9311 

4 421.8007 413.9434 

8 421.8031 413.9455 

12 421.8039 413.9463 

16 421.8043 413.9466 

24 421.8047 413.9470 

32 421.8049 413.9472 

40 421.8051 413.9474 

It is to be noted that the eigenmode and frequency analysis for Rayleigh and Love waves in 

the structure are simulated with YZ and XY orientations respectively. 
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It is observed that the magnitude of the admittance value is proportional to the length of 

the aperture. Thus the minimum aperture length is sufficient to simulate a SAW resonator 

to study its displacement and admittance characteristics. 

2.4.4 Effect of mesh density on resonance frequency 

Further, the eigenmode analysis is carried out on 3D model 

to study the effect of mesh density on the resonance 

frequency of the Rayleigh surface mode generated in the 

ZnO/Si layered structure. SAW wavelength 8 µm, 0.25λ 

thickness of ZnO film on top of silicon substrate of 10λ 

depth, aperture length of 1λ and half periodic section with 

periodic boundary conditions is consider for eigenmode 

analysis. The meshed structure of 3D geometry used in the 

simulation is shown in Fig. 2.13. Parametric sweep of 

maximum element size per wavelength is carried out with a 

fixed mesh parameters, element growth rate of 1.05, 

minimum element size of 2 nm, resolution of narrow 

regions 0.95. The obtained resonance frequency of Rayleigh 

wave with respect to number of mesh elements are listed in 

Table 2.3.  From the results it is observed that a mesh 

density of 32 elements per wavelength gives a relative error 

   
(a)                 (b)     

Fig. 2.12. Harmonic admittance plots obtained from frequency dependent analysis with respect to aperture 

length, (a) characteristics of Rayleigh mode generated in IDT/ZnO/Si SAW resonator having YZ oriented 

ZnO and (b) love wave characteristics with XY oriented ZnO. 

 

 

z  

y  

x  

 

Fig. 2.13. Meshed 3D Geometry of 

the periodic section used for the 

simulation. 
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of 1e-4% in the resonance frequency, which is insignificant compared with the operating 

frequency obtained at 48 elements per λ which is maximum possible meshing density with 

the available computational resources. Hence we have used 32 elements per λ for all the 

simulations. 

Table 2.3 Variation of device resonant frequency with respect to change in mesh density. 

Number of mesh 
elements per λ Rayleigh wave (MHz) Velocity (km/s) 

8 421.786223 3.374289784 
12 421.7957166 3.374365733 
16 421.8030323 3.374424258 
20 421.8030584 3.374424467 
24 421.8030923 3.374424738 
28 421.8031154 3.374424923 
32 421.8031241 3.374424993 
36 421.8031377 3.374425102 
40 421.8031439 3.374425151 
44 421.8031479 3.374425183 
48 421.8031481 3.374425185 

2.4.5 ZnO/Si layered configurations 

The possible layered configurations of ZnO/Si structure are shown in Fig. 2.14 [20], [21]. 

Since, phase velocity and coupling coefficient are important factors of SAW device to 

operate with appreciable efficiency and K2 is greatly varied by the position of IDT and 

inclusion of thin metal films. In Fig. 2.14(a), (b) are commonly used configurations, whereas 

in case of (c) and (d), metal films are employed for customization of K2 and electrical 

passivation from external electric fields also to reduce the elector magnetic feed through 

(EMF) the silicon substrate. The phase velocity and coupling coefficient dispersion curves 

with respect to ZnO thickness is obtained using FEM based simulations. Hence, we 

 
ZnO 

Si Si Si Si 

ZnO ZnO ZnO IDT IDT 

M 

M 
IDT 

IDT 

(a) (b) (c) (d)  
Fig. 2.14. The possible four layered configurations adapted from Kino [20]. 
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simulated the 2D modeled SAW resonator structure with one period of IDT, from this point 

we considered simulations only on Rayleigh wave based SAW devices on silicon using YZ 

oriented ZnO and love wave based devices on silicon substrate using XY oriented ZnO are 

described and detailed in chapter 6. 

2.4.6 2D FE simulations of ZnO/Si configured SAW resonator 

Since, we are considering devices based on Rayleigh wave and it propagates in sagittal plane 

of x1x2  with zero displacements in x3  direction. To save computational time, we considered 

2D simulations to obtain the phase velocity and K2 dispersion characteristics of SAW 

resonators on silicon. The 2D model used in simulations is shown in Fig. 2.15. Periodic 

boundary conditions are applied to left and right edges of the structure. Eigenmode analysis 

is carried out to obtain dispersion curves for all four configurations described above. The 

dispersion characteristics of first Rayleigh wave generated in the four configurations are 

shown in Fig. 2.16. 

2.4.7 Results of ZnO/Si SAW resonator 

The phase velocity in the layered structure ranges in between the surface wave velocity of 

substrate and the surface wave velocity of bulk ZnO, which is surface wave velocity in (100) 

silicon (4921 m/s) and in ZnO (2507 m/s) [54]. The 

phase velocity dispersion is higher in case of large 

acoustic impedance difference between piezoelectric 

thin film and substrate [3]. At smaller thicknesses of 

ZnO film the surface wave exhibits the properties of 

substrate with high phase velocity and as the thickness 

increase the phase velocity tend to reach the velocity 

bulk ZnO. From the K2 characteristics, we observed that 

the position of IDT and inclusion of metal layers affects 

the values significantly. From Fig. 2.16, M/ZnO/IDT/Si 

configuration exhibits relative high K2 of 4.5% at h/λ = 

0.4, which requires a thick ZnO film and also 

compatibility and characterization difficulties arises 

due to presence of metal layer above ZnO. Relative high 

K2 of 1.5% at h/λ = 0.1 with phase velocity of 4252 m/s 

is exhibited by IDT/ZnO/Si configuration. Relative high 

K2 of 3% at h/λ = 0.32 with phase velocity of 3248 m/s 

is observed from ZnO/IDT/Si configuration. 
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Fig. 2.15. 2D Geometry of the periodic 

section used for the simulation. 
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IDT/ZnO/M/Si configuration exhibits relative maximum K2 of 2.75% at h/λ = 0.5 with low 

phase velocity of 2668 m/s. 

The IDT is designed with an admittance of 0.02 mho at center frequency. The center 

frequency can be obtained using eigenmode analysis or frequency dependent analysis. One 

port SAW resonator is designed using equivalent circuit model for all the configurations, 

the number of finger pairs in IDT and resonance frequency, coupling coefficient, and ZnO 

thicknesses are summarized in Table 2.4. The thicknesses of ZnO are considered to obtain 

high frequency of operation with K2 at that h/λ. 

 
𝑘𝑘 = 𝑗𝑗|0.5 ∗ 𝐾𝐾2| ∗ �

𝜋𝜋
2

� ∗ �(−𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) + �
𝑃𝑃0.5(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)

𝑃𝑃−0.5(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)�� (2.41) 

where Δ = nπ, P0.5(cos Δ)= 1.5061 and P-0.5(cos Δ)= 1.3280 are the Legendre polynomials 

adapted from Nordin [26]. 

Total reflectivity of grating is given by  

 |𝛤𝛤| = tanh 𝑁𝑁|𝑘𝑘| (2.42) 

Where N is number of reflector gratings, using the reflectivity k the penetration length of 

the generated surface wave is calculate using  

 𝐿𝐿𝑝𝑝 = 𝜆𝜆/|4𝑟𝑟|  (2.43) 

  
Fig. 2.16. The phase velocity and electromechanical coupling coefficient dispersion characteristics of four 

ZnO/Si configurations. 
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Further, we carried out eigenmode analysis to study the generation of higher order modes 

in ZnO/IDT/Si structure, as it exhibit high coupling coefficient at smaller thickness of ZnO 

compared with other configurations as well as small device size. The phase velocity and 

coupling coefficient dispersion of curves of first four modes generated in the ZnO/IDT/Si 

layered structure are shown in Fig. 2.17. From (a) we observe the maximum velocity 

attained by the modes generated is near to shear bulk wave velocity of silicon which is 5653 

m/s and as the thickness of ZnO increases the phase velocity tends to SAW velocity of bulk 

ZnO. In case of layered structures the maximum phase velocity attain by higher order modes 

is the shear bulk velocity of the substrate [3], [47]. From Fig. 2.17(b), we observe the 0th 

Rayleigh mode exhibits relative maximum coupling coefficient at h/λ = 0.3. 1st higher order 

Rayleigh wave is observed at h/λ = 0.2 having phase velocity of 5285 m/s with K2 = 0.92% 

which is the relative maximum exhibited by 1st mode. 2nd mode starts at h/λ = 0.55 with 

phase velocity of 5328 m/s with a K2 value of 0.27% and reaches a relative maximum value 

of 0.33% with a phase velocity of 5275 m/s. Mode 3 starts from h/λ = 0.875 with phase 

velocity of 5317 m/s and K2 value of 0.29%. As mode 0 exhibiting maximum coupling 

coefficient, we carried out the harmonic analysis to obtain total displacement and harmonic 

admittance characteristics of modes generated in ZnO/IDT/Si one port SAW resonator 

structure. The obtained frequency dependent results are shown in Fig. 2.18 and the surface 

displacement profiles of two modes generated in the structure are show in Fig. 2.19. 

  

Table 2.4 Dimensions of one port SAW resonator obtained using equivalent circuit model. 

Configuration ZnO (µm) K2 (%) f0  (MHz) N t k (per one finger) N 

(a) IDT/ZnO/Si 0.8 1.392 508.6653 81 0.0028 348 

(b) IDT/ZnO/M/Si 0.4 1.95 549.2043 66 0.0016 608 

(c) ZnO/IDT/Si 2.6 2.95 389.3882 63 0.011 88 

(d) M/ZnO/IDT/Si 0.4 1.53 556.3627 74 0.01 0.01 
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(a) (b) 

Fig. 2.17. The variation of phase velocities of 0th, 1st, 2nd, and 3rd Rayleigh modes with respect to ZnO 

film thickness ratio in conventional ZnO/Si structure. 

                                    
        (a)        (b) 
Fig. 2.18. (a) Normalized admittance and (b) normalized displacement characteristics of Rayleigh surface 

modes generated in conventional ZnO/IDT/Si configured SAW resonator at h/λ = 0.3. 

 
         (a)                       (b)                       (c)                               (d)                         (e)                         (f) 

Fig. 2.19. (a) Total displacement, (b) x-displacement, (c) y-displacement profiles of fundamental Rayleigh 

mode, and (d) total displacement profile, (e) x-displacement, (c) y-displacement profiles of first higher 

order Rayleigh modes generated in the ZnO/IDT/Si structure at h/λ = 0.3, displacement scale in µm. 
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2.4.8 2D simulation of ZnO/IDT/Si SAW delay line 

A few literature has been reported on the FE simulation of thin film SAW device on silicon 

using ZnO film and many researchers reported the simulation of conventional piezoelectric 

substrate based SAW delay lines [46], [57], and [58]. In this section, ZnO/IDT/Si structure 

SAW delay is simulated to compare the simulation results with the proposed SAW delay line 

on silicon described in the next chapter. A delay line with 4λ distance between the centers 

of input and output IDT’s. The dimensions used in the simulation are as follows: pitch of 4 

µm, metallization ratio of 0.5, and thickness of IDT electrodes 0.1 µm and substrate depth 

of 5λ. The 2D schematic of ZnO/IDT/Si SAW delay line with subdomain conditions are 

shown in Fig. 2.20. Fixed boundary condition is applied to bottom boundaries of the 

geometry and rest all boundaries are assumed stress free. Rayleigh damping boundary 

conditions are applied to absorb medium, which is extend to one wavelength on the both 

sides of the delay line to absorb the unwanted reflections form the edges of the device. The 

electrical boundary conditions are as follows: the alternate fingers of input port are 

grounded and a 1V sinusoidal driven voltage of its resonance frequency (367.9581 MHz) of 

is given to remaining electrodes [59]. Meshing is optimized in such way that extreme fine 

meshing is obtained at active surface region of structure and fine mesh into the substrate. 

The transient analysis is carried out using the direct solver available in COMSOL 

multiphysics for 30 ns with a time interval of 1 ps. The displacements and potential at the 

receiver electrode are recorded at every step. 

2.4.9 Results of thin film ZnO/IDT/Si SAW delay line 

Fig. 2.20(a) shows the y-displacement profile in SAW delay line at time 27.7 ns from the 

instant of application of input. The output potential and y-displacement of particle on the 

ZnO surface at input and output IDT’s are shown in Fig. 2.21 (b, c, and d). Due to the applied 

electric potential the surface waves are launched along the surface of ZnO film and the 

 

λ/2  

Silicon substrate  

Transmitter IDT  Receiver IDT  

d 

Absorbing 
medium 

Absorbing 
medium 

Absorbing medium 
 

Fig. 2.20. 2D schematic of ZnO/IDT/Si SAW delay line. 
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particle displacements are obtained on the ZnO surface at the center position of IDT. The 

output electrical potential of 0.18 V is obtained at the receiver IDT electrodes. In SAW delay 

line, delay time is one of the important parameter and is estimated from the envelopes of 

the y-particle displacement at input and output transducers, also the phase velocity of the 

surface wave can be calculated. From the output displacement envelope, velocity is equal to 

 
(a) 

 
        (b)                (c) 

 
       (d) 

Fig. 2.21. (a) y-displacement profile of ZnO/IDT/Si SAW delay line at 27.7 ns with color legend in 

Armstrong’s (A°), (b) particle’s y-displacement on ZnO surface near input IDT, (c) y-displacement of 

a particle on the ZnO surface at top of IDT, and (d) output voltage obtained with respect to time. 
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the inverse of difference between two nodes or anti-nodes, the nodes at 20.38 ns and 23.098 

ns are considered to calculate the velocity and is equal to 3679.17 m/s. From the y-

displacement plots we observed that the relative maximum y-displacement at input IDT is 

28 pm and at the output IDT it is 22 pm.  

2.4.10 Observations 

Phase velocity and K2 characteristics are very crucial in design of SAW devices using 

equivalent circuit model, phase velocity defines the frequency of operation with respect λ 

and K2 defines dimension of reflector grating as the reflectivity of an electrode finger is 

proportional to coupling coefficient. Simulation of ZnO/Si one port SAW resonator 

configurations are carried out so that the results will be used for the design of resonator for 

fabrication. In case of thin film SAW devices on silicon they exhibit tradeoff between phase 

velocity and coupling coefficient and also reproducing same quality ZnO is very difficult for 

mass production. 

2.5 Summary 

In this chapter, a brief introduction on basics of elasticity, piezoelectric constitutive equations, 

modeling of SAW devices using equivalent circuit model, thin films SAW devices, mechanical 

properties of ZnO and its orientation, various layered configurations of ZnO/Si structure, and FE 

simulations of conventional SAW devices and thin film SAW devices. 

In summary, FE simulations of ZnO/Si one port SAW resonator configurations are performed 

using FE based software, COMSOL Multiphysics. 3D simulations of ZnO/Si structure with periodic 

boundary conditions is simulated to study orientation of ZnO and the surface modes generated in 

the structure. Harmonic admittance characteristics are obtained from frequency dependent 

analysis to identify the dominant surface mode generated in the structure. Eigenmode analysis is 

carried out to obtain the phase velocity and coupling coefficient dispersion characteristics of all 

four possible configurations. The effect of position of IDT and metal layer on the coupling 

coefficient characteristics are examined. Since ZnO/IDT/Si configuration exhibits high K2, the 

dispersion characteristics of higher order modes generated in the ZnO/IDT/Si structure are 

studied. The obtained simulation results are in good agreement with the values reported in 

literature. The method used in the FE simulations can be further extended to study the proposed 

SAW devices on silicon. It is shown that using COMSOL and equivalent circuit model, IDT can be 

designed for SAW device fabrication. From the simulation study of conventional thin film ZnO/Si 

SAW devices we observe a tradeoff between phase velocity and coupling coefficient. Also 

reproducing same quality ZnO film using RF sputtering is very difficult for mass production. 
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Chapter 3 

Design and Simulation of Patterned-ZnO/Si SAW Devices 

Chapter 2 has discussed modelling of SAW devices and simulation of conventional thin film 

SAW devices on silicon covering four possible layered configurations of conventional 

ZnO/Si structure. This chapter presents the proposed SAW devices on silicon using 

periodically patterned ZnO films and their simulation to investigate their performance vis-

à-vis conventional thin film SAW devices simulated in chapter 2. 

The major drawbacks of conventional thin film SAW devices on silicon are as follows. The 

reported SAW devices using piezoelectric films exhibit tradeoff between electromechanical 

coupling coefficient and phase velocity. The performance of the thin film SAW devices 

significantly depends on the quality of the piezoelectric film usually deposited by RF 

sputtering, and it is difficult to maintain the quality of the film and reproduce the devices in 

mass production.  

However, the proposed conception is based on an alternative method of transduction of 

surface waves by mode conversion of bulk waves possible with periodically patterned 

piezoelectric film on a non-piezoelectric substrate. The patterned structure resonates and 

the bulk mode generated in the structure induces surface wave in silicon due to mode 

conversion. Since the piezoelectric film is patterned, the surface wave is confined to 

propagate in silicon which has high acoustic velocity. In addition, the quality of piezoelectric 

film has little effect on the surface wave propagation as the wave is not travelling in the 

film. The resonance frequencies of bulk modes excited in the patterned piezoelectric 

structure mainly depend on the film thickness which can be accurately controlled during 

the deposition process. 

In this thesis, we propose two distinct types of SAW devices realized on silicon: 

1. SAW devices with patterned-ZnO/IDT/Si structure, covered in chapters 3, 4, and 5.

2. Edge reflection type SAW devices on silicon, covered in chapters 6, 7, and 8.

This chapter discusses the first type of proposed SAW devices on silicon using periodically 

patterned ZnO film and phenomenon of mutual mode conversion between bulk waves and 

surface waves at periodic structures, FE simulations of proposed patterned structure on 

silicon to study the phase velocity and coupling coefficient characteristics. The dispersion 
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characteristics of various surface modes generated at the surface of silicon substrate are 

included. Inclusion of buffer layers like SiO2 and AlN films to reduce the acoustic impedance 

mismatch and its effect on dispersion characteristics is investigated. Design methodology 

using equivalent circuit model for the fabrication of the proposed SAW devices with 

periodically patterned ZnO is discussed. 

The schematic of the proposed SAW device on silicon using periodically patterned ZnO thin 

film is shown in Fig. 3.1. The device comprises of plain (100) oriented p–type silicon 

substrate with periodically patterned ZnO thin film disposed in between the spaces of 

electrodes of the IDT structure. In this thesis, the c-axis (002) of ZnO film is oriented 

perpendicular the surface of the substrate in all the devices.  

3.1 Patterned-ZnO/Si structure – Theory and operation 

The transduction mechanism in the proposed patterned-ZnO/Si structure is based on the 

mode conversion between bulk waves and surface waves. In general, there exists a mutual 

conversion between surface acoustic waves and bulk acoustic waves (BAW) at the interface 

of periodic structures or irregularities on a substrate [6], [7]. The SAW incident at the 

interface of the periodic structures and substrate as depicted in Fig. 3.2(a) is transformed 

into BAW [6]. Similarly the BAW incident at the interface of periodic structures and 

substrate is transformed into longitudinal or transversely polarized surface waves, as 
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Reflector 
grating 
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Fig. 3.1. (a) Three dimensional schematic of the proposed one-port SAW resonator on silicon with 

periodically patterned ZnO disposed in the spaces of IDT fingers and reflector gratings, (b) 3D 

schematic of one port SAW resonator with IDT consisting of a large number of electrode fingers 

with ZnO pattern in the spaces of IDT. 
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depicted in Fig. 3.2(b) [6]. The finite element simulation of mutual conversion of SAW and 

BAW in piezoelectric media is reported by darsnic et al. [7]. Pleesky et al. [8] reported the 

micro acoustic resonators for the generation of film bulk modes on non-piezoelectric 

substrates like silicon and sapphire. They reported the simulation of BAW resonators 

excited by the electrodes placed on the top and bottom of AlN micro grating, and the device 

showed features of SAW transducer and FBAR (Film bulk acoustic wave resonator). 

In the current study, we propose periodically patterned film of c-axis oriented (002) ZnO 

disposed in the spaces of IDT on silicon substrate to implement SAW resonators and delay 

lines on silicon. The patterned ZnO structure resembles periodically placed bulk acoustic 

wave resonators excited laterally using IDT structure, as depicted in Fig. 3.3(a). The RF 

signal applied to the IDT electrodes generates electric field that cuts through the patterned-

ZnO structure and induces stress-strain resulting into the generation of bulk acoustic wave 

in ZnO along the c-axis. In each ZnO block, the generated BAW is reflected from the top and 

bottom surfaces of the ZnO block, and at particular excitation frequency, standing waves 

are formed causing resonance. BAW excited in ZnO pattern acoustically couples to the 

silicon substrate resulting in generation of surface wave along the surface of silicon 

substrate. Fig. 3.3(b) illustrates the conversion of surface waves to bulk waves at the 

periodic ZnO structure. The generated surface acoustic wave can be longitudinal or 

transverse depending on the orientation of ZnO pattern and the type of mode generated in 

ZnO pattern [7]. 

The acoustic power transmission and reflection coefficients [7] of acoustic waves with 

normal incidence at the interface of ZnO pattern and silicon are given by 

  Periodic structures (piezo 
or non-piezoelectric) 

BAW 

SAW 

Substrate (piezo or 
non-piezoelectric) 

Substrate (piezo or 
non-piezoelectric) 

SAW 

BAW 

Periodic structures (piezo 
or non-piezoelectric) 

 
Fig. 3.2. Pictorial representation of mutual conversion of SAW and BAW at periodic structures (a) 

conversion of SAW incident at the periodic structure into BAW, and (b) conversion of BAW incident 
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 𝑻𝑻 =
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�
2
 (3.1) 

where ZZnO  and ZSi  are the acoustic impedances of ZnO and silicon respectively. Since the 

acoustic impedance ZnO is about 5500 times greater than of air, R is very close to 1, and 

100% reflection in assumed from top boundary of ZnO block.   

The energy flux of BAW generated in ZnO and two SAWs generated in opposite directions 

along the silicon surface are given by [7] 

 𝑃𝑃𝐵𝐵𝐵𝐵𝐵𝐵 = 𝜌𝜌𝑍𝑍𝑍𝑍𝑍𝑍 𝜈𝜈𝐵𝐵𝐵𝐵𝐵𝐵 𝜔𝜔2 𝑁𝑁 |𝐴𝐴𝐵𝐵𝐵𝐵𝐵𝐵|2;     𝑃𝑃𝑆𝑆𝑆𝑆𝑆𝑆 = 2 𝜌𝜌𝑆𝑆𝑆𝑆 𝜈𝜈𝑆𝑆𝑆𝑆𝑆𝑆2 𝜔𝜔2 |𝐴𝐴𝑆𝑆𝑆𝑆𝑆𝑆|2  
𝑻𝑻
𝛼𝛼

 (3.2) 

where N is the number of ZnO blocks, A is the amplitude of acoustic wave, and α is the decay 

factor. 

The theoretical or experimental study of SAW devices with the proposed patterned 

structure on silicon substrates, to the best of author’s knowledge, has not been reported in 

literature. The thesis investigates the patterned ZnO/Si structure by carrying out rigorous 

simulations , fabrication and testing of devices, and the results show that the SAW devices 

on silicon with the proposed configuration exhibit high phase velocity with high coupling 

coefficient and can be integrated within IC and CMOS circuitry to realize monolithic systems 

with the unique qualities. 
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Fig. 3.3. 3D schematic of mutual conversion of BAW and SAW in the proposed periodically patterned-

ZnO/Si structure. (a) BAW to SAW conversion, and (b) SAW to BAW conversion. 
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The simulations of proposed SAW devices with periodically patterned-ZnO/Si structure are 

carried out using COMSOL Multiphysics. The following sections include the phase velocity 

and electromechanical coupling coefficient characteristics of the proposed structure and 

the results of comparison with the conventional ZnO/Si SAW devices. Further, simulations 

are carried out to study the effect of addition of buffer layers like SiO2 and AlN films on the 

device characteristics. 

3.2 3D FE simulation of one port SAW resonator with patterned-ZnO on silicon  

This section presents the simulation of the proposed SAW resonator on silicon having large 

number of IDT fingers with periodically patterned-ZnO film in COMSOL Multiphysics. The 

simulation results are compared with the results given in Section 2.4.6 for an identical 

ZnO/IDT/Si conventional thin film one port SAW resonator on silicon.  

3.2.1. Structure of one port SAW resonator on silicon with periodically patterned ZnO 

The structure of one port SAW resonator with proposed patterned-ZnO structure is shown 

in Fig. 3.4. It consists of a silicon substrate with IDT containing a large number of fingers 

 

           ZnO 

1 2 3 n 

(100) Si  

 λ/2 

(a) (b) 

IDT ΓL3 

ΓL2 

ΓL1 

x 
z 

y 

x 

y 

≈ 

ΓR1 

ΓR2 

≈ 

≈ ≈ 

≈ 

 λ/2 

(100) Si  

PML  

ΓL2 ΓR2 

(100) Si  

 

PML 
ΓL1 ΓR1 

ΓL3 ΓR3 

(c) 

≈ ≈ 
ΓR3 ≈ ≈ 

≈ ≈ 

≈ ≈ 

• • • 

 

• • • 

 

(d) 

≈ 

Fig. 3.4. Geometries used in FE simulations of the proposed one port SAW resonator, (a) schematic 

of the cross-sectional view of the device, (b) 3D geometry of half periodic section, and (c) 2D 

geometry of half periodic section with anti-periodic boundaries along x, assuming n→∞, and a 

perfectly matched layer (PML) at the bottom, and (d) meshed half periodic section of patterned-

ZnO/Si. 
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and ZnO blocks are deposited in between the IDT fingers. The dimensions of the device are 

identical to the conventional thin film SAW resonator simulated in Chapter 2, Section 2.4.6, 

and the same simulation process is followed.  

3.2.2 Simulation methodology 

The proposed one port SAW resonator with infinite number of IDT fingers on a (001) silicon 

substrate is considered in the FE simulation. Owing to the periodic nature of the structure, 

half period of the structure with anti-periodic boundary conditions is used to model the 

proposed one port SAW resonator [35]. The three dimensional (3D) and the corresponding 

two dimensional (2D) geometries for one period of the structure are depicted in Fig. 3.4(b) 

and (c). 

Uniform IDT with metallization ratio of 0.5 is considered over (100) silicon substrate and 

overlaid ZnO is patterned along the aperture of IDT to fill the spaces between IDT fingers, 

as shown in Fig. 3.4(b). The (002) oriented ZnO with c-axis along the sagittal plane is chosen 

due to its high electromechanical coupling for the bulk waves propagating along c-axis [46]. 

Perfectly matched layer (PML) is considered at the bottom of the silicon substrate as an 

absorbing boundary to eliminate unwanted reflections from the bottom surface and fixed 

boundary condition is applied to the bottom surface of PML. We consider finger width of 2 

μm and thickness of 100 nm with pitch 4 μm, and the material properties of ZnO, silicon, 

and aluminum used in the simulation are adapted from [35] and the conductivity of silicon 

substrate 2.3e5 is considered [76]. 

The structure is meshed using triangular elements with minimum element size of λ/104 

with growth rate of 1.05 reaching to maximum element size of λ/20. The meshed structure 

is shown in Fig. 3.4(d). A potential of 1 V is applied to the IDT and harmonic admittance of 

the proposed structure is obtained using frequency dependent analysis. In the simulations, 

the effect of mechanical properties of aluminum and silicon are taken into account. We 

consider rectangular ZnO pattern in the simulation because of its high reflectivity and high 

coupling coefficient compared with triangular or trapezoidal shapes [60] and practically 

viable. The process of fabricating rectangular pattern of ZnO is described in chapter 4.  

3.2.3 Results of 3D simulation of one port SAW resonator  

Initially, 3D model is considered to obtain the harmonic admittance (HA) and normalized 

displacement characteristics of surface modes generated in the proposed structure (Fig. 

3.4) at h/λ= 0.19, at which we have observed high electromechanical coupling coefficient as 

well as high phase velocity in the dispersion characteristics (presented in section 3.2.5). 
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(a) (b) 

(c) (d) 

 
Fig. 3.5. Harmonic admittance (HA) and normalized displacement plots of SAW modes generated in 

the patterned-ZnO/Si structure at h/λ of 0.19. Total of five surface modes are observed, out of which 

both SH modes are insignificant and only two VP modes are dominant. 

 

 
(a) (b) (c) (d) (e) (f) 

Fig. 3.6. The normalized x and y displacement profiles of vertically polarized SAW modes generated 

in the patterned-ZnO/Si structure at h/λ of 0.19. The displacements are normalized, as in Figure 3.5, 

with respect to the maximum displacement in silicon. U T0_x , UT0_y and UT1_x , U T1_y are the x, y 

displacements of surface modes generated by the fundamental transverse bulk mode (a, b) and first 

higher order transverse bulk mode (c, d) excited in ZnO pattern. (e) U L0_x and (f) U L0_y are the x, y 

displacements of surface mode excited due to mode conversion of the fundamental longitudinal mode 

in ZnO. 
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From the normalized displacement plots in Fig. 3.5(b, c, d), total five surface modes are 

observed, however the HA plot and the magnitudes in the displacement plots reveal that 

only two modes are dominant. The surface modes with predominant displacement along y 

are considered as vertically polarized (VP) modes and the modes with predominant 

displacement along z are consider to be shear horizontally polarized (SH) modes, whereas 

x is the direction of propagation of the generated surface modes. Here polarization of a wave 

refers to the direction of particle displacement. From the normalized displacement plots in 

Fig. 3.5, we observe that the displacements for SH surface modes are insignificant compared 

to the displacements of VP modes, which confirms the insignificant existence of shear 

polarized modes in the proposed periodically patterned-ZnO structure, as the shear 

horizontal coupling is minimal along c-axis in ZnO [49]. The x and y displacement profiles 

of the first three vertically polarized surface modes generated in the structure are shown in 

Fig. 3.6. Fig. 3.6(a–d) show the generation of surface modes in silicon due to the mode 

conversion of transverse bulk waves excited in the ZnO pattern and Fig. 3.6(e–f) show the 

generation of surface modes in silicon by the coupling of longitudinal bulk waves excited in 

ZnO pattern. However, the magnitudes of y-displacement in Fig. 3.6 indicate that the surface 

modes generated by the mode conversion of transverse bulk waves in ZnO are greater 

compared with that generated by the mode conversion of longitudinal bulk waves in ZnO. 

The fact can also be verified from Fig. 3.5.  

The dominant normal component at ZnO-silicon interface is due to the acoustic coupling of 

BAW generated in ZnO pattern and the displacement profile resembles Rayleigh waves. 

Plessky et.al, reported similar result with periodic structure of bulk acoustic wave 

resonators formed by patterning AlN film on silicon with IDT located on the top the 

patterned AlN [8]. In the proposed patterned-ZnO/Si structure, as the cross-fields in ZnO 

structure are dominant compared to inline fields (along c-axis), the transverse BAW is 

dominant over longitudinal BAW in ZnO pattern, and the dominant surface modes observed 

in HA plot from Fig. 3.5 are excited by the transverse BAW in ZnO. The VP surface modes 

generated in silicon by transverse and longitudinal bulk waves in ZnO are referred as VPT 

and VPL respectively. The phase velocity and K2 characteristics of the surface modes 

generated in the proposed device with respect to ZnO height to wavelength ratio are 

discussed in the next section. 

3.2.4 Conclusion based on 3D simulations  

The surface modes generated in silicon substrate are due to the acoustic coupling of 

transverse and longitudinal bulk modes generated in the patterned ZnO structure. The 
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displacement and harmonic admittance plots show that the vertical polarized surface 

modes generated by transverse BAW are dominant compared to VP surface modes 

generated by the longitudinal BAW and shear horizontal surface waves generated in the 

structure. Since the generation and propagation of VPT and VPL modes are in the sagittal 

plane of the structure, 2D simulations are adequate to obtain the dispersion characteristics 

of the proposed devices. Hence, the rest of the simulations in this chapter are carried out in 

2D. 

3.2.5 Surface modes generated due to transverse bulk waves in ZnO pattern  

Eigenmode analysis is carried out using 2D geometry shown in Fig. 3.3(c) with ZnO height 

as parametric sweep to obtain the phase velocity and coupling coefficient dispersion 

characteristics of surface modes generated in the proposed structure. From Eigenmode 

analysis, the frequency of the generated surface mode is obtained and its phase velocity (ν) 

is calculated using ν = f λ, where λ is the wavelength of IDT. As discussed in the previous 

section, the generated modes are vertically polarized and 2D simulations are adequate to 

obtain the dispersion curves. The electromechanical coupling coefficient (K2) of the 

proposed structure is calculated using  

 𝐾𝐾2 = �
𝑣𝑣𝑓𝑓  −  𝑣𝑣𝑚𝑚

𝑣𝑣𝑓𝑓
� (3.3) 

where, ν ƒ  and νm  are the SAW phase velocities obtained when the interface boundary 

between ZnO and silicon containing IDT is electrically free and shorted, respectively. 

The dispersion characteristics of the first five surface modes generated in silicon due to the 

acoustic coupling of transverse bulk waves excited in ZnO pattern are plotted in Fig. 3.7, 

where h is the height of ZnO pattern and λ is the wavelength of IDT structure. From the 

phase velocity dispersive curves in Fig. 3.7(a), we observe that with the increase in the 

height of ZnO pattern, the phase velocity of generated SAW decreases rapidly due to the 

decrease in the frequency of bulk mode in ZnO structure. The first higher order transverse 

mode in ZnO results in the generation of VPT1 in the structure at h/λ = 0.185, with SAW 

phase velocity of 5305 m/s. The second higher mode in ZnO starts at h/λ = 0.275 resulting 

in VPT2 with SAW phase velocity of 5335 m/s. As the height of ZnO increases, higher order 

transverse modes excited in ZnO result in additional VP modes in silicon. VPT3 and VPT4 

modes are generated at h/λ = 0.59 and h/λ = 0.775 with SAW phase velocities of 5332 m/s 

and 5328 m/s respectively. The plot also shows that the higher cutoff at the point where 

phase velocity equals the shear bulk velocity in silicon (5653 m/s). 
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The K2 dispersion curves of the first five vertically polarized modes generated in the 

structure are shown in the Fig. 3.7(b). For VPT0, the coupling coefficient K2 starts at 2% at 

h/λ = 0.025 with SAW phase velocity of 4747 m/s and reaches a relative maximum of 8.37% 

at h/λ = 0.13 with SAW phase velocity of 2656 m/s and reduces gradually and reaches 4% 

at h/λ = 1. For VPT1, K2 starts from 5.9% at h/λ = 0.185 with phase velocity 5305 m/s and 

reaches a relative maximum value of 7% at h/λ = 0.225 with phase velocity 4672 m/s and 

then decreases gradually and reaches 2.4% at h/λ = 1 with phase velocity of 876 m/s. For 

VPT2, K2 starts from 0.59% at h/λ = 0.275 with phase velocity of 5335 m/s and reaches a 

relative maximum of 3% at h/λ = 0.7 with phase velocity of 3218 m/s, as the ZnO height 

increases the K2 decreases and reaches a value of 2.48% at h/λ = 1 with phase velocity 2044 

m/s. For VPT3, K2 starts from 0.52% at h/λ = 0.59 with phase velocity of 5333 m/s and 

reaches a value of 2.16% at h/λ = 1 with phase velocity of 3320 m/s. For VPT4 the K2 starts 

from 0.56% at h/λ = 0.775 with phase velocity 5328 m/s and it reaches a value of 1.49% at 

h/λ = 1 with phase velocity of 4586 m/s. 

3.2.6 Surface modes generated due to longitudinal bulk waves in ZnO pattern 

The SAW phase velocity dispersion characteristics of the first three modes generated by 

longitudinal bulk waves along ZnO pattern on silicon are shown in Fig. 3.8(a). The SAW 

phase velocity of generated modes depends on the longitudinal mode excited in ZnO 

structure. The phase velocity of VPL0 is 4767 m/s at h/λ = 0.025 and decreases with increase 

in ZnO height, VPL1 starts at h/λ = 0.425 with phase velocity 5319 m/s and decreases with 

increase in ZnO height. The VPL2 mode starts at h/λ = 0.9 with SAW phase velocity of 5331 

m/s. Since the acoustic velocity of longitudinal wave in ZnO is greater than the acoustic 

velocity of transverse bulk wave, the longitudinal modes are found at larger heights of ZnO. 

 
(a) (b) 

Fig. 3.7. The phase velocity and coupling coefficient dispersion curves of vertically polarized modes 

generated in silicon by the transverse bulk waves excited in ZnO pattern. 
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The K2 dispersion curves of first three vertically polarized surface modes generated by 

longitudinal waves in ZnO are shown in the Fig. 3.8(b). For VPL0 K2 starts from 1.25% at h/λ 

= 0.025 with phase velocity of 4767 m/s and reaches a relative maximum of 3.3% at h/λ = 

0.26 with phase velocity of 2815 m/s and decreases gradually with the increase in ZnO 

height. For VPL1 K2 starts from 0.5% at h/λ = 0.425 with phase velocity of 5319 m/s and 

saturates at 1.1% at h/λ = 1 with phase velocity of 3282 m/s. VPL2  starts with K2 of 0.34% 

at h/λ = 0.9 with phase velocity of 5332 m/s and reaches 0.54% at h/λ = 1 with phase 

velocity of 5121 m/s. For the generated SAW modes, the phase velocities at the point where 

K2 reaches the relative maximum are summarized in Table 3.1. The surface waves generated 

by the transverse waves in ZnO exhibits high coupling coefficient up to 8.37% compared 

with conventional layered configuration ZnO/Si which has maximum K2 of 3.3% [20]. VPT1 

exhibits encouraging result of high phase velocity of 5272 m/s with high coupling 

coefficient of 6.4% at h/λ = 0.19. Therefore using these values and the equivalent circuit 

model, IDTs are designed and fabricated to have 50 Ω load impedance for one-port and two-

port resonators and delay lines, as described in section 3.5. 

3.2.7 Temperature coefficient of frequency 

The temperature coefficient of frequency (TCF) is investigated for patterned-ZnO/Si 

structure and ZnO/IDT/Si conventional structure and the results shown in Fig. 3.9. The TCF 

calculation is as follows [20, 77] 

TCF=(𝑣𝑣35−𝑣𝑣15)
20∗𝑣𝑣25

 

Where v15 , v25 , and v35 represents the phase velocity of surface waves in the structure at 

temperatures 15℃, 25℃, and 35 ℃ respectively. The phase velocities are obtained having 

electrically short circuit condition of electrodes. 

 
(a) (b) 

Fig. 3.8. The phase velocity and coupling coefficient dispersion curves of vertically polarized 

modes generated in silicon by longitudinal bulk waves excited in patterned ZnO. 
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3.2.8 Observations from 3D and 2D simulation results 

1. In ZnO, the shear coupling along c-axis is negligible and with the application of 

electric field only longitudinal bulk wave are excited and their acoustic coupling 

with silicon substrate results in the generation of surface waves in the silicon 

substrate. 

2. Two types of bulk modes are observed in ZnO pattern and the transverse bulk wave 

exhibits high displacements compared to longitudinal bulk wave, due to the 

dominant cross-field generated across the ZnO pattern.  

3. The above fact is verified with the admittance characteristics which show two 

dominant admittance peaks corresponding to the surface modes generated by the 

transverse bulk waves excited in the ZnO pattern and one insignificant admittance 

peak corresponding to the surface mode generated by the longitudinal bulk wave 

excited in the ZnO pattern. 

4. VPT0 at h/λ = 0.13 exhibits maximum coupling coefficient of 8.37% which is 2.5 times 

higher than the maximum coupling coefficient in conventional SAW devices 

fabricated with ZnO film on silicon substrate. 

5. VPT1 exhibits unique property of high phase velocity of 5272 m/s with high coupling 

coefficient of 6.4% at h/λ = 0.19. 

6. From the phase velocity dispersion curves, we observe that the surface modes 

generated by the ZnO pattern are highly dispersive with respect to height of ZnO. In 

general, highly dispersive devices exhibit higher sensitivity, hence high sensitivity 

sensors can be realized on silicon using the proposed periodically patterned-ZnO 

film. 

           
Fig. 3.9. TCD dispersion characteristics of surface modes generated conventional ZnO/IDT/Si and 

VP T  modes in patterned-ZnO/Si structure. 
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7. From the TCF characteristics VPT0 exhibit zero TCF at h/λ = 0.06 with phase velocity 

of 5272 m/s and coupling coefficient of 6%. 

3.3 Addition of a buffer layer in patterned-ZnO/Si structure 

We employed a buffer layer of SiO2, a material easy to grow on silicon, in between ZnO 

pattern and silicon substrate, and the results of FE simulations show that the required 

thickness of ZnO for a given operating frequency of the SAW device is reduced nearly by 

50% and velocity dispersion with respect to ZnO thickness is also reduced. The reduction 

in ZnO thickness is beneficial for the following reasons, SiO2 layer on silicon has shown to 

improve the quality of ZnO film [61]. In addition, inclusion of buffer layer reduces the 

practical limitations in ZnO deposition process, like thickness of ZnO, radial non-uniformity 

in ZnO film thickness and deviation from the targeted thickness due to uncertainty in 

deposition parameters (e.g. temperature, working pressure, and fluctuations in RF source) 

make it difficult to reproduce the film with the same quality and uniformity for bulk 

manufacturing. In addition, the inclusion of buffer layers provides better wave guiding of 

generated surface waves and in turn decreases the propagation losses and radiation of 

acoustic energy in to the bulk of silicon substrate. 

Table 3.1 Characteristics of surface modes generated in the proposed structure and conventional 

ZnO/Si layered structure at high coupling coefficient. 

Configuration/ 
Mode K2 (%) SAW phase velocity (m/s) h/λ TCF (ppm/℃) 

Patterned-ZnO/Si structure (Transverse mode in ZnO) 

VPT0 6 4400 0.06 0 
8.37 2656 0.13 -9 

VPT1 6.4 5272 0.19 -14.7 
7 4672 0.225 -23.8 

VPT2 0.59 5326 0.26 -1.1 
3 5008 0.65 -32.8 

VPT3 2.3 3880 0.87 -34.7 
VPT4 1.49 4586 1 -32.4 

Patterned-ZnO/Si structure (Longitudinal mode in ZnO) 
VPL0 3.3 2887 0.25 -10.2 
VPL1 1.1 3282 1 -35.6 
VPL2 0.54 5121 1 -29.6 

Conventional ZnO/Si layered structure 
ZnO/IDT/Si 
(Mode 0) 

0.9 4619 0.04 0 
3 3231 0.30 [20] -20.6 

IDT/ZnO/Si 
(Mode 1) 3.37 5258 0.28 [54] -41 
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3.3.1 Patterned-ZnO/SiO2/Si structure 

To obtain the dispersion characteristics of proposed 

patterned-ZnO/Si structure with the inclusion of oxide 

buffer layer, 2D FE simulations are performed over a 

periodic structure of one port resonator and 2D geometry 

of the structure is shown in Fig. 3.10. The dimensions of 

IDT are the same as described in Section 3.2.1, and the 

simulation methodology is as described in Section 3.2.2, 

except SiO2 buffer layer is added in the structure. In the 

simulations, oxide layer is considered as a non-

piezoelectric material and the material parameters like 

density, Young’s modulus, and dielectric constants are 

adapted from Nakahata et al. [22] and the details of 

elastic constants are included in Appendix A. Eigenmode 

analysis is performed on the 2D structure for various 

thicknesses of oxide film ranging from 0.2 µm to 2.4 µm 

with the parametric sweep of ZnO height in the range of 0.1λ–1λ. The phase velocity and K2 

dispersion curves of VP surface modes generated by the mode conversion of transverse bulk 

waves in the patterned-ZnO/0.2µm-SiO2/Si structure are shown in Fig. 3.11. From the 

dispersion curves we observe that the phase velocities are slightly reduced after inclusion 

of oxide layer and a significant decrease in K2 value of VPT0 from 8.4 % to 4.4 % is observed, 

however very small reduction in K2 values of other VP modes generated in the structure is 

observed. Interestingly, the surface mode VPT2 exhibits slight non-dispersive 

characteristics within h/λ range of 0.25–0.36 with K2 values ranging between 0.76%–0.86% 

 

IDT  

ΓL3 
≈ ≈ ΓR3 

p 

(100) Silicon 

y 

x  
z 

PML 

ΓL4 
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ΓR4 

SiO2 ≈ ΓR2 

≈ ΓR1 

ΓL2 ≈ 

ΓL1 ≈ 

 
Fig. 3.10. 2D Geometry of the 

proposed device with SiO2  layer 

used for the simulation with 

periodic boundary conductions. 

 
Fig. 3.11. The phase velocity and K2 dispersion curves of vertically polarized modes generated in 

patterned-ZnO/0.2µm-SiO2 /Si structure due to transverse bulk waves excited in ZnO pattern. 
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and phase velocity ranging between 5313 m/s–5224 m/s. Further simulations are carried 

out with various thicknesses (0.8 µm, 1.6 µm, and 2.4 µm) of SiO2 film and their dispersion 

characteristics are shown in Fig. 3.12. From the dispersion characteristics of surface modes, 

it is observed that the phase velocity and coupling coefficient values decrease gradually 

with increase in the oxide thickness. At oxide thickness of 0.8 µm (0.1λ), the second higher 

order mode VPT2 exhibits an exciting characteristics of almost constant phase velocity over 

     

 

Fig. 3.12. Phase velocity and coupling coefficient characteristics of patterned-ZnO/SiO2 /Si structure 

with SiO 2 thicknesses of 0.8 µm, 1.6 µm, and 2.4 µm. 
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a wide range of h/λ (0.2–0.4) with reasonably high coupling coefficient. Other higher order 

modes generated in the structure exhibit similar characteristics at higher thicknesses of 

ZnO, which is difficult to obtain in practice. Further eigenmode analysis is carried out on 

the proposed structure with parametric sweep of SiO2 thickness for a constant ZnO height 

of 0.2λ which has shown high K2. The obtained phase velocity and coupling coefficient 

characteristics of the surface modes are shown in Fig. 3.13. The characteristics of all the 

surface modes generated in the structure and notable observations in phase velocity and 

coupling coefficient values are listed in Table 3.2. From the dispersion characteristics 

obtained with respect to the thickness of oxide layer shown in Fig. 3.13, we observe that the 

phase velocities of surface modes VPT0 and VPT1 are independent of SiO2 film thickness after 

ℎ𝑆𝑆𝑆𝑆𝑆𝑆2/λ = 0.2, at which both the surface modes exhibit non-dispersive nature, as the energy 

is substantially concentrated within the guiding layer. The phase velocity of other surface 

modes reduces gradually with increase in thickness of SiO2 film and reaches the surface 

wave velocity of bulk SiO2. From the K2 dispersion curves shown in Fig. 3.13, we observe 

that K2 decreases gradually with increase in the thickness of oxide layer and for VPT0 and 

VPT1 the K2 values are saturated to 1% and 2.5% respectively beyond ℎ𝑆𝑆𝑆𝑆𝑆𝑆2/λ = 0.5. In case 

of VPT2 the K2 values starts at 0.76% and increases up to 1.4% at ℎ𝑆𝑆𝑆𝑆𝑆𝑆2/λ = 0.4 and reaches 

to a value 1.2% at ℎ𝑆𝑆𝑆𝑆𝑆𝑆2/λ = 1. VPT3 and VPT4 modes exhibit very low coupling coefficient 

but high phase velocities. However, the addition of SiO2 buffer layer has resulted in lower 

K2 value due to the large difference in acoustic impedances between ZnO (15.53 M Rayl) and 

SiO2 layer (8.28 M Rayl) than between ZnO and silicon (13.6 M Rayl). To improve K2, we 

replace the SiO2 buffer layer with a layer of AlN, as its acoustic impedance is (18.32 M Rayl) 

close to ZnO and it is also a piezoelectric material having higher acoustic velocity (5620 

m/s) than silicon substrate (4921 m/s). 

 

Fig. 3.13. The phase velocity and K2 dispersion curves of VP modes generated in patterned-

ZnO/SiO 2/Si structure due to transverse bulk waves excited in ZnO pattern obtained with the 

parametric sweep of SiO 2  thickness (ℎ𝑆𝑆𝑆𝑆𝑆𝑆2/λ) for a constant ZnO height of 1.6 μm (0.2λ) which has 

shown high K2. 
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Table 3.2 The notable observations from phase velocity and K2 characteristics given in Fig. 3.10, Fig. 3.11, and Fig. 3.12. 

Device 
configuration 

Surface 
mode h/λ 

Phase 
velocity 

(m/s) 
K2 (%) TCF 

(ppm/℃) Comments 

Patterned-
ZnO/IDT/0.2
μm-SiO2/Si 
(Fig. 3.10) 

 

VPT0 0.11 2789 4.6 -7.67 Maximum K2 value. 
VPT0 0.037 4630 2.3 0 Zero temperature coefficient. 

VPT0 1 160 2.56 -41.5 Low phase velocity is due the reduction in mode frequency of ZnO 
with increase in height. 

VPT1 0.162 5078 5.4 -15.4 Beginning of mode and shows high K2 and high phase velocity.  
VPT1 0.22 4873 6 -24 Maximum K2 value. 

VPT1 1 851 1.26 -43.9 Low phase velocity is due the reduction in mode frequency of ZnO 
with increase in height. 

VPT2 0.25–
0.36 

5313–
5224 0.8 

-4.3 to  
-9.6 

Non-dispersive region, where ΔV is very small, and small 
variations in K2 and TCF.  

Patterned-
ZnO/IDT/ 

0.8μm-
SiO2/Si (Fig. 

3.11) 

VPT0 0.125 2294 4.1 -7.31 Maximum K2 value. 

VPT0 1 152 1.3 -37.1 Low phase velocity is due the reduction in mode frequency of ZnO 
with increase in height. 

VPT1 0.1 5329 1.27 -2.12 Beginning of mode and low TCF. 
VPT1 0.15 4829 4.24 -10.2 High K2 and good phase velocity.  
VPT1 0.25 3613 4.4 -18 Maximum K2 value. 

VPT1 1 1937 0.7 -41.2 Low phase velocity is due the reduction in mode frequency of ZnO 
with increase in height. 

VPT2 0.15 5276 1 -2.21 Beginning of higher order mode. 

VPT2 0.2–0.4 5228–
5002 1.2 -3.4 to 

-11 Non-dispersive region, where ΔV is very small, and constant K2.  

VPT2 1 3148 1.7 -38.5 Lower phase velocity is due the reduction in mode frequency of ZnO 
with increase in height. 
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Patterned-
ZnO/IDT/1.6
μm-SiO2/Si 
(Fig. 3.11) 

VPT0 0.125 2153 3.3 -6.54 Maximum K2 value. 

VPT0 1 147 1.84 -35.1 Low phase velocity is due the reduction in mode frequency of ZnO 
with increase in height. 

VPT1 0.07 5207 2.8 -2 Beginning of surface mode. 
VPT1 0.12 4822 3.46 -5 High K2 and good phase velocity. 
VPT1 0.25 3483 3.61 -18 Maximum K2 value. 

VPT1 1 812 1.36 -41 Low phase velocity is due the reduction in mode frequency of ZnO 
with increase in height. 

VPT2 0.1 5322 0.69 -0.5 Beginning of surface mode and low TCF. 

VPT2 0.12–0.3 5192–
4993 1.26 -2 to -5 Non-dispersive region, change in phase velocity is very small, 

and constant K2. 

VPT2 1 1914 1.6 -38.4 Lower phase velocity is due the reduction in mode frequency of ZnO 
with increase in height. 

Patterned-
ZnO/IDT/2.4
μm-SiO2/Si 
(Fig. 3.11) 

 

VPT0 0.025 3831 1.3 -0.1 Low TCF. 
VPT0 0.15 1793 3.3 -7.3 Maximum K2 value. 

VPT0 1 145 2.78 -34.1 Low phase velocity is due the reduction in mode frequency of ZnO 
with increase in height. 

VPT1 0.05 5214 1.49 0 Zero TCF and high phase velocity. 
VPT1 0.375 4749 3.62 -26.6 High K2 and good phase velocity. 

VPT1 1 805 1.23 -41.2 Low phase velocity is due the reduction in mode frequency of ZnO 
with increase in height. 

VPT2 0.1 5307 0.56 0 Beginning of VPT2 mode and zero TCF. 

VPT2 0.15–0.4 4960–
4713 1.58 -3.6 to 

-8.56 Non-dispersive region, where Δν is very small, and constant K2. 

VPT2 1 1903 1.5 -38.5 Low phase velocity is due the reduction in mode frequency of ZnO 
with increase in height. 

Patterned-
1.6μm-

ZnO/IDT/SiO
2/Si  

(Fig. 3.12) 
 

VPT0 0.01 1726 3.13 -15.3 Maximum K2 value. 
VPT0 0.41 1320 1 -9.4 Phase velocity is saturated at 1320 m/s as well as K2 at 1%. 
VPT1 0.01 4851 6.28 -15.8 Beginning of mode, high K2 and good phase velocity. 
VPT1 0.3 3900 2.5 -13.1 Both phase velocity and K2 saturates at 3900 m/s and 2.5%. 
VPT2 0.03 5320 0.7 -2.8 Exhibits relative maximum velocity and low coupling coefficient. 

VPT2 1 4058 1.2 -6.2 The phase velocity decreases linearly and reached 4058 m/s with a 
K2 value of 1.2. 

62 
 TH-1583_09610201



3.3.2 ZnO-patterned/AlN/Si structure 

As discussed above, we employ aluminum nitride (AlN) as a buffer layer in the proposed 

structure because its acoustic impedance is close to ZnO and it is a piezoelectric material 

widely used to implement SAW devices on silicon for high 

frequency applications. However, the coupling coefficient 

of AlN is low [2] compared to ZnO and also requires 

reactive sputtering for film deposition.  

To the study the effect of addition of buffer layer of AlN 

film in the proposed structure, 2D FE simulations are 

carried on the patterned-ZnO/AlN/Si structure to obtain 

the phase velocity and coupling coefficient dispersion 

characteristics with respect to ZnO height. The simulations 

described in the previous section are repeated with AlN as 

the buffer layer instead of SiO2. For initially study, we 

assumed λ/4 thickness of AlN, at which the AlN/Si 

structure exhibits non-dispersive nature with maximum 

phase velocity that can be attained with silicon substrate 

[2] and 2D geometry used for the eigenmode analysis is 

shown in Fig. 3.15.  

 
Fig. 3.14. The TCF dispersion characteristics of first three VP T surface modes generated in the 

patterned-ZnO/SiO2/Si structure as a function of ZnO and SiO 2 thicknesses. 
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Fig. 3.15. 2D Geometry of the 

periodic section of proposed device 

with AlN buffer layer for the 

simulation. 
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The geometry comprises of thin film of AlN deposited over the silicon substrate and IDT 

structure patterned over it, followed by the deposition and patterning of ZnO film. In these 

simulations, we assume that the ZnO is located exactly in the spaces of IDT. The phase 

velocity and K2 dispersion curves are obtained using eigenmode analysis and results are 

shown in Fig.  3.16. From the characteristics, we observe that the patterned-ZnO/AlN/Si 

structure exhibits high coupling coefficient values compared to conventional thin film 

AlN/Si structure and the resultant phase velocity depends on the frequency of bulk modes 

generated in the ZnO pattern. With increase in height of ZnO, the phase velocity of generated 

SAW decreases rapidly due to the decrease in frequency of bulk modes excited in ZnO 

structure. As the height of ZnO increases the VPT0 surface mode tends to reach the frequency 

of ZnO structure.  

The higher order transverse mode in ZnO results in generation of VPT1 in the structure at 

h/λ = 0.225, with SAW phase velocity of 5223 m/s. The second higher mode in ZnO starts at 

h/λ = 0.425 resulting in VPT2 with SAW phase velocity of 5336 m/s. As the height of ZnO 

increases, higher order transverse modes generated in ZnO result in corresponding VP 

modes. VPT3 and VPT4modes are generated at h/λ = 0.65 and h/λ = 0.875 with SAW phase 

velocities of 5335 m/s and 5316 m/s respectively. The maximum phase velocity of VP 

modes generated in the structure is equal to shear bulk velocity in silicon (5653 m/s). 

The K2 dispersion curves of the first five vertically polarized modes generated in the 

structure are shown in the Fig. 3.16. For VPT0, the coupling coefficient K2 starts at 2.5% at 

h/λ = 0.025 with SAW phase velocity of 5212 m/s and reaches a relative maximum of 10.8% 

at h/λ = 0.125 with SAW phase velocity of 3359 m/s and reduces gradually and reaches 

4.4% at h/λ = 1. For VPT1 , K2 starts from 9.5% at h/λ = 0.225 with phase velocity 5223 m/s 

 
Fig. 3.16. The phase velocity and K2 dispersion curves with respect to height of ZnO in patterned-

ZnO/ 4µm-AlN/Si structure. 
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and reaches a relative maximum value of 9.56% at h/λ = 0.24 with phase velocity 4996 m/s 

and then decreases gradually and reaches 2.8% at h/λ = 1 with phase velocity of 909 m/s. 

For VPT2, K2 starts from 1.63% at h/λ = 0.425 with phase velocity of 5336 m/s and reaches 

a relative maximum of 3.7% at h/λ = 0.6 with phase velocity of 4016 m/s and reaches a 

value of 2.94% at h/λ = 1 with phase velocity 2110 m/s. For VPT3, K2 starts from 2.13% at 

h/λ = 0.65 with phase velocity of 5335 m/s and reaches a value of 2.76% at h/λ = 1 with 

phase velocity of 3422 m/s. For VPT4 the K2 starts from 1.5% at h/λ = 0.875 with phase 

velocity 5316 m/s and at h/λ = 1 it reaches a value of 2.1% with phase velocity of 4718 m/s. 

In general, the K2 values are slightly higher than pattern-ZnO/Si structure, because the AlN 

buffer layer is piezoelectric in nature as well as it exhibits higher acoustic velocity than 

silicon. 

Further we carried out FE simulations on proposed structure with fixed ZnO height and 

varying the AlN thickness to study the phase velocity and coupling coefficient 

characteristics. We consider IDT wavelength of 8 μm and ZnO height of 0.225λ, where the 

device exhibits high phase velocity and high coupling coefficient. The obtained 

characteristics are shown in Fig. 3.17. From the dispersion curves, we observe that two 

transverse modes (VPT0 and VPT1) are generated in the structure and their phase velocities 

saturate at 1800 m/s and 5180 m/s respectively as AlN thickness increases. The K2 of VPT0 

starts from 5.7% and reaches to 8.7% at h/λ = 1 and VPT1 starts from 8.67% at h/λ = 0.0125 

and reaches 9.9% at h/λ = 1. From the above simulations, we can conclude that the phase 

velocity of the surface modes generated in the proposed structure depends on the modes 

excited in the ZnO pattern and its resonant frequency. As the patterned structures exhibit 

high resonant frequencies, buffer layers with high acoustic velocity are recommended in 

order to obtain high coupling and high phase velocity. 

 
Fig. 3.17. The phase velocity and K2 dispersion curves of vertically polarized modes generated by 

transverse bulk waves in patterned-1.6μm-ZnO/AlN/Si structure. 
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3.3.3 Observations from the study of inclusion of buffer layer (SiO2 and AlN) 

The results and observations from the FE simulations of proposed patterned-ZnO/Si SAW 

devices with the addition of buffer layer are summarized as follows: 

1. The dispersion characteristics of patterned-ZnO/SiO2/Si show a reduction in 

coupling coefficient values compared with patterned-ZnO/Si, due to the large 

acoustic impedance difference between ZnO block and SiO2. 

2. A wide non-dispersive region is observed in the range of 0.2–0.4 of h/λ for 

patterned-ZnO/0.8µm-SiO2/Si structure with an acceptable coupling coefficient 

range of 0.8%–0.86%. The drawback of low coupling coefficient can be overcome by 

using IDT with large number of finger pairs. 

3. The dispersion characteristics of patterned-ZnO/AlN/Si show a substantial increase 

in coupling coefficient values, viz. VPT0 exhibits a maximum value of 10.8% at h/λ = 

0.125 with SAW phase velocity of 3359 m/s and VPT1 exhibits a high K2 value of 9.5% 

at h/λ = 0.225 with high phase velocity of 5223 m/s. 

4. The results show that the inclusion of AlN buffer layer improves the coupling 

coefficient significantly compared with SiO2 layer. So, buffer layers with high 

acoustic velocity are recommended in order to obtain high coupling and high phase 

velocity. 

5. Assuming the maximum thickness of 4 µm achievable in ZnO film deposition using 

RF sputtering, the SAW device with maximum λ of 16 µm can be fabricated with 

patterned-4µm-ZnO/0.8µm-AlN/Si structure with unique property of high phase 

velocity and high coupling coefficient. 

6. The phase velocity characteristics are predominantly depend on the dimensions of 

ZnO pattern rather than the thickness of buffer layer (SiO2 and AlN). 

3.4. 2D simulation of SAW delay line on silicon using periodically patterned ZnO 

SAW resonator configuration with periodically patterned-ZnO on silicon substrate is 

demonstrated in section 3.2. In this section, we employ the proposed patterned-ZnO 

structure to realize, another popular SAW device, i.e. delay line device on silicon substrate. 

2D finite element simulations are performed on delay line configuration with patterned ZnO 

structures in the spaces of IDT. From the phase velocity and K2 dispersion characteristics, 

dimensions of IDT and ZnO pattern are chosen to obtain a surface mode with high phase 

velocity and high coupling coefficient. The simulation results of SAW delay line with 
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patterned-ZnO structure is compared with the conventional ZnO thin film SAW delay line 

on silicon substrate (Section 2.4.7). 

3.4.1. Simulation methodology 

A delay line with 4λ center to center distance between input and output IDTs having ZnO 

blocks in the spaces of the IDT fingers is consider for simulation. The dimensions of delay 

line are as follows: pitch of 4 µm (λ = 8 µm), metallization ratio of 0.5, and thickness of IDT 

electrodes 0.1 µm and substrate depth of 5λ. The ZnO height is chosen 1.6 µm (h/λ = 0.2) 

which has high K2 and phase velocity as observed in Table 3.1. Absorbing boundary 

conditions are used on either ends of the device to suppress the unwanted reflections from 

the boundaries. The 2D schematic of patterned-ZnO/IDT/Si SAW delay line structure is 

shown in Fig. 3.18. Fixed boundary condition is applied to the bottom boundaries of the 

geometry and rest all boundaries are given stress free boundary condition. Rayleigh 

damping boundary conditions are applied to the absorbing subdomain to absorb the 

generated SAW and the reflections form the edges of the device. The electrical boundary 

 

λ/2  

Silicon substrate  

Transmitter IDT  Receiver IDT  

d 

Absorbing 
medium 

Absorbing 
medium 

Absorbing medium 
 

Fig. 3.18. 2D schematic of the SAW delay line device on silicon with periodically patterned ZnO in 

the spaces of IDT. 

 
Fig. 3.19. Structure of mesh used in the simulation of the SAW delay line device with triangular 

elements with minimum element size of λ/103 at ZnO-silicon interface and having growth rate of 

1.09 reaching to a maximum element size of λ/8. 
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conditions are as follows: alternate fingers of input port are grounded and a 1 V sinusoidal 

driven voltage of the device resonance frequency is given to the remaining fingers [59]. 

From the eigenmode analysis the resonance frequency is 611.4774 MHz. Structure of the 

mesh used in the simulation (Fig. 3.19) consists of triangular elements with minimum element 

size of λ/103 at ZnO-silicon interface and having growth rate of 1.09 reaching to a maximum element 

size of λ/8. The transient analysis is carried out using the ‘Generalized-alpha’ solver available 

in COMSOL multiphysics for duration of 50 ns with a time interval of 1 ps. 

3.4.2. Results of 2D SAW delay line with patterned-ZnO structure 

The surface displacement profile of delay line structure at time 12.28 ns is shown in Fig. 

3.20(a). The transient y-displacements of particles at the center of IDT-silicon interface at 

input and output IDTs are shown in Fig. 3.20(b) and (c) respectively. The output voltage of 

0.1 V is observed at the receiver IDT in Fig. 3.20(d). In SAW delay line, delay time is one of 

the important parameters and is estimated from the time difference between the first peak 

of waveforms in Fig. 3.20(b) and (c). The delay observed is about 3 ns. Assuming SAW 

velocity in silicon 4921 m/s [54] the calculated delay is 3.25 ns. However, the input and 

output displacements are low in comparison with the conventional ZnO/Si delay line and is 

due to considerable radiation of acoustic energy into the bulk of the silicon substrate in case 

of patterned-ZnO structure. This acoustic radiation can be reduced by employing a guiding 

layer [3], e.g. thin film of SiO2 or AlN. Fig. 3.20 shows the y-displacement surface profiles of 

SAW delay with patterned-2µm-ZnO/2µm-SiO2/Si structure. The inclusion of SiO2 buffer 

layer has reduced the acoustic radiation into bulk and increased acoustic energy 

concentration near the surface as compared to the displacement profile of patterned-

ZnO/IDT/Si SAW delay line shown in Fig. 3.20(a). However, the input and output 

displacements are low in comparison with the conventional ZnO/Si delay line and is due to 

considerable radiation of acoustic energy into the bulk of the silicon substrate in case of 

patterned-ZnO structure. This acoustic radiation can be reduced by employing a guiding 

layer [3], e.g. thin film of SiO2 or AlN. Fig. 3.20 shows the y-displacement surface profiles of 

SAW delay with patterned-2µm-ZnO/2µm-SiO2/Si structure. The inclusion of SiO2 buffer 

layer has reduced the acoustic radiation into bulk and increased acoustic energy 

concentration near the surface as compared to the displacement profile of patterned-

ZnO/IDT/Si SAW delay line shown in Fig. 3.21(a). 
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(a) 

 
    (b)               (c) 
 
 

  
 (d)           (e)    

Fig. 3.20. (a) y-displacement profile of patterned-ZnO/IDT/Si SAW delay line at 27.7 ns, color legend 

displacement units are in µm, (b) transient y-displacement profile of a particle at input IDT-silicon 

interface, (c) transient y-displacement profile of a particle at output IDT-silicon interface, (d) output 

voltage obtained at output IDT with respect to time, and (e) magnified view of output IDT with 

deformation shows SAW in silicon been converted to first higher order transverse BAW in ZnO 
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3.5 Design of proposed patterned-ZnO/Si SAW devices using equivalent circuit model 

The equivalent circuit model of a section of proposed periodically patterned-ZnO SAW 

devices on silicon with oxide buffer layer is shown in Fig. 3.22. The equivalent circuit has 

been modeled based on the equivalent circuit models of SAW devices reported by Nordin 

[29], Thompson [5], and Venema [62]. The equivalent circuit model of a conventional SAW 

device has been discussed in Chapter 2. The acoustic wave propagation is modeled by a 

series RLC circuit in parallel with a parasitic capacitor (C0 ), and Rx , Lx , Cx , define the 

radiation resistance, motional inductance and motional capacitance respectively. Cox  exists 

due to the presence of oxide layer in the structure and is formed between source electrode 

and ground electrode. The oxide capacitance C ox  is given by  

 𝐶𝐶𝑜𝑜𝑜𝑜 = 𝑊𝑊ε𝑜𝑜𝑜𝑜𝑁𝑁𝑃𝑃 (3.4) 

where W is the aperture length of the IDT, εox is the permittivity of oxide layer and N P  is the 

number of finger pairs in the IDT.  

The total transducer capacitance (C T) for the proposed structure with an oxide film is given 

by   

 𝐶𝐶𝑇𝑇 = 𝑊𝑊ε𝑍𝑍𝑍𝑍𝑍𝑍(2N𝑃𝑃 − 1) + 𝐶𝐶𝑜𝑜𝑜𝑜 (3.5) 

where εZnO  is the permittivity of ZnO and is equal to 135 pF/m [26], and 𝑊𝑊ε𝑍𝑍𝑍𝑍𝑍𝑍(2N𝑃𝑃 − 1) is 

equivalent to transducer capacitance without oxide layer.  

 

Fig. 3.21. y-displacement profile of patterned-ZnO/IDT/2µm-SiO2 /Si SAW delay line at 34.16 ns. 

Addition of SiO2  buffer layer has reduced the acoustic radiation into bulk and increased acoustic 

energy concentration near the surface as compared to the results shown in Fig. 3.18 (a) for 

patterned-ZnO/IDT/Si SAW delay line. 
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A sinusoidal input Vin  is applied to IDT results in excitation of bulk waves inside the ZnO 

pattern and the bulk waves are mode converted into surface waves that propagate along 

the silicon substrate. When the acoustic waves are incident at the output IDT with 

patterned-ZnO structure, the surface waves are converted back to bulk waves in ZnO and a 

portion is radiated into the bulk of silicon. The BAW excited in ZnO pattern will induce an 

alternating current Iout  in the load connected to the output IDT. The ratio of Iout/Vin  is known 

as forward admittance and real part of admittance (Ga) is known as radiation conductance 

[29] and is approximated as 

 𝐺𝐺𝑎𝑎 = 8𝑓𝑓𝑟𝑟𝐾𝐾2𝐶𝐶𝑇𝑇𝑁𝑁𝑃𝑃 (3.6) 

where K2 is the electromechanical coupling coefficient and f r  is the resonance frequency of 

the device obtained from the FE simulations.  

The conductance of device is given by  

 𝐺𝐺𝑠𝑠(𝑓𝑓𝑟𝑟) = 𝐺𝐺𝑎𝑎 �
1 + 2Γ𝐶𝐶𝐶𝐶𝐶𝐶(4𝜋𝜋𝜋𝜋) + Γ2

1 − Γ2
� (3.7) 

where Γ is reflection coefficient of the reflector grating structure and 𝛿𝛿 is given by 𝛿𝛿 = 𝐿𝐿𝑔𝑔 +

𝐿𝐿𝑝𝑝 + 𝑁𝑁𝑃𝑃𝜆𝜆
2

 [29] where Lg  is the distance between IDT and grating structure, Lp  is the 
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Fig. 3.22. Equivalent circuit model of the proposed ZnO-patterned structure on silicon with oxide 

layer. 
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penetration depth of acoustic wave along the grating, and Np  is the number of finger pairs 

in IDT structure. The acoustic equivalent circuit parameters are obtained as follows [29] 

 Acoustic resistance Rx = 1/𝐺𝐺𝑠𝑠(𝑓𝑓𝑟𝑟) (3.8) 

 Inductance Lx = 𝐿𝐿+2𝐿𝐿𝑝𝑝
𝐺𝐺𝑎𝑎𝜐𝜐

∙ Γ2

1+2Γ𝐶𝐶𝐶𝐶𝐶𝐶(4𝜋𝜋𝜋𝜋)+Γ2
 (3.9) 

 Acoustic capacitance Cx = 1
4𝜋𝜋2𝑓𝑓𝑟𝑟2𝐿𝐿𝑥𝑥

 (3.10) 

 Feed through capacitance Cf  = 𝑊𝑊𝑊𝑊
𝐿𝐿𝑐𝑐

 (3.11) 

Using the equations (3.5 and 3.6), the number of finger pairs and the aperture length of IDT 

are chosen in such a way that the impedance of IDT at the operating frequency matches with 

the source impedance and load impedance, normally 50 Ω. The following section describes 

the design of SAW devices with patterned-ZnO structure on silicon.  

3.5.1 Calculation of IDT parameters for proposed SAW devices on silicon 

The IDT parameters for one port SAW resonators, two port SAW resonators, and SAW delay 

lines are calculated using above mentioned equivalent circuit model and used for device 

fabrication. The above mentioned equations are written in MATLAB to obtain the IDT 

dimensions with desired 50 Ω impedance.  

From Table 3.1, it is noticed that h/λ = 0.19 exhibits high K2 and high phase velocity for 

patterned-ZnO/Si structure. Hence, for the fabrication of proposed devices, the ZnO film 

thickness of 3.04 µm chosen for an IDT wavelength of 16 µm. In the phase velocity and K2 

characteristics, at h/λ = 0.19, VPT1 mode exhibits K2 value of 6.4% and phase velocity of 

5072 m/s which corresponds to the device operating frequency of 317 MHz. Substituting  

the values of K2 and operating frequency in equation (3.6), aperture (W) and number of 

finger pairs (NP) are calculated. In general, to reduce the diffraction effects of the generated 

surface waves, it is advisable to have aperture length greater than 50λ [5]. Accordingly the 

aperture length is decided and the respective number of finger pairs is calculated. The 

penetration depth of the generated surface modes is estimated by calculating reflection 

coefficient k, which is reflectivity of surface wave for one electrode finger in the grating 

structure and is given by [29] 

 𝑘𝑘 = 𝑗𝑗|0.5 𝐾𝐾2|
𝜋𝜋
2
�(− cos∆) + �

𝑃𝑃0.5 (cos∆)
𝑃𝑃−0.5 (−cos∆)

�� (3.12) 

where ∆= 𝑛𝑛𝑛𝑛 and n is metallization ratio. 
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In this design n of 0.5 is considered, Legendre polynomials 𝑃𝑃0.5 (cos∆) = 1.5061 and 

𝑃𝑃−0.5 (−cos∆) = 1.328 are adapted from Nordin [29].  

The total reflectivity of the grating structure is given by (3.10) and ideally should be ~1. 

 Γ = tanh (𝑁𝑁𝑁𝑁) (3.13) 

Using the reflection coefficient, the penetration depth Lp  is calculated using the following 

formula  

 𝐿𝐿𝑝𝑝 = 𝜆𝜆/(4|𝑘𝑘|) (3.14) 

Using the above mentioned equations, with K2 value of 6.4% and operating frequency 317 

MHz the calculated IDT parameters are as follows 

From (3.12) reflection coefficient of an electrode in the grating structure k = 0.057  

Minimum number of electrodes in reflector grating (N) required to ensure complete 

reflection of SAW at the grating structure is calculated using (3.13), and Γ = 0.99 is assumed 

and the number of electrodes in grating structure N = 48. 

From (3.14) calculated penetration depth Lp  = 70.17 µm. 

Table 3.3 Calculated IDT dimensions using equivalent circuit model. 

Sr. No. Aperture length  (W) Number of finger pairs (N) 

1 55 λ 65 

2 60 λ 63 

3 65 λ 60 

4 75 λ 58 

3.6 Summary 

This chapter discusses the theory and operation of the proposed periodically patterned-

ZnO SAW devices on silicon substrate and mutual conversion of BAW and SAW at the 

interface of periodic structure and substrate. Eigenmode analysis and frequency dependent 

analysis are performed on 3D and 2D geometries of the proposed patterned-ZnO/Si 

structure to obtain the phase velocity and K2 characteristics of surface modes generated in 

the structure. Results reveal the generation of vertically polarized surface modes in silicon 

substrate owing to the acoustic coupling of bulk waves excited in the ZnO pattern. The 
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displacement plots from frequency dependent analysis show two types of surface modes in 

silicon, VP surface modes generated by transverse and longitudinal BAWs in ZnO blocks and 

SH modes which are insignificant compared to the VP modes. The admittance 

characteristics show VP modes generated by transverse BAW more dominant than the VP 

modes generated by longitudinal BAW in ZnO blocks, since the electric field across ZnO 

pattern is stronger than in-line field in proposed structure and insignificant shear coupling 

along the c-axis of ZnO. Results show that the VP surface mode generated by transverse 

BAW excited in ZnO pattern exhibits high phase velocity and high coupling coefficient.  

SiO2 buffer layer is employed to reduce the thickness of ZnO required to generate surface 

modes with high phase velocity and high coupling coefficient. FE simulations are performed 

to obtain the phase velocity and K2 dispersion characteristics with respect to ZnO height 

and SiO2 film thickness. Results disclose that the required ZnO height is reduced 

appreciably, however the addition of SiO2 buffer layer has resulted in lower K2 values due 

to the large difference in acoustic impedances between ZnO and SiO2 layer than between 

ZnO and silicon. Interestingly in patterned-ZnO/0.8µm-SiO2/Si structure, the surface mode 

(VPT2) generated by second higher order transverse BAW in ZnO exhibits a non-dispersive 

nature over a wide range of ZnO thickness variations during deposition (h/λ = 0.2-0.4). The 

drawback of low K2 can be overcome by employing IDT structure with large number of 

finger pairs.  

By replacing SiO2 with AlN for the buffer layer the K2 values are improved, as acoustic 

impedance of AlN is close to ZnO, in addition, phase velocity is increased due to higher 

acoustic velocity in AlN than in silicon substrate. The dispersion characteristics of 

patterned-ZnO/AlN/Si show a substantial increase in coupling coefficient values, viz. VPT0 

exhibits a maximum value of 10.8% at h/λ = 0.125 with SAW phase velocity of 3359 m/s 

and VPT1 exhibits a high K2 value of 9.5% at h/λ = 0.225 with high phase velocity of 5223 

m/s. The results show that the inclusion of AlN buffer layer improves the coupling 

coefficient significantly compared with SiO2 buffer layer. Hence, buffer layers with high 

acoustic velocity are recommended in order to obtain high coupling and high phase velocity. 

The phase velocity characteristics have been found to depend predominantly on the 

dimensions of ZnO pattern rather than the thickness of the buffer layer (SiO2 and AlN). 

SAW delay line device with patterned-ZnO is simulated and the displacement plots have 

verified mutual conversion of BAW and SAW at the patterned-ZnO-Si interface. Equivalent 

circuit model is employed to design the proposed SAW devices with patterned-ZnO on 

silicon for micro-fabrication of the devices discussed in the next chapter. 
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Chapter 4   

Fabrication of Patterned-ZnO/Si SAW Devices 

The chapter presents micro-fabrication process of the proposed SAW devices on silicon 

substrate with patterned-ZnO structure. Conventionally, SAW devices are fabricated on 

piezoelectric substrates by disposing the metallic IDT pattern using UV lithography or e-beam 

lithography process. Commonly, UV lithography process is widely used for bulk manufacturing 

of SAW devices, whereas e-beam lithography process is preferred in the fabrication of high 

frequency SAW devices [63]. In this research work, we fabricated the proposed patterned-ZnO 

SAW devices on silicon substrate using both the UV lithography and e-beam lithography 

processes, at Indian Institute of Science, Bangalore. 

4.1 Fabrication of SAW devices on Si using UV lithography process 

In general SAW devices are fabricated using photolithographic techniques in electronic industry 

to obtain IDT pattern either by etching or lift-off techniques. Though both techniques are used 

in the fabrication of SAW devices, the lift-off process is more suitable for the development of 

uniform IDT pattern having feature size less than 5 µm, because during the etching process 

precise control of etching time is difficult for small feature size — inadequate etching time 

causes un-developed pattern and excessive etching time causes undercut that can be significant 

enough to wash out the complete IDT structure [63]. Hence, lift-off process is employed in the 

development of uniform IDT in the proposed SAW devices. The IDT with electrode width of 4 

µm is chosen, since dimensions less than 4 µm are not reliable to obtain with UV lithography 

process and electrode width greater than 4 µm dimensions requires thicker ZnO film difficult to 

obtain using sputtering process. The basic steps involved in the fabrication of SAW devices on 

silicon are as follows; layout design, mask preparation, photolithography, and metal deposition 

over the wafer for lift-off process, ZnO film deposition, photolithography for ZnO pattern, and 

ZnO wet etching. 

4.1.1 Design of SAW devices on silicon 

Silicon is commonly used substrate for IC and CMOS fabrication and also well known for low 

acoustic losses [64]. In this fabrication process p-type silicon is considered to minimize the 

electro-acoustic losses and electromagnetic feed through between IDTs. One-port resonators, 

two-port resonators and delay lines are fabricated on (100) oriented p-type silicon substrate. 

High resistive (0-100 Ω/cm) p-type (100) oriented 2” single side polished silicon wafers of 
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thickness 0.35 mm are procured from University wafers, USA. To prepare ZnO films on silicon 

substrate, 2” diameter 99.99% ZnO sputtering target with ionic bonded copper backing plate is 

procured from Vinkarola Instruments, U.S.A.  IDT dimensions with desired 50 Ω impedance is 

designed using equivalent circuit model for synchronous one port resonators, two port 

resonators with different separations between IDTs, and delay line devices with different delays 

are designed based on the literature reported by Morgan [3], Nordin [29], and Ramakrishnan 

[61]. Device dimensions of the fabricated devices are listed in Tables 4.1, 4.2, and 4.3 following 

the design process discussed in chapter 3. 

Table 4.1 Dimensions used for the fabrication of one-port SAW resonators. 

Electrode finger width 4 µm 

Space between consecutive electrode fingers 4 µm 

Pitch (λ/2) 8 µm 

Number of finger pairs in IDT structure 40, 45, 55, 60, 65, 75, 85 

Aperture 55λ, 60λ, 65λ, 70λ 
 

 

Table 4.3 Dimensions used for the fabrication of SAW delay line devices. 

Space between consecutive electrode fingers 4 µm   

Pitch (λ/2) 8 µm   

Number of finger pairs in IDT structure 55, 60, 65  

Aperture  60λ  

Center-to-center separation between IDTs 70λ, 80λ  

Some of the important criteria to be considered in the fabrication of SAW devices on silicon are 

as follows, 

i. One-port resonators, two-port resonators, and delay lines SAW devices on silicon substrate 

with periodically patterned ZnO films are designed with λ=16 µm and h/λ of 0.19 which 

gives high velocity and high K2 (Table 3.1). The IDT with ZnO pattern in the spaces are 

designed for 50 Ω admittance at the corresponding resonance frequency of 317 MHz (VPT1) 

Table 4.2 Dimensions used for the fabrication of two-port SAW resonators. 

Space between consecutive electrode fingers 4 µm 

Pitch (λ/2)  8 µm 

Number of finger pairs in IDT structure 35, 40, 45, 55, 60, 65, 75, 85 

Aperture  55λ, 60λ, 65λ, 70λ 

Separation between input and output IDTs 0.5λ, 1.5λ 

Separation between IDT and reflector grating 0.25λ, 0.75λ, 1λ, 1.25 λ, 2λ 
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using equivalent circuit model as described in chapter 3, section 3.5. The IDT dimensions for 

the fabrication of SAW devices are tabulated in Tables 4.1, 4.2, and 4.3, for IDT metallization 

ratio of 0.5. 

ii. Bond pads are designed according to the dimensions of conventional ground-source-ground 

(GSG) probes with 100 µm pitch to facilitate characterization of fabricated SAW devices 

using RF probe station and network analyzer.  

iii. Minimum of 2 mm spacing is provided between adjacent devices to ensure the possibility of 

manual scribing and semi-automatic dicing of processed wafer. 

iv. Adequate space at both ends of the device, so that the generated SAW will decay eventually 

or absorbing materials can be coated at the edge of the device. 

v. The devices are organized to fit maximum number of devices in the mask layout. 

4.1.2 Fabrication of SAW devices on silicon  

The general procedure for fabricating SAW devices and process parameters mentioned in [3], 

[63], and the processes for the patterning of ZnO film described in [66] are closely followed in 

this work. Conventionally IDTs are prepared using aluminum electrodes, however Al is prone to 

react with chemical etchants used in ZnO patterning. Gold is chosen for IDT pattern, since it is 

not affected by the chemicals used in the process of ZnO patterning. Extreme thin layer of 

chromium is used as an adhesive between gold and silicon substrate. The metal depositions are 

carried out using thermal evaporation or DC sputtering. The following fabrication steps are 

carried out on a 2 inch silicon substrate. 

(a) Layout design 

The layout of IDT and ZnO patterns are graphically designed using CleWin software. Bi-layered 

design with standard alignment marks is chosen to accomplish both the IDT and ZnO pattern 

layouts without any misalignment. Fig. 4.1(a) shows the arrangement of SAW devices over a 2” 

area with multiple alignment marks. Fig. 4.1(b) displays the one port SAW resonator with GSG 

contact pad and electrical shield around the device. Fig. 4.1(c) depicts the two port SAW 

resonator and its magnified view is shown in Fig. 4.1(d). The SAW delay line devices having IDT 

center-to-center distance of 80λ with free and metallized propagation paths are shown in Fig. 

4.1(e). 

(b) Mask writing 

Direct laser writing can be employed over a photoresist-coated wafer to make IDT patterns with 

high accuracy. As the devices are to be fabricated on a 2” wafer, direct laser writing consumes a 
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significant amount of time, hence chromium mask plates are prepared using laser writer and 

the mask plates are used in UV lithography process. 

            
                                             (a)                          (b) 
 

  
(c)        (d) 
 

 
(e) 

Fig. 4.1. (a) Mask layout using CleWin software, (b) schematic of one port SAW resonator, (c) schematic of 

and two port SAW resonator, (d) magnified view of device showing the dimensions of IDT, and (e) 

schematic of the delay line devices with open and metalized propagation paths.  
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Standard alignment markers are included in the layout to facilitate second layer lithography for 

patterning the ZnO film. GSG compatible contact pads of 100 µm pitch are designed and 

incorporated in all the devices for testing. 3” chrome mask plates with 2” active area are 

prepared using laser writer (Hidelberg Instruments, Germany).  

The mask plate with positive photoresist is loaded into the laser writer and the mask plate with 

desired dimensions are engraved using a standard lens. The laser written chrome mask plates 

are developed using MF-26A developer (MicroChem, USA). The exposed chromium region is 

etched using chrome etchant solution. Chrome etchant solution contains, ceric ammonium 

nitrate (NH4)2Ce(NO3)6 or sulfate (NH4)4Ce(SO4)4.2 H2O, with small amounts of HNO3 [66]. 

The unwanted photo-resist is removed using acetone, followed by piranha cleaning process for 

30 s. An optical images of a portion of the first mask and second mask shown in Fig. 4.2, show 

that the developed mask has turned out properly with desired dimensions. 

(c) Cleaning of wafers 

Silicon wafers are cleaned using standard RCA1 and RCA2 cleaning processes followed by 15 s 

HF dip.  Standard RCA1 recipe is used to remove organic contaminants present in silicon wafers. 

RCA1 recipe is prepared using de-ionized (DI) water, hydrogen peroxide (H2O2) and NH4OH 

with ratios of 5:1:1, and heated up to 75℃. The wafers are dipped in the recipe for 10 minutes 

followed by DI cleaning. Further, the wafers are processed with RCA2 cleaning to remove 

metallic contaminants. RCA2 recipe is prepared using DI water, hydrogen peroxide and 

hydrochloric acid in the following ratios (H2O:H2O2:HCl = 6:1:1) and heated up to 75℃. The 

wafers are dipped in the RCA2 solution for 10 minutes followed by HF dip for 30 s to remove the 

presence of native oxide. Finally, the wafers are placed in DI water and dried using filtered 

nitrogen gas.  

          
                                             (a)                               (b) 
Fig. 4.2. Optical microscopic images of (a) IDT structure on mask plate 1 and (b) ZnO pattern on mask 
plate 2.  
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(d) Oxidation of silicon wafers 

In general the dry oxidation process results in high quality oxide film less than 250 nm thick, but 

in the proposed device the required oxide layer thickness is very large and dry oxidation 

process is not practical. Using PECVD (Plasma-enhanced chemical vapor deposition) method 

thicknesses up to 20 µm can be achieved, however the quality of the film is not suitable for 

acoustic wave propagation [63]. So, we employed wet oxidation process to obtain the desired 

oxide layer thickness of 2 µm. After 10 hours of process of wet oxidation at 1100℃, we obtained 

oxide layer of thickness 1.63 µm for the wafers placed at the far side of the chamber and 1.73 

µm oxide thickness for silicon wafers placed at the center of the chamber. 

(e) Photoresist coating 

The wafers are cleaned with acetone and IPA for photoresist coating. The wafers are spin-

coated with positive photoresist for the development of IDT pattern. It is ensured that the 

center of the wafer is exactly aligned with the center of the spin coater to obtain uniform 

photoresist thickness. AZ 5142 photoresist (AZ Electronic Materials, UK) is dispensed from the 

bottle and spread all over the wafer. The wafer spinning program starts with 500 rpm for 5 s, 

followed by 1000 rpm for 5 s and finally 6000 rpm for 40 s, and the ramp rate of 500 rpm/s is 

used. By this method, the photoresist thickness around 1.2 µm is achieved over the wafer. The 

major fabrication process steps are shown in Fig. 4.3. 

(f) Soft baking 

The spun samples with photoresist coating are placed on a hot plate at a temperature of 110°C 

for 60 s. To avoid wafer getting stuck to the hot plate surface, aluminum foil is placed between 

wafer and hot plate.  

(g) UV exposure 

The samples with photoresist coating are placed in mask aligner MJB4 (SUSS MicroTech) 

with 2 inch substrate chuck. The setup parameters such as wafer thickness, separation 

between mask plate and wafer, wedge correction, and alignment of substrate are 

performed manually and UV exposure of 7 s is finalized after three trials. 

(h) Sample development 

The exposed samples are developed in MF-26A solution, care has been taken to develop 

IDT structure without over development or under development by constant inspection 

under microscope. Development time varies sample to sample, due to intermediate 

cleaning of samples with DI water for inspection under microscope. 
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  Cleaning of Si wafer 
using piranha 

cleaning process or 
RCA1 and RCA2 

UV exposure using MJB4 

 

  Wet oxidation process  

  Cleaning with 
acetone, IPA, 

then blow dry 

  Dehydration 
bake: 10 

minute, 200°C 

Photoresist coating: 
AZ5142 of 1.2 µm 

Development of 
photoresist using MF-26A 

 

Hard bake:  
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110°C 

Deposition Au/Cr: 
100nm/10nm 

Removal of photoresist: 
Acetone & post bake 120°C  

 

IDT structure over Si wafer 

 

Si wafer 

 
Al metal 

 
Photoresist material 

 
Photoresist after UV exposure 

 
Mask 

 

 

 

UV light 

 

Annealing of ZnO at 650 °C 

 

Deposition of ZnO using RF 
sputtering 

 

Deposition of SiO2 using 
PECVD for hard mask 

Photoresist coating: 
AZ5142 of 1.2 µm 

Development of photoresist 
using MF-26A 

 

Development SiO2 hard mask 
using dilute HF solution 

Final proposed patterned 
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Soft bake: 1 minute, 110°C 

UV exposure using MJB4 

Fig. 4.3. Process flow employed for the fabrication of periodically patterned-ZnO/SiO2/Si SAW devices. 
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Fig. 4.4 shows the sample after development. 

After development the samples are hard 

baked for 180 s at a temperature of 110°C 

using hot plate. 

(i) Metal deposition 

Since aluminum is reactive with the acids used 

for ZnO patterning, we use gold for IDT 

structure and chromium to promote the 

adhesion between gold and silicon. Initially 10 

nm thickness of chromium is deposited on 

silicon substrate before depositing 100 nm 

gold. The sputtering parameters for gold and chromium metals are listed in Table 4.4.  

Table 4.4 RF sputtering conditions of gold and chromium metal deposition. 

Metal Power  Pre deposition Deposition time 

Chromium (Cr) (10 nm) 100 W 600 s 22 s 

Gold (Au) (100 nm, 150 nm) 25 W 0 s 300 s, 450 s 

Base pressure 5×10-6 Torr 

Working pressure 6.4×10-3 Torr 

Distance between substrate and target 7.5 cm 

Substrate temperature Room temperature 

(j) Lift off 

After chromium (10 nm) and gold (100 nm) 

deposition, the samples are placed in petri 

dish with acetone and the dish is placed in 

ultra-sonication for 10–15 minutes for lift-off 

process. The microscopic image of IDT 

structure after lift-off process is shown in Fig. 

4.5.  

(k) ZnO deposition 

(002) oriented ZnO films are deposited over 

the samples using 2 inch commercial 

sputtering target of 99.99% pure ZnO using 

 

Fig.  4.4. Microscopic view of IDT pattern 

developed after UV lithography process using MF-

26A developer. 

 

Fig. 4.5. Microscopic image of IDT structure showing 

electrodes and bus bar, obtained after lift-off 

process. 
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RF sputtering system with argon flow of 20 sccm at IIT Guwahati. A test run is carried out for a 

duration of 105 minutes with ZnO deposition conditions mentioned in Table 4.5, and a ZnO film 

thickness of 2.5 µm is obtained, implying a growth rate of 23.81 nm/min. The ZnO thickness that 

gives high K2 and high phase velocity is obtained by FE simulations in Chapter 3. Accordingly, 

ZnO film depositions are carried out for 134 minutes to obtain thickness of 3.2 µm on silicon 

wafers without oxide layer and for 118 minutes to obtain 2.8 µm for wafers with oxide layer.  

Table 4.5 RF sputtering deposition parameters used for ZnO thin films. 

Power 45 W 

Base pressure 6×10-6 Torr 

Working pressure 5×10-2 Torr 

Distance between substrate and target 5 cm 

Substrate temperature 250 ℃ 

Pre deposition 600 s 

(l) Annealing 

After deposition of ZnO film, the samples are annealed at different temperatures to obtain 

optimum crystalline nature of the film with fine grain structure and minimum defects. 

Annealing is performed at 400℃, 500℃, 550℃, 600℃, 650℃, and 700℃, and X-ray diffraction 

(XRD) 2θ  scan is performed on the test samples and the result of XRD analysis is plotted in Fig. 

4.6(a). The intensity peak observed at 34.4° in the XRD result confirms (002) orientation of ZnO 

film. In addition, the peak intensity is maximum for annealing temperature of 650℃, therefore, 

    
(a)               (b) 

Fig. 4.6. (a) XRD analysis of ZnO film on silicon substrate annealed at different temperatures and 

(b) FESEM image of ZnO thin film deposited on silicon substrate without oxide layer after 

annealing at 650℃. 
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annealing after deposition of ZnO is carried out at 650℃ in the fabrication of proposed devices. 

The FESEM image of annealed ZnO film is shown in Fig. 4.6(b). Thickness measurements are 

performed using Dektack profilometer to determine the thickness of deposited ZnO films. The 

obtained thicknesses are in the range of 3.8–4.3 µm and 3–3.2 µm observed for samples without 

and with oxide layer respectively. The ZnO film thickness obtained using 2” sputtering target on 

2” wafer is highly non-uniform− 4.3 μm at the center and 1.1 μm at the edge of the wafer. 

(m) Development of photoresist for ZnO patterning 

We carried out several trials on the development of photoresist pattern for ZnO etching. The 

photoresist patterns developed using positive photoresist (AZ 5214) and negative photoresist 

(AZ nLof 2020) were found to wash away due to undercut during the etching process that we 

tried with 10 chemical recipes, including dilute HF and dilute acetic acid. Image reversal 

technique was also tried, as it includes longer baking time after UV exposure and results into 

strong adhesion with the surface. Though the developed photoresist pattern withstood for 

longer duration in comparison with previous two trials, the photoresist pattern washed away 

before completion of ZnO patterning. The microscopic images of washed out photoresist 

patterns are shown in Fig. 4.7.  

The details of trial runs carried out for ZnO patterning using different types of photoresists are 

listed in Table 4.6. Finally, we opted for hard mask (HM) of SiO2 for ZnO patterning in 

conjunction with convection flow of etchant along the aperture using magnetic stirrer. From the 

microscopic images we observed that the HM was able to withstand ZnO etchants and the 

impact of flowing etchant due to strong adhesion property of HM produced by PECVD process.  

  
                     (a)             (b)  

Fig. 4.7. (a) Microscopic image of photoresist pattern on test sample after ZnO etching process 

using dilute HF solution and (b) its FESEM image showing undercut as the cause of washing away 

of photoresist. 
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The SiO2 film of 100 nm was deposited using PECVD process with the following deposition 

parameters  

High frequency power: 10 W (Frequency = 13.56 MHz) 

Deposition time: 2 minute 40 s 

Gases flow: N2O (710 sccm): SiH4 (8.5 sccm): N2 (161 sccm) 

Chamber pressure: 1 Torr  

Temperature: 350℃. 

(n) Development of photoresist pattern for HM 

For the development of hard mask, another UV lithography process has been carried out using 

positive photoresist (AZ 5214) and UV exposure of 7 s, as discussed in Section 4.1.2(g), is used 

in the development of HM. The exposed samples are developed using MF-26A solution, care has 

been taken to develop hard mask for ZnO pattern properly by frequent inspection under 

microscope. After the development of photoresist the samples are hard baked for 180 s at 110°C 

using hot plate. 

(o) Development of SiO2 hard mask for ZnO etching 

After the photoresist development, the samples are placed in BOE solution (buffered oxide etch 

[NH4F:HF = 13:1]) for 25 s–30 s to form HM for ZnO etching. The microscopic images of device 

with patterned structure before and after removal of photoresist are shown in Fig. 4.8. Extreme 

caution has been taken in the development of hard mask, as the inspection under the 

microscope provides the dimensions of photoresist pattern only and the underneath SiO2 

dimensions are not visible unless photoresist is removed using acetone and once photoresist is 

Table 4.6 Trial runs carried out for ZnO patterning using different types of photoresists. 

Photoresist Chemical recipe 
Etching 

time 
Observations and comments 

Positive photoresist 

AZ 5214 

1% Hydrofluoric acid 

and 0.1M acetic acid 
320 s 

HF attacking chromium 

underneath the gold 

Negative photoresist 

AZ nLof 2020 

1% Hydrofluoric acid 

and 0.1M acetic acid 
180 s Photoresist is not withstanding 

Image reversal process 

AZ 5214 

1% Hydrofluoric acid 

and 0.1M acetic acid 
420 s Photoresist is not withstanding 

SiO2 Hard Mask [100 nm] 
0.2M acetic acid with 

convectional flow 
3 nm/s Successfully patterned  
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removed the SiO2 pattern is unalterable. Therefore we have to rely on etching time estimated in 

trials to develop HM with desired dimensions.  

(p) ZnO Patterning 

In general chemical etching of zinc oxide is carried out using acids or weak bases like HNO3, 

H2SO4, HCl, HF, H3PO4, NH4Cl, and CH3COOH. In case of strong acids like H2SO4 and HCl attack 

chromium metal and may result in washout of the gold layer. In case of other acids like H3PO4 

and HNO3 the ZnO etch rate is very high, so weak acid or weak base like CH3COOH and NH4Cl 

are recommended for ZnO etching [67]. NH4Cl is widely used chemical for patterning of ZnO 

which provides high vertical etch rate than lateral etch rate [65]. In this work, due to non-

availability of NH4Cl, we employed various recipes of dilute HF and dilute CH3COOH for 

patterning of ZnO [68]. 

Trial 1: Dilute HF solution 

A test sample with 4.5 µm ZnO film on silicon substrate is spin-coated with AZ nLOF 2070 

negative photoresist followed by UV lithography process and developed using MF-26A to obtain 

the patterned structure. A test sample is placed in 1% of aqueous HF solution for ZnO etching. 

Inspection is carried out with 60 s interval and the process is discontinued at 300 s. The 

photoresist is washed off during the process, due to the undercut beneath the photoresist 

pattern as a result of high lateral etch rate of ZnO in 1% HF solution. A fresh solution of 0.04% 

dilute HF is prepared to reduce the lateral etch rate, however from the test run it is observed 

that the vertical etch rate is quite low compared to horizontal etch rate which results in washing 

away of photoresist pattern. 

Trial 2: CH3COOH:H3PO4:H2O  

            
(a)                                 (b) 

Fig. 4.8. Microscopic images of the device after the development of HM, (a) before removal of 

photoresist and (b) after removal of photoresist showing HM. 
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A test sample is placed in dilute 

solution of phosphoric acid and acetic 

acid in ratios of [1:1:30]. Inspection is 

carried out after 150 s, from the 

observation the ZnO film is completely 

etched away, further we tried another 

three recipes by diluting the solution 

in following ratios [1:1:50], [1:1:100], 

and [1:1:250] but still the ZnO etch 

rate is very high for the photoresist to 

withstand. 

Trial 3: Dilute CH3COOH  

The etch rate of ZnO in acetic acid is very low compared to dilute HF or any other acids. So, we 

carried out some initial test run using 0.1M acetic acid. A test sample is dipped in 0.1 molar 

acetic acid solution and regular inspection is made, but in comparison with HF, the photoresist 

is able to withstand in the acetic acid solution for longer duration.   

Trial 4: 0.2M CH3COOH with mechanical stirring 

Based on the initial trials and reported literature [65], to enhance the vertical etch rate of ZnO, 

etchant solution with convection flow parallel to the aperture of patterned photoresist is 

organized using mechanical stirring with the help of a magnetic stirrer, as shown in Fig. 4.9. 

Concentration of acetic acid and flow speed of the solution are varied to obtain anisotropic 

etching of ZnO films. 

Convectional flow with velocity 1.6 m/s is used for ZnO patterning. Convectional flow velocity 

less than 1.6 m/s results in undercut as observed from SEM images and flow velocity greater 

than 2 m/s washes away HM. The FESEM image of 

pattern structure with 98.72 nm SiO2 hard mask is 

shown in Fig. 4.10. From the test runs, acetic acid of 

0.2 M with 1.6 m/s convectional flow velocity are the 

optimal conditions for ZnO patterning. The etch rates 

of ZnO in 0.1 M, 0.2 M, and 0.3 M concentrations of 

acetic acid are 2.5 nm/s, 4.2 nm/s, and 3.7 nm/s 

respectively. Various chemical recipes used for 

patterning are listed in Table 4.7, where PR is 

photoresist and HM is the SiO2 hard mask used for 

      

Si 

         
(a)        (b) 

Fig. 4.9. (a) Illustration of conventional flow of etchant 

over the device, the cross-section along the aperture is 

depicted and (b) experimental setup for patterning of 

ZnO film using magnetic stirrer. 

 
Fig. 4.10. SEM image depicts the SiO 2 

hard mask over the ZnO pattern. 
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patterning. The FESEM images of ZnO pattern obtained using 0.1M, 0.2M, and 0.3M 

concentration of acetic acids are shown in Fig. 4.11.  

ZnO pattern obtained on actual device using 0.2M acetic acid with convectional flow of 1.6 m/s 

is shown in Fig. 4.11(d) and slight misalignment in location of ZnO pattern with respect to IDT 

can be observed. 

4.1.3 Notable observations from the fabrication process 

Following are some of the notable observations during the device fabrication using UV 
lithography process  

1. Adhesion of chromium/gold electrodes with silicon surface is not satisfactory as IDT 

structure started peeling off during annealing process. Adhesion of chromium/gold 

electrodes with SiO2 surface is found to be more robust. 

2. High radial non-uniformity of ZnO thickness is observed using 2” sputtering target on 2” 

wafer. 

Table 4.7 Details of test runs carried out on ZnO patterning. 
Test 
 run 

Photoresist 
type 

Chemical recipe  Etching 
time/rate 

Observations and comments 

1 Positive BOE [Buffered oxide 
etchant] 

400 s Large undercut washing away 
the whole resist pattern 

2 Positive HF:H2O [1:100] 480 s Large undercut washing away 
the whole resist pattern 

3 Negative HF:H2O [1:250] 320 s Under cut and ZnO etch rate is 
very low 

4 Positive CH3COOH:H3PO4:H2O 
[1:1:30] 

150 s Both layers are completely 
etched out–very high etch rate  

5 Positive CH3COOH:H3PO4:H2O 
[1:1:50] 

120 s Pattern is washed away 

6 Positive CH3COOH:H3PO4:H2O 
[1:1:100] 

180 s Pattern is washed away 

7 Positive CH3COOH:H3PO4:H2O 
[1:1:250] 

270 s Pattern is washed away 

8 Hard mask CH3COOH: H2O [0.6:100] 
(with stirring) 

2.5 nm/s Patterned successfully, slight 
under cut is observed  

9 Hard mask CH3COOH:H2O [1.2:100] 
(with stirring) 

4.2 nm/s Patterned successfully and 
desired vertical pattern is 
obtained 

10 Hard mask CH3COOH:H2O [1.8:100] 
(with stirring) 

3.7 nm/s Vertical pattern is obtained but 
ridges are formed on the pattern 
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3. Positive photoresist (AZ 5214) and negative photoresist (AZ nLOF) are unable to 

withstand the convectional flow of acetic acid etchant during ZnO patterning. Therefore, 

HM is suitable for ZnO patterning. 

4. Since the photoresist on top of HM completely blocks the view of HM due to undercut, 

we have to rely on etching time estimated in trials to develop HM with desired 

dimensions. 

5. ZnO pattern obtained using 0.2M acetic acid with convectional flow of 1.6 m/s is found 

to be most appropriate. 

4.2 Fabrication of SAW devices on Si using e–beam lithography process 

In general laser writing and e-beam lithography processes are employed for high accuracy and 

devices with sub-micron dimensions. We made an attempt to fabricate high frequency, greater 

than 5 GHz, SAW one port and two port resonators on silicon substrate with patterned ZnO 

         

      (a) 0.1M acetic acid                               (b) 0.2M acetic acid 

      

  (c) 0.3M acetic acid           (d) Section of actual device with optimal conditions 

Fig. 4.11. FESEM images of patterned ZnO film on test samples using dilute acetic acid of 

concentration (a) 0.1M, (b) 0.2M, (c) 0.3M. (d) Shows the ZnO pattern obtained on actual device 

using 0.2M acetic acid with convectional flow of 1.6 m/s. 
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films using e-beam lithography process. The layout of IDT pattern and ZnO pattern for one port 

and two port resonators are designed using CleWin software. In this process the mask layout is 

imported into the software for e-beam lithography. The dimensions of the proposed one port 

and two port SAW resonators to be fabricated are mentioned in Table 4.8. The IDT of 

wavelength 960 nm and electrode width 200 nm, implying a metallization ration of 0.42, is 

designed for 50 Ω impedance and ZnO pattern of width 200 nm is considered in the IDT spacing. 

Metallization ratio of 0.42 is chosen in order to avoid the merging of IDT lines during e-beam 

lithography process, the IDT bus bars are extended to form GSG contact pad for testing via a 

probe station. Default alignment marks available in the instrument interface software are 

chosen to facilitate two layer lithography process.  

Table 4.8 Dimensions of proposed SAW devices using e-beam lithography. 

Parameters One port resonator Two port resonator 

Electrode width   200 nm 200 nm 

Aperture 60λ 60λ 

Metallization ratio 0.42 0.42 

Distance between input and output IDTs ̶ λ/2 

Distance between IDT and reflector grating  λ/4 λ/4 

(a) Cleaning of wafers 

Silicon samples are cleaned using standard piranha solution followed by 15 s HF dip to remove 

contaminants present in silicon wafers. Piranha recipe is prepared with 3:1 ratio of H2SO4 and 

H2O2. The samples are kept in piranha solution of 30 s and cleaned with DI water and further 

dipped in dilute HF solution for 15 s to remove the presence of native oxide. Finally, wafers are 

placed in DI water and dried using nitrogen flush.  

(b) Oxidation of silicon wafers 

The samples are placed in oxidation furnace to obtain SiO2 thickness of 300 nm using wet 

oxidation process. After the oxidation process, the thickness of oxide layer measured using 

Dektack profilometer is 278 nm. 

(c) Photoresist coating 

The samples are spin-coated with PMMA, 950 KC3, a bi-layered positive photoresist, for the 

development of IDT pattern. The wafer spinning program starts with 500 rpm for 5 s, followed 

by 1000 rpm for 5 s and finally 6000 rpm for 45 s, and the ramp rate of 500 rpm/s is used. 

Speed ramp of 500 rpm/s is maintained throughout the spinning processes. By this method, the 
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photoresist coating thickness of about 180 nm is achieved over the wafer. The samples with 

photoresist are pre baked using a hot plate at 180°C temperature of for 120 s. 

(d) Lithography 

Several trials are conducted to obtain the optimum dosage values of lithography process by 

observing the photoresist pattern under the microscope and the dosage of 160 μC/cm2 with 

beam current of 140 pA is finalized. The samples are developed by dipping in MIBK solution for 

60 s and then in IPA solution for 60 s, followed by DI water clean and nitrogen flush. Further 

metal depositions of chromium and gold of 10 nm and 40 nm thicknesses respectively are 

carried out using DC sputtering process over the developed photoresist samples. Lift off process 

is carried out by placing the samples in acetone solution for long duration without ultra-

sonication to form IDT pattern. The samples are washed with DI water after ensuring that the 

lift off process is complete. The FESEM image of developed electrode pattern is shown in Fig. 

4.12. 

(e) ZnO deposition 

A test run of ZnO deposition for 1000 s resulted in ZnO film thickness of 278 nm. Accordingly we 

carried out deposition for 690 s to get ZnO film thickness of 192 nm as obtained from the 

simulation results given in Chapter 3. The deposition is carried out at room temperature and the 

deposition conditions are listed in Table 4.9. Photoresist coating, prebaking and e–beam 

lithography processes for patterning of ZnO film are carried out as discussed above for IDT 

development. We chose not to perform annealing process on the samples, as the annealing 

process at 650 °C may damage gold electrodes.  

           

               (a)       (b)  

Fig. 4.12. SEM images of (a) one port SAW resonator and (b) magnified view of IDT structure.  
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Table 4.9 ZnO deposition conditions for RF sputtering. 

Power 50 W 

Deposition time 750 s 

Base pressure 6 ×10-6 Torr 

Working pressure 5×10-2 Torr 

Distance between substrate and target 7. 5 cm 

Substrate temperature Room temperature 

(f) Patterning of ZnO  

From the etch rates obtained from the UV lithography samples discussed in previous section, 

0.2M acetic acid solution is prepared and the e-beam samples are dipped in the solution with 1.6 

m/s convectional flow for 54 s to 60 s. SEM images of the fabricated one port SAW resonator 

and the magnified view of the IDT structure are shown in Fig. 4.13. Further the samples are 

cleaned with acetone and DI water and then dried using nitrogen flush. 

4.3. Summary 

The proposed patterned-ZnO SAW devices on silicon substrate are fabricated in order to verify 

the results of simulations of proposed SAW devices with patterned-ZnO. In this chapter we 

discussed the fabrication steps of proposed SAW devices on silicon with periodically patterned 

ZnO films using UV lithography and e-beam lithography processes. Important aspects of SAW 

device fabrication on silicon and silicon with oxide layer are discussed. A large number of 

resonators and delay line devices are fabricated on a 2” silicon wafer. Several trails are 

conducted to finalize the photoresist and chemical recipe for the vertical patterning of ZnO film. 

E-beam lithography process is employed in the fabrication of high frequency SAW devices with 

ZnO pattern and the process parameters used in this research can be employed for bulk 

manufacturing of proposed SAW devices on silicon substrate. 

    
(a) (b)  

Fig. 4.13. SEM image of (a) one port SAW resonator and (b) IDT structure with patterned-ZnO. 
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Chapter 5  

Testing of Fabricated Patterned-ZnO/Si SAW Devices 

This chapter of the thesis presents the testing of proposed periodically patterned-ZnO/Si 

SAW devices using network analyzer (Agilent E8361A) and RF probe station (Cascade 

Microtech Summit 9000). The obtained S-parameters provide the device characteristics like 

resonance frequency, impedance, and insertion loss. The finite element simulations of 

patterned-ZnO SAW devices on silicon substrate are once again performed with the 

dimensions as fabricated and the simulated results are compared with the measured results 

for validation. 

5.1 S parameters of fabricated SAW devices on silicon substrate 

The fabrication of proposed SAW devices with periodically patterned ZnO films is described 

in the previous chapter. The resonance frequencies and insertion loss characteristics of the 

surface modes generated in the proposed SAW devices are determined from the S 

parameters obtained using RF probe station and network analyzer. The RF probe of pitch 

of 100 µm is used for characterization of fabricated SAW devices. The measurement setup 

for characterization with RF probe station and network analyzer is shown in Fig. 5.1. Initial 

through open short matched (TOSM) calibration has been carried out using GSG (ground-

source-ground) probes with open circuit, short circuit, 50Ω load, and through conditions 

for a wide range of frequencies from 30 MHz to 6 GHz. We fabricated one-port resonators, 

two-port resonators and delay lines SAW devices using patterned-ZnO film on silicon 

substrate without and with 1.73 µm thick oxide layer.  

     
   (a)              (b)  

Fig. 5.1. Experimental setup used for the determination of S parameters of fabricated SAW devices 

(a) RF probe station with network analyzer and (b) RF probes. 
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The distribution of SAW devices fabricated on a complete 2” wafer and labels of every 

individual SAW device are shown in Fig. 5.2. For a one port SAW resonator the label recites 

AP-BL, where A is number of finger pairs in IDT and B is aperture length in terms of multiple 

of wavelength. In case of a two port SAW resonator, AP-BL-Lc  is used as device label, where 

Lc  is the distance between IDT and reflector grating in terms of multiple of wavelength. For 

a delay line SAW device AP-BL-d is used, where d is the center-to-center distance between 

input and output IDT in terms of multiple of wavelength. E.g. 55P-65L-0.5 defines a two port 

resonator with 55 finger pairs having an aperture of 65λ and the distance between IDT and 

reflector grating is 0.5λ. Similarly 65P-60L-80 defines a SAW delay line with IDTs having 65 

finger pairs of aperture 60λ and the center-to-center distance between input and output 

IDTs of 80λ. In Fig. 5.2, the shaded delay lines have metalized propagation path. 
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Fig. 5.2. Layout showing the distribution and arrangement of SAW devices on processed 2” wafers. 

Shaded devices are the delay lines with metalized propagation path. 
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5.2 S parameters of one port SAW resonator 

In this section, the S11 characteristics of the fabricated one port SAW resonators with 

periodically patterned ZnO are presented. After the fabrication processes like annealing and 

patterning of ZnO film, we tested the devices which appeared to be intact under microscope 

from several wafers and the measured data of 29 one-port SAW resonators were 

satisfactory. The measured S11 parameter and smith chart results of a fabricated proposed 

one port SAW resonator are shown in Fig. 5.3 and we have re-plotted the magnitude and 

phase characteristics of S11 using the data obtained from network analyzer to provide more 

details about resonance frequencies as 

shown in the Fig. 5.4.  

The S11 characteristics of one port SAW 

resonator labeled 75P-55L shows three 

resonance frequencies with the first 

resonance frequency at 111.5 MHz with 

return loss (RL) -11.568 dB, the first 

higher order mode observed at 159.125 

MHz with RL -10.422 dB, and the second 

higher order mode observed at 275.375 

MHz with RL -8.139 dB. The resonance 

peaks for high order modes are not 

clearly visible due to the impedance 

mismatch between the device and the 

 
Fig. 5.4. Magnitude and phase plots of S11 parameter 

measured for 75P-55L SAW one port resonator and 

the modes are identified by the corresponding 

localized peaks inmagnitude plot. 

      
   (a)              (b)  

Fig. 5.3. Characteristics of one port SAW resonator 75P-55L (a) magnitude plot of S11 parameter 

and (b) Smith chart. 
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ports of network analyzer and can be seen from the smith chart shown in Fig. 5.3(b). The 

observed resonance peaks are termed as Mode 1, Mode 2, and Mode 3. Mode 1 exhibits a 

resonance frequency (fr) of 111.5 MHz and anti-resonance frequency (fa ) is around 122 

MHz. 1 dB bandwidth (BW) of 13.125 MHz at resonance frequency of 111.5 MHz 

corresponds to a Q of 8.49. Using the resonance and anti-resonance frequencies the effective 

coupling coefficient 𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒2  of the device can be calculated using [69] 

 𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒2 = (𝑓𝑓𝑎𝑎2 − 𝑓𝑓𝑟𝑟2)/𝑓𝑓𝑎𝑎2   (5.1) 

The calculated 𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒2  for Mode 1 is 0.16. 

5.2.1 Simulation of one port SAW resonator as fabricated 

To validate the test result and identify the type of surface modes generated in the structure, 

FE simulations are performed with dimensions of the device as fabricated. A periodic 

structure of the fabricated one port SAW resonator device (75P-55L) is considered to study 

the resonance frequencies. The 2D periodic geometry of the fabricated one port SAW 

resonator is shown in Fig. 5.5(a). The structure comprises of a silicon substrate with an 

oxide layer of 1.73 µm and IDT pattern made of gold of thickness 0.11 µm. The dimensions 

the device observed from FESEM are as follows. ZnO pattern of height 2.5 µm above the 0.7 

µm thick ZnO film remnant of etching process and a shift in ZnO pattern having an overlap 

of around 0.4 µm with the IDT structure. Eigenmode analysis and frequency dependent 
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           (a)             (b) 

Fig. 5.5. (a) The 2D geometry of fabricated proposed one port SAW resonator with SiO 2  layer and 

(b) S11 characteristics obtained from FE simulations. 
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analysis are carried out for a frequency range of 50 MHz to 350 MHz on the 2D periodic 

structure shown in Fig. 5.5(a) and the simulated S11 characteristics are shown in Fig. 5.5(b). 

From Fig. 5.5(b), we observe four surface modes generated in the structure and the types 

of surface modes are identified from their surface displacement profiles. The observed 

resonance frequencies are 117.91 MHz (VPT0), 182.6 MHz (VPL0), 279.65 MHz (VPT1), and 

297.462 MHz (VPT2). Hence Mode 1, Mode 2, and Mode 3 in Fig. 5.4 correspond to VPT0, 

VPL0, and VPT1 respectively. However an additional mode (VPT2) is observed in the 

simulated S11 characteristics. The comparison of measured results and simulated results 

are listed in Table 5.1.  

The error in the practical values and simulated values is due to idealistic nature of 

simulations having considerations like perfect ZnO pattern, uniform height of ZnO pattern, 

smooth surface roughness, and materials with negligible losses, whereas in case of practical 

fabrication the device characteristics are affected by several parameters such as, 

dimensions of ZnO pattern, position of ZnO pattern, radial non-uniform ZnO height, voids 

or cracks in ZnO film formed during annealing process, quality of IDT structure, and 

adhesion between ZnO pattern and surface of the substrate, which are not considered in the 

simulation. 

From the initial simulations discussed in Chapter 3, Section 3.2, the ZnO blocks are located 

exactly in the middle of IDT spaces, therefore electric field across ZnO blocks is dominant 

than in-line electric field and it results in only surface modes (VPT) excited by transverse 

BAW in ZnO. However in the fabricated devices the shift in ZnO pattern with respect to IDT 

Table 5.1 Comparison of measured results and simulated results of fabricated 75P-55L device. 

Surface 
mode 

Resonance frequency 
(MHz) Comments 

Measured Simulated  

VPT0 111.500 117.910 An error of 5.4% is observed. 

VPL0 159.125 182.600 

An error of 12.8% is observed. The surface mode 
generated by the longitudinal bulk mode in ZnO is 
dominant due to the misalignment of patterned 
structure, which has been observed from the 
simulation study discussed below. 

VPT1 275.375 279.650 An error of 1.5% is observed. 

VPT2 Indistinct 297.462 
The peak is not distinguishable in the S11 
measurement characteristics, due to impedance 
mismatch. 
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has resulted in overlap of ZnO blocks with electrodes causing longitudinal BAW in ZnO 

blocks due to increased in-line electric field along ZnO block. The longitudinal BAW in ZnO 

results in generation of surface modes in silicon (VPL) which is visible in Fig 5.4 and Fig. 

5.5.  

As an additional verification of generation of VPL0 mode, we repeated the simulation of the 

device shown in Fig. 5.5(a) without the shift in ZnO pattern with respect to IDT and its S11 

characteristics show the non-existence of VPL0 mode, as shown in Fig. 5.6(b). This confirms 

the presence of VPL0 mode because of misalignment of ZnO blocks with respect to IDT and 

the detailed simulation study about the misalignment is carried out in the next section.  

The resonance frequencies noticeable in S11 magnitude and phase plots of the 29 one port 

SAW resonators fabricated on various samples are listed in Table 5.1. The resonance peaks 

not listed are undetectable in S11 characteristics due to the impedance mismatch and partly 

due to the uncertainties in the fabrication process steps especially during annealing 

process.  
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           (a)             (b) 
Fig. 5.6. (a) The 2D geometry of fabricated proposed SAW resonator with SiO2  layer without shift 

in ZnO pattern (b) S11 characteristics obtained from FE simulations. 
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Table 5.2 Measured S11 parameters of fabricated one port SAW resonators. 
Device   VPT0 (MHz) Return loss, RL  (dB) 

Sample 1: ZnO-Pattern/1.73 µm SiO2 /Si 
65P-55L 109.719 -3.09 

65P-65L 108.969 -3.49 

65P-70L 110.094 -4.08 

75P-55L 111.500 -11.57 

75P-65L 109.906 -9.14 

75P-70L 109.344 -8.20 

85P-60L 110.469 -3.27 

85P-70L 110.094 -3.60 

Sample 2: ZnO-Pattern/1.73 µm SiO2 /Si 
40P-65L 108.969 -6.10 

40P-70L 109.063 -2.00 

45P-55L 109.156 -2.55 

45P-65L 109.063 -5.59 

45P-70L 109.531 -2.40 

55P-55L 108.969 -2.71 

55P-65L 109.063 -4.91 

55P-70L 108.875 -3.04 

60P-50L 108.781 -2.54 

65P-50L 109.344 -5.77 

65P-55L 109.156 2.95 

65P-60L 110.094 -5.47 

65P-70L 109.344 -2.94 

85P-50L 109.531 -2.76 

85P-50L 110.375 -9.04 

85P-60L 111.219 -4.92 

85P-60L 113.094 -8.49 

85P-65L 113.188 -9.67 

The devices 55P-50L, 65P-65L, 75P-50L, 75P-60L are not listed as the resonance peaks 

are not visible due damaged structure. 
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5.3 S parameters of two port SAW resonator fabricated on silicon substrate 

The measured S-parameter characteristics of a two port SAW resonator fabricated on 

silicon substrate without oxide layer are shown in Fig. 5.7. In the S12 characteristics, we 

can identify four resonance modes at the zero crossings in the phase plots. Mode 1 at 92.93 

MHz with an insertion loss (IL) of -26.25 dB, Mode 2 at 136.034 MHz with IL -30.94 dB, 

Mode 3 at 285.12 MHz with IL -29.72 dB, and Mode 4 at 318.61 MHz with IL -31.43 dB.  

  

 

Fig. 5.7. Magnitude and phase plots of measured S parameters of a fabricated two port SAW 

resonator labeled 65P-60L-0.5 on plain silicon wafer without an oxide layer. The resonance modes 

are identified by the zero crossings in the phase plots of S12. 

Table 5.3 Resonance and anti-resonance frequencies for surface modes and corresponding effective 
coupling coefficients (𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒2 ) using S21 characteristics of 65P-60L-0.5 two port SAW resonator. 

Surface mode Resonance (MHz) Anti-resonance (MHz) 𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒2  

VPT0 092.93 108.247 0.26  

VPL0 136.034 184.128 0.45 

VPT1 284.769 309.172 0.15  

VPT2 318.610 335.000 0.09 
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Using the resonance and anti-resonance frequencies observed from S21 characteristics, 

effective coupling coefficient 𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒2  for all surface modes generated in the structure are 

calculated and mentioned in Table 5.3. 

5.3.1 Simulation of two port SAW resonator on silicon substrate as fabricated 

Since the simulation of a two port SAW resonator with reflector gratings is practically time 

demanding and requires high computational resources, a periodic section of fabricated 

device with periodic boundary conditions is simulated using the dimensions measured on 

fabricated two port SAW resonator by FESEM. Frequency dependent finite element 

simulations are carried out with the dimensions as fabricated, so that the measured S 

parameters of two port resonator are verified as well as the modes generated in device are 

identified. A periodic section of fabricated one port SAW resonator is considered for the FE 

simulations and the 2D geometry is shown in Fig. 5.8(a). The geometry of one period section 

of fabricated device comprises of silicon substrate of half wavelength width (8 µm), IDT 

pattern made of gold of thickness 0.11 µm, ZnO pattern of height 3.4 µm above the 0.7 µm 

thick ZnO film remnant of etching process and a shift in ZnO pattern having an overlap of 

around 0.4 µm with the IDT structure and frequency dependent analysis is carried for a 

frequency range of 50MHz to 350MHz. The S11 characteristics of simulated structure is 

shown in Fig. 5.8(b). From the results we observed four surface modes generated in the 

structure at frequencies 91.003 MHz (VPT0), 187.788 MHz (VPL0), 264.957 MHz (VPT1), and 

320.63 MHz (VPT2). The type of surface modes generated in the structure are determined 
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           (a)             (b) 
Fig. 5.8. (a) The 2D geometry of fabricated proposed SAW resonator on silicon substrate with ZnO 

pattern shift of 0.5 µm (b) S11 characteristics obtained from FE simulations. 
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from the displacement profiles and the comparison of fabricated results and simulated 

results are listed in Table 5.4.  

From the above table the experimental results are in good agreement with the simulation 

results for VPT modes with maximum error of 7% and the possible reasons for deviation 

are disconnections in some electrodes, non-uniform etching of ZnO pattern due to the 

difference in flow rates of etchant in the groove structure, non-uniformity in ZnO height 

along the aperture, variations in ZnO pattern, shape of ZnO block, and also the adhesion 

between ZnO pattern and silicon substrate. An error of 27% is observed for VPL0 mode. The 

quality of ZnO deposition deteriorates for film thicknesses greater than 1 µm and 

significantly affects the velocity of longitudinal BAW rather than transverse BAW which is 

predominately dependent on the dimensions of the structures. Therefore, resonance 

frequency of VPL0 mode which is generated by longitudinal BAW in ZnO blocks of 4.3 µm 

height has significantly deviated.  

5.3.2 S parameters of two port SAW resonator fabricated on silicon substrate with oxide layer 

The measured S parameter characteristics of a two port SAW resonator 45P-50L-0.5 

fabricated on silicon substrate with 1.73 µm oxide layer are shown in Fig. 5.9. The 

magnitude and phase plots of S parameters re-plotted in Fig. 5.10 indicate the resonance 

modes generated in the device. 

We identify the resonance modes from the zero crossings observed in phase plot of the S12 

characteristics of 45P-50L-0.5; Mode 1 at 106.063 MHz with IL -22.73 dB, Mode 2 at 145.344 

MHz with IL -23.77 dB, Mode 3 at 288.22 MHz with IL -25.47 dB, Mode 4 at 320.84 MHz with 

IL -24.74 dB. As observed from the results of simulations of one port and two port SAW 

resonators, Mode 1, Mode 2, Mode 3 and Mode 4 correspond to VPT0, VPL0, VPT1, and VPT2  

respectively. The series and parallel resonance frequencies of surface modes generated in 

the structure can be obtained from the phase plots (Fig. 5.10) of the fabricated two port 

Table 5.4 Comparison of measured S11 results and simulated results for 65P-60L-0.5 two port SAW 
resonator. 

Surface mode 
Experimental 

(MHz) 
Simulated 

(MHz) 
Comments 

VPT0 092.930 091.030 An error of 2% is observed 
VPL0 136.034 187.788 An error of 27% is observed 
VPT1 284.769 264.957 An error of 7% is observed 
VPT2 318.610 320.630 An error of 0.6% is observed 

102 
 

TH-1583_09610201



 
Chapter 5                                          Testing of Fabricated Patterned-ZnO/Si SAW Devices 

SAW resonator 45P-50L-0.5. The resonance and anti-resonance frequencies with effective 

coupling coefficient values of all the modes are listed in Table 5.5. From the simulations 

discussed in Chapter 3, the surface modes generated by the longitudinal bulk wave in ZnO 

pattern are undetectable but in practical results the VPL0 mode is significant due to the 

misalignment of ZnO pattern with respect to IDT structure, as verified in the case of devices 

discussed in Sections 5.2 and 5.3.1.  

 
Fig. 5.9. The snapshot of measured S parameter characteristics of a two port SAW resonator labeled 

45P-50L-0.5 fabricated on silicon wafer with 1.73 µm thick oxide film. 

Table 5.5 Resonance and anti-resonance frequencies for surface modes and corresponding 
effective coupling coefficient values of two port SAW resonator 45P-50L-0.5 fabricated on silicon 
substrate with oxide layer. 

Surface mode Resonance (MHz) Anti-resonance (MHz) 𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒2  

VPT0 106.063 114.500 0.140  

VPL0 151.531 179.563 0.287 

VPT1 287.188 305.000 0.110 

VPT2 321.969 337.344 0.089 
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From the characteristics, Mode 1 exhibits a low insertion loss compared with the other 

three modes, the reason being the device impedance at mode 1 is closer to 50 Ω source 

impedance whereas the impedance mismatch is greater at other modes resulting in small 

peak magnitudes [71]. The simulated S11 parameter after adding compensation network 

for impedance matching is obtained for one representative case in the following section. 

5.3.3 Compensation network to match impedance 

The measured S11 parameters of 45P-50L-0.5 labeled two port SAW resonator fabricated 

on silicon substrate with oxide layer is considered as a representative case for studying the 

S11 parameter after adding a compensation network to match the device impedance with 

the source impedance at the designed resonance frequency. From the data generated by the 

network analyzer for S11 parameter of 45P-50L-0.5 device without matching network, VPT1 

 

  

Fig. 5.10. Magnitude and phase plots of S11, S12, S22, and S21 characteristics of fabricated two port 

SAW resonator labeled 45P-50L-0.5 having an oxide layer of 1.73 µm. The resonance modes are 

identified by the zero crossings in S12 phase plot. 
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mode is observed at 292.25 MHz with RL -5.937 dB and phase -47.7°. Following steps are 

performed to obtain the S11 characteristics with matched network: 

Step 1: Conversion of polar data to complex data. 

RL -5.937 dB and phase –47.7° values at 292.25 MHz are converted to the polar form as 

0.51∠–47.27° and the complex form as I = 0.346–j0.3745. 

Step 2: Calculation of input impedance of the device using the formula 

Z  = 50((1+I)/(1–I)), where I is the calculated complex data obtained in step 1.  

Therefore Z  = 69.86–j66.213. 

Step 3: Calculation of L and C for the matching network 

The values of L and C of the matching network for Z calculated in step 2 to obtain effective 

impedance of 50 Ω are 32.34 nH and 8.473 pF respectively with capacitor in series and 

inductor in parallel connection with the device. 

Step 4: Calculation of S11 using the following formula 

S11=20log|(Z–50)/(Z+50)| 

The obtained S11 characteristics after addition of matching circuit are shown in Fig. 5.11. 

The plot shows that devices with matching network exhibit low return loss at the designed 

frequency 292.25 MHz. If dry etching process was used instead of wet etching, the 

experimental results would have been closer to the simulated results. 

The summary of measured S parameter characteristics of 26 two port SAW resonators 

fabricated on various samples without oxide layer as well as with oxide layer are listed in 

Table 5.6. The table comprises of details of resonance frequencies and insertion loss 

parameters of the surface modes generated in the structure. 

 
Fig. 5.11. The S11 characteristics of 45P-50L-0.5 SAW device with matching network. 
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Table 5.6 Measured S 12 parameters of fabricated two port SAW resonators. 

Device VPT0 

(MHz) 
IL  

(dB) 
VPL0 

(MHz) 
IL 

(dB) 
VPT1 

(MHz) 
IL 

(dB) 
VPT2 

(MHz) 
IL 

(dB) 

Sample 1: Patterned-ZnO/1.73µm-SiO2/Si 

45P-50L-0.5 106.06 -22.73 151.53 -24.39 288.22 -24.47 320.84 -24.74 

55P-50L-1.5 113.75 -19.22 149.97 -17.60 291.03 -19.26 320.66 -19.92 

65P-50L-0.75 113.38 -18.59 145.63 -17.39 288.41 -19.19 321.13 -19.82 

65P-60L-1.5 103.62 -22.66 139.34 -22.28 290.28 -25.34 320.19 -25.88 

Sample 2: Patterned-ZnO/1.73µm-SiO2/Si 

45P-50L-1.5 112.06 -26.41 143.91 -21.54 288.03 -24.78  – – 

45P-60L-0.5 110.38 -20.49 144.00 -18.44 288.5 -19.07 – – 

55P-50L-1.5 112.16 -25.68 143.06 -23.47 289.34 -24.03 – – 

65P-50L-1.5 108.03 -27.46 147.28 -26.63 289.53 -29.32 – – 

35P-70L-0.5 109.25 -31.92 147.59 -30.44 287.75 -32.03 320.28 -32.59 

45P-60L-0.5 110.84 -31.51 148.16 -31.38 292.62 -33.74 321.59 -34.65 

45P-70L-0.5 113.47 -32.95 148.91 -32.35 291.5 -35.65 321.87 -36.65 

55P-60L-0.5 109.06 -31.72 146.75 -31.63 287.84 -34.9 320.66 -36.04 

55P-70L-0.5 113.56 -37.97 144.31 -37.82 286.53 -41.36 322.16 -42.32 

65P-60L-0.5 092.09 -33.09 143.37 -33.13 290.19 -37.02 322.16 -39.18 

Sample 3: Patterned-ZnO/Si 

35P-60L-0.5 093.99 -28.67 141.73 -30.89 282.99 -30.8 317.37 -32.10 

55P-50L-1.5 092.92 -27.25 137.81 -29.21 288.33 -31.24 318.79 -31.6 

55P-60L-1.5 092.75 -26.14 136.92 -28.01 288.15 -29.54 318.08 -30.09 

55P-70L-0.5 – – 142.59 -29.59 288.00 -30.88 318.40 -33.67 

65P-50L-0.5 092.93 -26.25 136.21 -28.30 285.12 -29.72 318.61 -31.43 

65P-60L-0.5 094.53 -25.78 145.83 -24.73 288.68 -25.93 318.97 -28.74 

Devices 35P-50L-1.5, 35P-60L-1.5, and 55P-60 L-1.5 in sample 1 and devices 65P-60L-0.5, 

65P-70L-0.5 in sample 3, are damaged and not listed. The calculated Q factor for various 

modes generated in the fabricated SAW devices are tabulated in Table 5.7. 
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Table 5.7 Measured Q factor for various surface modes generated in the fabricated two port SAW 
resonators. 

Device 
VPT0 BW 

(MHz) 
Q  

VPT0 
VPL0 BW 

(MHz) 
Q  

VPL0 
VPT1 BW 

(MHz) 
Q  

VPT1 
VPT2 BW 

(MHz) 
Q  

VPT2 

Patterned-ZnO/1.73µm-SiO2/Si 

45P-50L-0.5 8.34 12.7 27.93 5.42 18.84 15.3 16.03 20.01 

55P-50L-1.5 9.2 12.3 36.23 4.13 – – – – 

65P-50L-0.75 10.24 11.1 41.24 3.63 – – – – 

65P-60L-1.5 10.78 9.6 46.16 3.38 19.41 14.9 18.56 17.20 

Patterned-ZnO/Si 

35P-60L-0.5 12.64 8.5 23.33 4.6 10.5 26.9 14.78 21.46 

55P-50L-1.5 14.96 6.21 43.29 3.2 12.29 23.5 15.50 20.57 

55P-60L-1.5 15.55 6 44.18 3.0 13.72 21.0 16.39 19.41 

55P-70L-0.5 – – 46.85 3.0 10.14 28.3 13.95 22.81 

65P-50L-0.5 16.20 5.83 16.4 8.3 8.56 33.3 14.4 22.10 

65P-60L-0.5 10.86 8.7 – – 16.03 18.0 – – 

Devices 35P-50L-1.5, 35P-60L-1.5, and 55P-60 L-1.5 in sample 1 and devices 65P-60L-0.5, 65P-
70L-0.5 in sample 3, are damaged and not listed. 45P-50L-1.5, 55P-50L-1.5, 65P-50L-1.5, 35P-
70L-0.5, 45P-60L-0.5, 45P-70L-0.5, 55P-60L-0.5, 55P-70L-0.5 devices on Sample 2 exhibit small 
peaks in order to calculate the Q factor. 

 

5.4 The study of effect of misalignment of patterned ZnO structure  

In order to study the effect of misalignment of ZnO pattern and width of ZnO pattern on the 

device characteristics, FE simulations are performed on a periodic section of proposed SAW 

device and eigenmode analysis with parametric sweep of position of ZnO pattern as well as 

width of ZnO pattern.  

We carried out a frequency dependent analysis on the periodic structure shown in Fig. 5.12, 

without misalignment i.e. the ZnO pattern is located in the middle of spaces of IDT. We 

performed frequency dependent analysis on the proposed structure to study the effect of 

misalignment of ZnO pattern on SAW characteristics. Fig. 5.12(a) shows the cross-sectional 

view of a section of one port SAW resonator. In general, ± 0.5 µm shift is expected during 

lithography process and the maximum possible misalignment of proposed ZnO pattern 

structure is 6 µm. We carried out eigenmode analysis and the change in resonance 
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frequencies of surface modes generated in the structure with respect to the misalignment 

of ZnO pattern are plotted in Fig. 5.12(b). 

From the results we observe a maximum shift in frequency of around 0.4 MHz per 0.1 µm 

misalignment for VPT2 mode. From the experimental results we have observed four 

resonance peaks of surface modes generated by both longitudinal and transverse bulk 

waves in ZnO pattern, whereas from the simulation results of proposed structure without 

 

 

 

(100) Silicon 

y  

x  
z  

PML 

SiO2 

6 µm 

IDT  

 
        (a)                    (b) 
Fig. 5.12. (a) Cross sectional view of a section one port SAW resonator and (b) frequency 

characteristics with respect to misalignment shift of ZnO pattern. 

 
Fig. 5.13. Admittance characteristics of proposed structure at different values of misalignment. 
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misalignment the surface modes generated by longitudinal waves are insignificant. The 

reason behind the significance of VPL0 mode is due to the shift of ZnO pattern, which leads 

to increased in-line electric field along the ZnO block results in strong perturbation of 

longitudinal modes in the structure that couples acoustically to silicon substrate to 

generated VPL0 mode. 

To validate the above statement, we perform frequency dependent analysis on the structure 

by shifting the ZnO pattern along x and the admittance characteristics of the device with 

different misalignment values of ZnO pattern are shown in Fig. 5.13. In this analysis, we 

consider dimensions of fabricated device with ZnO pattern located in the spaces of IDT and 

with step size of 0.2 µm shift along x. From the magnified window around VPL0 mode in Fig. 

5.13, we observe gradual increase in the magnitude of VPL0 mode, as the ZnO pattern starts 

overlapping the electrode increasing the in-line electric field along ZnO blocks. This 

confirms the generation of VPL0 mode due to misalignment of ZnO pattern with respect to 

IDT. 

5.5 The study of effect of width of patterned ZnO structure  

The uncertainties in the dimensions of HM during development and in ZnO etching process 

result into width variation of ZnO blocks. The 2D simulation of width variation in ZnO 

 

IDT  

ΓL3 
≈ ≈ ΓR3 

p 

(100) Silicon 

x2  

x1  
x3  

PML 
ΓL4 

≈ ≈ 
ΓR4 

SiO2 ≈ ΓR2 

≈ ΓR1 

ΓL2 ≈ 

ΓL1 ≈ 

b b 

      
         (a)                        (b)             (c) 

Fig. 5.14. (a) The 2D geometry used for parametric sweep of ZnO width, y-displacement profile of 

surface modes generated in the structure at (b) 2b/λ = 0.25, and (c) 2b/λ = 0.5.  
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pattern is carried out using periodic geometric structure shown in Fig. 5.14 (a). Parametric 

sweep in eigenmode analysis is carried out to obtain the frequency dispersion 

characteristics of surface modes generated in the structure with respect to the width (2b) 

of ZnO block. The y-displacement profiles of surface modes generated in the structure at 

2b/λ = 0.25 and 0.5 are shown in Fig. 5.14 (b) and (c) respectively, and the dispersion 

characteristics are shown in Fig. 5.15. VPT modes are significantly affected than VPL modes 

by variation in ZnO width and the maximum frequency shift of around 5 MHz per 0.1 µm 

variation in ZnO width is observed for VPT2 mode. Fig. 5.15, we can observe that the 

frequency increase abruptly at 2b/λ =0.5 which is equivalent to continuous film and the 

structure behaves as a conventional thin film SAW resonator.  

From the study of effect of misalignment in ZnO pattern and width variation of ZnO pattern, 

we observe that the shift in resonance frequency with respect to misalignment of patterned 

structure is negligible, as the operating frequency of the device depends on the width and 

height of ZnO blocks rather than positioning of ZnO pattern. The fact can also be verified 

using standard formulas for the transverse and longitudinal bulk modes generated in the 

ZnO pattern. 

The frequency of the first bulk transverse mode is given by the formula [70] 

 𝑓𝑓𝑇𝑇0 = 0.162 
𝑎𝑎
ℎ2 �

𝜇𝜇
𝜌𝜌

= 0.162 
𝑎𝑎
ℎ2
�
𝐸𝐸
𝜌𝜌

1
2(1 + 𝜇𝜇)

= 0.162 
𝑎𝑎
ℎ2 �

𝑐𝑐44
𝜌𝜌

 (5.1) 

where a is width and h is height of ZnO block, E is Young’s modulus, 𝜇𝜇 shear modulus, and ρ 

the density of ZnO. 

The frequency of higher order transverse bulk modes is given by   

 𝑓𝑓𝑇𝑇𝑇𝑇 = 2.81 �𝑛𝑛 −
1
2�

2
𝑓𝑓𝑇𝑇0 (5.2) 

where n in an integer, n = 1, 2, 3…. 

The frequency of bulk longitudinal modes is given by 

 𝑓𝑓𝐿𝐿 =
𝑚𝑚
4ℎ

 �
𝐸𝐸
𝜌𝜌

1 − 𝜇𝜇
(1 + 𝜇𝜇)(1 − 2𝜇𝜇)

=
𝑚𝑚
4ℎ

 �
𝑐𝑐11
𝜌𝜌

 (5.3) 
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where h is height of ZnO pattern,  𝜌𝜌 

density of ZnO, E is Young’s 

modulus, µ is shear modulus, and 

integer m = 1, 3, 5…  

From (5.1) and (5.3) the frequency 

of transverse BAW is proportional 

to width of ZnO whereas frequency 

of longitudinal BAW is 

independent of ZnO width, hence 

VPT modes are significantly 

affected by width of ZnO block. 

5.6 Calculation of K2 using delay line configurations 

In the previous chapters a significant emphasis is made on coupling coefficient and phase 

velocity and in order to calculate K2 of proposed structure, we have fabricated several SAW 

delay lines with free surface propagation path and metalized propagation path and K2 is 

calculated using 

 𝐾𝐾2 = �𝑣𝑣𝑓𝑓 − 𝑣𝑣𝑚𝑚
𝑣𝑣𝑓𝑓

�  

where ν ƒ  and νm  are the free surface velocity and metalized surface velocity, respectively.  

The S21 parameters of free and metalized surface delay lines fabricated on silicon substrate 

without oxide layer are shown in Fig. 5.16. From the S21 characteristics of free surface delay 

 
Fig. 5.15. Frequency variation with respect to base width 

of ZnO pattern on the proposed structure.  

 
    (a)       (b) 

Fig. 5.16. S21 characteristics of (a) free surface delay line and (b) metalized surface delay line. 
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line, we observe three resonance frequencies with Mode 1 at 107.8 MHz with IL -29.79 dB, 

Mode 2 at 174.24 MHz with IL -27.11 dB, and Mode 3 is observed around 293.67 MHz with 

IL -32 dB. From the S21 characteristics of delay line with metalized propagation path, Mode 

1 is observed at 105.486 MHz with IL -30.2 dB, Mode 2 at 172.72 MHz with IL -27.81 dB, 

and Mode 3 is observed around 286.47 MHz with IL -32.4 dB. Using the S21 characteristics 

of delay line devices the calculated K2 for Mode 1 is 4.29%, for Mode 2 is 1.74%, and for 

Mode 3 is 4.9%. From the previous simulations, Mode 1, Mode 2, and Mode 3 correspond to 

VPT0, VPL0, and VPT1 respectively. The obtained K2 values are greater than K2 of conventional 

thin film SAW devices. However it is less than the simulated K2 values, because as observed 

from the FESEM analysis the ZnO structure is not a complete ZnO pattern and obtained 

structure is having a remnant film thickness in the range of 0.5–1 µm with a patterned ZnO 

structure with height in range of 3.3–3.8 µm. FE simulations are performed on a periodic 

structure of IDT with dimensions as fabricated and calculated the K2 using free and 

metalized surface boundary conditions and the K2 value of 3.85% for VPT0, 4% for VPL0, and 

5.6% for VPT1, which are in good agreement with practically obtained value. 

5.7 S parameters of SAW devices fabricated through e-beam lithography process 

5.7.1 One port SAW resonators 

The S11 parameters and smith chart of a proposed SAW one port resonator fabricated using 

e-beam lithography process are shown in Fig. 5.17(a). The fabricated one port SAW 

resonator consists of 65 finger pairs with an aperture length of 60 wavelengths, IDT 

wavelength of 960 nm, electrode width 200 nm, ZnO pattern width of 200 nm, and 

metallization ratio of 0.42. We have re-plotted the characteristics to provide more detail 

and is shown in the Fig. 5.17(b). The S11 characteristics shows five resonance frequencies 

with first resonance frequency at 1.186 GHz with RL -0.46 dB, first higher order mode at 

1.5003 GHz with RL -0.58 dB, second higher order mode observed at 2.12 GHz with RL -0.5 

dB, third higher order mode at 4.4976 GHz with RL -0.54 dB, and fourth higher order mode 

at 4.9978 GHz with RL -0.63 dB. The return loss of all the resonance peaks are small due to 

the impedance mismatch. The samples are not annealed because of small electrode 

dimensions and commonly un-annealed ZnO has significant oxide defects that causes high 

insertion losses. The surface modes observed in the measured results are identified through 

FE simulations.  
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5.7.2 Simulation of fabricated SAW device using e-beam lithography process 

2D periodic structure of the one port SAW resonator as fabricated is shown in Fig. 5.18. The 

structure comprises of a silicon substrate with an oxide layer of 278 nm, IDT pattern made 

of chromium/gold of thickness 10 nm/60 nm and ZnO pattern of width 160 nm and height 

of 220 nm is located on the IDT structure. During fabrication we are unable to obtain a ZnO 

patterned structure in the spaces of IDT, due to the 

limitation of the equipment we carried out the second 

lithography using the same IDT pattern on the sample. 

Annealing process is avoided for the samples with sub-

micro dimensions, since the gold electrodes can’t 

endure the annealing process, as observed in the 

fabrication process of SAW devices using UV 

lithography process. We performed eigenmode analysis 

on the 2D structure shown in Fig. 5.18, and compared 

the simulation results with the test results and 

presented in Table 5.8. From comparison of 

experimental and simulated results, VP surface modes 

generated by the longitudinal BAW excited in ZnO block 

exhibit an error around 20%. Since, the longitudinal 

BAW modes are significantly affected by the quality of 

ZnO pattern than the transverse BAW, whereas 

transverse BAW’s are predominately depends on the 

dimensions of the structures. 

 

IDT  

ΓL2 ≈ ≈ ΓR2 

p 

(100) Silicon 

x2  

x1  
x3  

PML ΓL3 ≈ ≈ ΓR3 

≈ ΓR1 ΓL1 ≈ SiO2 

ZnO 

  
Fig. 5.18. The 2D geometry of 

fabricated proposed SAW resonator 

on silicon substrate with 278nm 

thick oxide layer using e-beam 

lithography. 

 
   (a)              (b)  

Fig. 5.17. (a) Magnitude of S11 parameter obtained from network analyzer and (b) S11 

characteristics showing magnitude and phase parameters plotted from the exported data. 
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The fact can be substantiate from equations (5.1) and (5.3). The resonance frequencies of 

BAWs generated in the ZnO pattern depends on the Young’s modulus and Poisson’s ratio, 

whereas the elastic constants are effected by annealing temperature and sputtering 

deposition conditions. Specifically the Young’s modulus (E) of ZnO is greatly affected by 

annealing, with increase of temperature from room temperature to 800℃, the E increases 

from 129 GPa – 449 GPa and also the crystalline nature of the film increases substantially, 

which can be observed from the XRD results of ZnO films deposited at room temperature, 

shown in Fig. 5.19. From the XRD results, the annealed film shows high crystalline nature 

compared to un-annealed ZnO film. The S11 parameters of other fabricated devices are 

tabulated in Table 5.9. 

Table 5.9 S11 parameters of surface modes generated in one port SAW resonators 
fabricated using e-beam lithography. 

S. No VPT0 

(GHz) 
RL 

(dB) 
VPL0 

(GHz) 
RL 

(dB) 
VPT1 

(GHz) 
RL 

(dB) 
VPL1 

(GHz) 
RL 

(dB) 
VPT2 

(GHz) 
RL 

(dB) 

Sample: ZnO-Pattern/200-nm-SiO2 /Si  

3 1.186 -0.44 1.503 -0.62 2.127 -0.49 4.499 -0.54 4.997 -0.64 

4 1.181 -0.37 1.502 -0.54 2.123 -0.45 4.499 -0.46 4.998 -0.56 

5 1.184 -0.43 1.502 -0.58 2.125 -0.48 4.498 -0.50 4.998 -0.60 

6 1.186 -0.46 1.500 -0.58 2.123 -0.50 4.498 -0.54 4.998 -0.63 

7 1.181 -0.45 1.502 -0.55 2.123 -0.50 - - - - 

8 1.186 -0.33 1.502 -0.46 2.125 -0.43 4.497 -0.47 4.998 -0.55 

9 1.186 -0.34 1.502 -0.45 2.116 -0.45 4.497 -0.47 4.998 -0.57 

10 1.186 -0.29 1.502 -0.41 2.1251 -0.41 - - - - 
Device 2 the input port exhibits high impedance around 500 Ω and device 1 is not in 

condition to take the measurement. For devices 7 and 10 higher order modes are not 

clearly visible. 

Table 5.8 Comparison of tested and simulated results of e-beam SAW one port resonator device 

Surface  
mode 

Experimental 
(GHz) 

Simulated 
(GHz) 

Comments 

VPT0 1.181 0.935 Significant variation between fabricated and 
simulated is due to the un–annealed ZnO film, since 
the device characteristics are predominantly 
depends on the quality of ZnO film. In case of 
pattern structure the device operating frequency 
depends on the dimension of ZnO pattern. 

VPL0 1.502 1.951 

VPT1 2.125 2.290 

VPL1 4.499 4.840 

VPT2 4.998 5.144 
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(a) (b) 

 Fig. 5.19. (a) The XRD pattern of ZnO film deposited at room temperature and (b) XRD pattern of 

ZnO sample annealed at 650 °C. 

 

Fig. 5.20. Magnitudes of S11, S12, S22, and phase plots of S12 characteristics of a fabricated two port 

SAW resonator having 65 pairs of electrode and 60 wavelength aperture length on silicon substrate 

with 200 nm oxide layer. The modes are identified by the corresponding localized peaks in S11, S22 

characteristics and phase zero crossing of S12, S21. 
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5.7.3 Two port SAW resonators  

The S parameters of a two port SAW resonator fabricated on sample with 278 nm oxide 

layer are shown in Fig. 5.20. From the S12 characteristics, mode 1 at 1.15633 GHz with an 

insertion loss (IL) of -46.55 dB, mode 2 at 1.47428 GHz with a IL of -42.51 dB, mode 3 at 

2.16039 GHz with a IL of -48.51 dB, and higher order modes mode 4 and mode 5  are not 

visible from the S12 characteristics. Modes 1, 2, and 3 correspond to VPT0, VPL0, and VPT1 

respectively.  

Using S12 characteristics and 3 dB band from VPL0 the device Q is calculated using 

Q = f0/3dB BW, 3 dB band width is calculated as 0.119 GHz and f0  of 1.47428 GHz, and 

obtained Q is equal to 12. The S12 parameters of other fabricated two port devices are 

tabulated in Table 5.10. 

Table 5.10 Measured S12 parameters of fabricated two port SAW resonators using e-beam 
lithography. 

S. 
No 

VPT0 

(GHz) 
IL 

 (dB) 
VPL0 

(GHz) 
IL  

(dB) 
VPT1 

(GHz) 
IL  

(dB) 

VPL0 3 dB 
bandwidth 

(GHz) 

Q  
VPL0 

VPT1 3 dB 
bandwidth 

(GHz) 

Q  
VPT1 

Sample: ZnO-Pattern/200 nm SiO2/Si  
1 1.188 -46.81 1.474 -40.11 2.166 -48.14 0.113 13.00 0.186 11.65 
2 - - 1.472 -51.12 2.129 -55.12 0.1488 09.89 0.258 08.25 
3 - - 1.472 -47.26 2.153 -52.11 0.119 12.37 0.156 13.80 
4 1.099 -44.22 1.476 -40.65 2.162 -46.83 0.117 12.60 0.139 15.55 
5 1.156 -46.55 1.474 -42.51 2.160 -48.51 0.110 13.43 0.190 11.37 
6 0.976 -32.93 1.463 -35.51 2.164 -42.79 0.115 12.69 0.297 07.27 
7 1.002 -44.89 1.469 -42.06 2.166 -47.90 0.108 13.62 0.305 07.10 
8 1.000 -45.00 1.471 -43.88 2.175 -51.76 0.121 12.61 0.202 10.70 
9 1.002 -53.74 1.485 -53.86 1.961 -56.10 0.099 15.00 - - 

10 - - 1.472 -59.91 - - 0.102 14.49 - - 
For device 2 and 3 mode VPT0 is not visible and for devices 9 and 10 the output port is 
damaged significantly and resulting in high insertion loss. 

5.8 Summary 

This chapter details the testing of the fabricated proposed SAW device using UV lithography 

process and e-beam lithography process. The device characteristics are obtained using RF 

probe station cascaded to a network analyzer. After the initial calibration testing is carried 

out over a wide range frequency range of 50 MHz to 350 MHz. A large number of devices 

are tested and the characteristics of 29 devices are tabulated. One port SAW resonators, 

device labeled 75P-55L, from S11 characteristics we observed three resonant peaks. Mode 
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1 is observed at 111.5 MHz with RL -11.568 dB with a Q factor of 8.49 and effective coupling 

coefficient 0.16. FE simulation is carried out with dimensions as fabricated and compared 

with the measured results, the error between measured result and simulated result is 

around 5% for VPT modes. The modes generated in the structure are identified from the 

displacement profiles of simulation result. 

From the measured S parameters of two port SAW resonator labeled 65P-50L-0.5 on silicon 

substrate, four resonant peaks are observed, Mode 1 at 92.93 MHz with an IL of -26.25 dB, 

Mode 2 at 136.034 MHz with an IL of -30.94 dB, Mode 3 at 285.12MHz with an IL of -29.72 

dB, and Mode 4 at 318.61 MHz with an IL of -31.43 dB and respective 𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒2  are calculated 

based on resonance and anti-resonance frequencies. FE simulation is performed with 

dimensions of two port resonator as fabricated and the deviation between experimental 

and simulation results of fabricated devices is less than 7% and the Mode 1, Mode 2, Mode 

3 and Mode 4 are correspond to VPT0, VPL0, VPT1, and VPT2 surface modes. From the 

simulations discussed in Chapter 3, the surface modes generated by the longitudinal bulk 

wave in ZnO pattern are undetectable but in practical results the VPL0 mode is significant 

due to the misalignment of ZnO pattern with respect to IDT structure. An error of 27% is 

observed for VPL0 mode, since the quality of ZnO deposition deteriorates for film 

thicknesses greater than 1 µm and significantly affects the velocity of longitudinal BAW 

rather than transverse BAW which is predominately dependent on the dimensions of the 

structures. Therefore, resonance frequency of VPL0 mode which is generated by longitudinal 

BAW in ZnO blocks of 4.3 µm height has significantly deviated. If dry etching process was 

used instead of wet etching, the experimental results would have been closer to the 

simulated results. 

For a two port SAW resonator labeled 45P-60L-0.5 fabricated on silicon substrate with an 

oxide layer of 1.73 µm thickness through UV lithography process, we observed four 

resonance frequencies from S12 characteristics and a maximum operating frequency of 

322.16 GHz with an insertion loss of 39.18 dB is observed and exhibited by VPT2 mode, 

which is validated through FE simulations. Device labeled with 45P-50L-0.75 on sample 1, 

exhibits a best performance in terms of both insertion loss and maximum operating 

frequency. It exhibits a maximum operating frequency of 321.13 MHz with an insertion loss 

of -19.82 dB. From the 𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒2  values, device on silicon substrate exhibits slightly higher values 

compared to device on silicon substrate with oxide layer. 

Further FE simulations are carried out to study the effect of misalignment of ZnO pattern 

and dimensions of ZnO pattern and observed that the VPL0 mode will be dominant as the 
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ZnO pattern shifts over the electrode. Based on the simulation results of ZnO base width 

variation and misalignment of ZnO pattern, the operating frequency of device 

predominantly on dimensions of ZnO pattern and the dominant nature of VPL0 depends on 

the position of ZnO pattern.  

Delay line SAW devices with free and metalized propagation path are fabricated and tested 

in order to obtain the K2 values of modes generated in the structure. The calculated K2 for 

VPT0 is 4.29%, VPL0 exhibits a K2 value of 1.74%, and for VPT1 is 4.9% and the simulated 

K2 values of 3.85% for VPT0, 4% for VPL0, and 5.6% for VPT1 are calculated. 

10 one port resonators and 10 two port resonators are fabricated using e-beam lithography 

process are tested over a frequency range of 50 MHz to 6 GHz. High frequency of operation 

around 4.998 GHz is observed by Mode 4 which is VPT2 surface mode. From the S12 

characteristics of two port SAW resonators, device 9 and mode VPL0 exhibits an operating 

frequency of 1.4854 GHz with an insertion of loss of -53.86 dB and a Q factor 15. Device 6 

exhibits a best performance of operating frequency 1.46316 GHz with an insertion loss of -

35.51 dB and a Q factor of 12.69. Significant error is observed between measured results 

and simulated results, due to un-annealed ZnO film. 
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Chapter 6 

Edge Reflection Surface Acoustic Wave Devices on Silicon 

ER type SAW devices on silicon, the second major contribution of this research work, which 

offer substantially small device area, since the device area on a silicon chip is crucial and 

minimizing the area of the SAW device would be of high priority in monolithic integration. 

This chapter presents the development of two types of edge reflection (ER) type SAW 

devices on silicon substrate using ZnO thin films and using periodically patterned-ZnO films. 

The simulations of the proposed ER type SAW devices on silicon are carried out using 

COMSOL Multiphysics and the fabrication design parameters are extracted using device 

dispersion characteristics and equivalent circuit model. Fabrication and testing of the 

proposed edge reflection type SAW devices on silicon validates the practicability of the 

devices. In order to demonstrate an application of the proposed devices, we realized 

coupled resonator filters and ladder filters using ER type SAW resonators on silicon 

substrate for RF signal processing applications.   

In general, (002) c-axis oriented ZnO films have the ability to generate Rayleigh and Love 

waves depending on the relative orientation of IDT [33], [49]. Shear horizontal type surface 

acoustic waves (SH-SAW) such as (Love wave, BGS wave) exhibit an exciting property of 

complete reflection at free edges without mode conversion [72], [73]. Using the edge 

reflection property of SH-SAW and the Love wave generation capability of ZnO film, we 

realized ER type SAW devices on silicon using ZnO films and periodically patterned-ZnO 

films on silicon substrate having free edges at the end of the device. In ER type SAW devices, 

micro-machined vertical groove patterns are developed in silicon substrate to accomplish 

the total reflection of Love waves generated in ZnO film at the free edges formed by the 

grooves, transduction of Love wave is carried out using an IDT. 

From the chapter 3, we notice that the patterning of ZnO thin films on the SAW devices 

results in the generation of surface mode with unique quality high K2 and high phase 

velocity. Therefore, we carried out similar FE simulations on ER type SAW devices with 

patterned-ZnO film and obtain the dispersion characteristics of SH-SAW generated by the 

periodically patterned-ZnO film. The effect of IDTs made of heavy metals like gold and 

palladium on the device characteristics are studied using FE simulations. ER type SAW 

devices with patterned-ZnO film are fabricated using the dispersion characteristics 

obtained from FEM simulations and equivalent circuit model. 
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6.1 Introduction  

A conventional one port SAW resonator on piezoelectric substrate comprises of an IDT for 

the transduction of surface waves, located between a pair of reflector gratings consisting of 

a large number of electrode fingers to accomplish the confinement of the SAW forming a 

resonance cavity as shown in Fig. 6.1(a) [3]. The surface waves are generated on the both 

sides of the IDT and are reflected at each and every metallic strip of the reflector grating. 

The wave propagates through the grating structure up to an effective distance known as 

penetration depth Lp  at which the wave is effectively reflected and the gap between IDT and 

reflector grating is denoted by Lg . Due to the λ/2 pitch of grating structure the reflected 

waves add in phase to form standing wave pattern between the reflector gratings. In 

general, the surface waves are reflected from a free surface perpendicular to the direction 

of propagation and the characteristics of reflected wave depends on the type of SAW and 

phase at the instant of incident. In case of Ryleigh SAW, the incident wave on a free surface 

undergoes mode conversion to BAW, the energy of BAW depends on the phase of Rayleigh 

wave at the instant of impact. In case of SH-type SAW like BGS and Love wave, the wave is 

efficiently reflected from the free surface without any mode conversion and depending on 

the phase at the instant of impact, the reflected wave can add in phase with the transmitted 

SAW to form a standing wave pattern. Using the property of total reflection Suzuki et al. 

[72], reported the realization of resonators on a piezoelectric substrate with free parallel 

edges. Further, Kadota et al. [73] reported several edge reflection type SAW devices 

fabricated on single crystal piezoelectric substrates like 41o Y–X lithium niobate, 64o Y–X 

lithium niobate, and 128o Y–X lithium tantalate.  

        

(a)          (b)  

L= N*λ/2 

L = N*λ+2*L
p
+2*L

g
 

 

IDT Lg 

Reflector 
grating 
 

Reflector 
grating 
 

IDT 

L
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Fig. 6.1. 3D schematics of (a) conventional one port SAW resonator with reflector gratings and (b) edge 

reflection type SAW resonator with edge electrodes. 
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Fig. 6.1(b) shows the 3D schematic of an edge reflection type SAW resonator on 

piezoelectric substrate, which comprises of an IDT placed between a pair of parallel free 

edges of the piezoelectric substrate. Applying an electric signal to IDT results in generation 

of SH-SAW that propagate orthogonal to the aperture length and at the free edges the wave 

is reflected back without mode conversion adding in phase to the incoming SH-SAW to form 

standing wave pattern between the parallel edges. The surface wave confinement in ER type 

SAW devices is accomplished by the parallel edges rather than reflector gratings with a 

large number of electrode fingers, hence reducing the size of the device appreciably. In an 

ER type SAW device, the wavelength of SAW is λ, the overall length of device must be an 

integral multiple of λ, for the constructive interference between the generated wave and the 

reflected wave from the edges to form standing wave pattern [73]. IDT positioned between 

the parallel edges of the substrate comprises of set of electrodes fingers with width λ/4 and 

another set of electrodes with width λ/8 located at the free edges of the substrate, whereas 

λ/4 electrodes are arranged between the two λ/8 electrodes with λ/4 spacing between 

consecutive electrodes. 

Using the one port SAW resonator configuration several edge reflection type SAW devices 

such as longitudinally coupled resonator filter (LCR), transversely coupled resonator filter 

(TCR) and various configurations of ladder filters can be realized using ER type one port 

SAW resonator with free edges for signal processing applications.  

6.2 Love wave based SAW devices on silicon using ZnO films 

As we already discussed in chapter 2, that (002) oriented ZnO can support both Rayleigh 

and Love waves depending on the relative orientation of IDT. There have been several 

reports on Love wave based ZnO thin film SAW devices on various substrates like quartz, 

lithium tantalate, and silicon. In Table 6.1 few selected literature on Love waves generated 

in ZnO thin films for various applications are listed. In 2000, Kalantar et al. [51], reported 

the transduction of love wave on silicon substrate with an oxide layer. Further, the study of 

SAW filters developed using love waves generated in the ZnO/SiO2/Si structure was also 

reported in [52]. Kadota et al. [10] and [74] reported quartz substrate based SAW devices 

with ZnO overlay for SAW filters applications with narrow band and low loss 

characteristics, utilizing the shear horizontal leaky SAW generated in the structure. In 2006 

Krishnamurthy et al. [33], reported the design and fabrication of high frequency Love wave 

based SAW device on silicon for bio-sensing applications and also reported the generation 

of Love waves in the ZnO film with change in orientation of IDT structure. Utilizing the ZnO 
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film property of supporting both Rayleigh and Love waves, Moreira et al. [11] reported the 

generation of both Rayleigh and Love modes in ZnO/AT-Quartz structure and identified the 

type of surface wave using liquid drop test.  

6.3 Proposed edge reflection (ER) type SAW devices on silicon using ZnO films 

Utilizing the total reflection property of Love wave at free edges and the generation of Love 

wave in ZnO films, we propose an ER type SAW device on silicon, as shown in Fig. 6.2. The 

proposed ER type SAW device comprises of a silicon substrate with an optional oxide layer 

and a ZnO film in conjunction with IDT for the transduction of Love waves. The total 

reflection of Love wave is accomplished by the free edges formed after dicing the silicon 

substrate having length in multiples of λ/2, in order to obtain the free surface edges to aid 

in constructive interference and forming standing wave pattern, as shown in Fig. 6.2(a). 

Since, the operation of device substantially depends on the length of the device and the 

fabrication process comprises of dicing or cutting of silicon substrate makes the fabrication 

difficult for high frequency devices difficult. As it requires extreme precision in creating 

edges with accuracy and also inappropriate for bulk manufacturing. To circumvent the 

cumbersome dicing process, we employed micro machined vertical grooves patterns in 

silicon substrate developed by either RIE or DRIE process, the schematic of proposed 

structure with micro machined vertical grooves is shown in Fig. 6.2(b).  

Table 6.1 List of selected reports on Love wave based ZnO thin film SAW devices. 

SI. No Layered 
structure Application Reference  

and year 
1. ZnO/ SiO2/Si Love wave transducer  Kalantar  et al. [50] 

2000 

2. ZnO/ SiO2/Si Love mode SAW filters Kalantar  et al. [51] 
2001 

3. ZnO/Quartz Low loss IF SAW filters Kadota et al. [10] 
2003 

4. ZnO/SiO2/Si Love waves for high frequency sensors Krishnamurthy et al. 
[33] 2006 

5. ZnO/Quartz SH-Leaky SAW based narrow band SAW 
filters 

Kadota et al. [74] 
2008 

6. ZnO/Quartz Identification of Love waves in layered 
ZnO/Quartz SAW devices. 

Moreira et al. [11] 
2008 
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The device comprises of a silicon substrate with piezoelectric film with an IDT on top of it, 

located between two vertical grooves developed in silicon with λ/8 electrodes of IDT 

positioned at the edges formed by the grooves. Love waves generated along the ZnO film by 

applying sinusoidal input with its resonant frequency, propagate perpendicular to the 

aperture of IDT and totally reflected at the free edges to add in phase with the generated 

wave forming standing wave pattern between the two parallel edges of the substrate. The 

characteristics of proposed device are obtained using 3D FE simulations, as the wave 

propagation is in the transverse plane it is necessary to carry out the 3D simulations.  

6.4 Finite element simulations of ER type SAW devices on silicon 

In general, a one port ER type SAW resonator comprises of an IDT having plurality of 

electrode fingers of width λ/4 arranged between a pair of λ/8 electrodes located at the edge 

of the device having length of N*λ. It requires a high computational resources and consumes 

time, as similar to the simulation methodology of conventional layered SAW resonator on 

silicon as described in Chapter 2 Section 2.5, we carried out the FE simulations using 

COMSOL Multiphysics using one wavelength of proposed ER type SAW resonator. This 

section of the chapter presents the 3D simulations of the proposed ER type SAW resonator 

on silicon with ZnO film and dispersion characteristics of possible ZnO/Si layered 

configurations.  

       

IDT 

IDT 

Groove
 

Groove
 

Si 

ZnO ZnO 

Si 

(a) (b) 

Fig. 6.2. (a) Schematic of proposed ER type SAW resonator using a diced section of silicon substrate 

and (b) schematic of proposed ER type SAW resonator developed using micro machined vertical 

grooves for bulk manufacturing. 
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6.4.1 Simulation methodology 

The structure of one-port SAW resonator with proposed structure is shown in Fig. 6.2, 

which comprises of a silicon substrate with IDT patterned over the surface and arranged 

between the parallel edges formed by the micro machined vertical grooves, and ZnO is 

deposited over the IDT for transduction of Love waves. In general the IDT consists of 100-

150 pairs of electrode fingers when designed for 50Ω impedance. Simulation of complete 

structure with 100-150 pairs of electrodes and large aperture length is practically difficult, 

time consuming and requires high end computational system. So, we have considered only 

one wavelength of device with two edge electrodes of λ/8 and one λ/4 electrode positioned 

in the middle as shown in the Fig. 6.3(b). Instead of periodic boundary conditions, free 

boundary conditions are applied to the edge boundaries and continuity periodic boundary 

conditions are applied to the boundaries along the aperture assuming infinitely long 

aperture with operating frequency independent of aperture length of simulated structure. 

Uniform IDT with metallization ratio of 0.5 is considered over the (100) oriented silicon 

substrate and ZnO is deposited over the IDT structure, as depicted in Fig. 6.3(b). The 

meshed one wavelength ER type SAW resonator is shown in Fig. 6.3(c). The (002) oriented 

ZnO with c-axis along the sagittal plane is chosen due its maximum electromechanical 

 

  

ZnO 

N λ 

(100) Si  

 λ/2 

(a) (b) 

IDT (λ/4) 
x 

z 

y 

x 

y 

 λ 

(100) Si  

PML  

IDT (λ/8) IDT (λ/8) ZnO 

(c) 
 

Fig. 6.3. (a) Cross sectional view of the proposed ER type SAW device and (b) 3D geometry with 

periodic boundaries along aperture used to obtain phase velocity and coupling coefficient dispersion 

characteristics as well as admittance characteristics, and (c) meshed ER type SAW resonator of 1λ. 
Note: IDT position is varied according to the device configuration. 
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coupling along c-axis [49]. Perfectly matched layer (PML) is considered at the bottom of the 

silicon substrate as an absorbing boundary to eliminate the unwanted reflections from 

bottom surface and fixed boundary condition is applied to the bottom surface of PML. We 

assume center electrode of width 2 μm, edge electrode width of 1 μm having 100 nm 

thickness with pitch 4 μm and the material properties of ZnO, silicon, and aluminum used 

in the simulation are adapted from [22], [35] and are given in Appendix A. An input potential 

of 1V is assumed for the edge electrode and ground boundary conditions are applied to 

middle electrode in order to obtain admittance characteristics of the proposed ER type SAW 

device.  

In the simulations, the effect of mechanical properties of aluminum and silicon are taken 

into account. From Eigen mode analysis, the frequency of generated surface mode is 

obtained and its phase velocity (ν) is calculated using ν = f λ, where λ is the wavelength of 

IDT. 3D simulations are carried out to obtain the dispersion curves of transversely polarized 

surface modes generated in the structure. The electromechanical coupling coefficient (K2) 

of the proposed structure is calculated using  

 𝐾𝐾2 = 200 ∗ �
𝑣𝑣𝑓𝑓 − 𝑣𝑣𝑚𝑚
𝑣𝑣𝑓𝑓

�  % (6.1) 

where ν ƒ  and νm  are the SAW phase velocities obtained when the interface boundary 

between ZnO and silicon containing IDT is electrically free and shorted, respectively. 

6.4.2 Results of ER type one port ZnO/Si SAW resonator; 

Eigenmode analysis is performed on the 3D model shown in Fig. 6.3(b) to obtain the phase 

velocity and K2dispersion characteristics of all possible ZnO/Si configurations. Free surface 

velocity dispersion characteristics of the 

Love modes generated in the ZnO/Si 

structure with respect to ZnO film 

thickness are shown in Fig. 6.4. Within one 

wavelength thickness of ZnO, three Love 

modes are observed. First higher order 

Love mode (L1) is generated at h/λ= 0.325 

with a phase velocity of 5330 m/s and 

second higher order Love mode (L2) 

generated at h/λ= 0.65 with a phase 

velocity of 5326 m/s. From the 

 
Fig. 6.4. Phase velocity dispersion characteristics 

of Love modes generated in the ZnO/Si structure. 

125 
 

TH-1583_09610201



Chapter 6  Edge Reflection Type SAW Devices on Silicon 

characteristics, the velocity of Love waves phase velocity with increase in ZnO film 

thickness and tends to reach the velocity of Love wave in the bulk ZnO (2507 m/s) [3]. The 

K2 dispersion characteristics of all four configurations are shown in Fig. 6.5 (a, b, c, and d).  

From K2 characteristics of configuration ZnO/IDT/Si, L0  exhibits a relative maximum K2 

value of 3.2% at h/λ= 0.1 with phase velocity of 4327 m/s and the L1 and L2 exhibit low K2 

values and also generated at higher thicknesses of ZnO. In configuration IDT/ZnO/Si, L0 

exhibits a relative maximum K2 value of 5.45% at h/λ= 0.275 with phase velocity of 3378 

m/s. From all four configurations it is observed that the L0 exhibits relative maximum   K2 

values compared to L1 and L2 surface modes. L0 exhibits a K2 value of 2.8% at h/λ= 0.07 and 

5% at h/λ= 0.32 for configurations M/ZnO/IDT/Si and IDT/ZnO/M/Si respectively. The 

obtained phase velocity and K2 values are in good agreement with reported Love wave base 

      
        (a)                         (b)          

 
           (c)                (d) 

Fig. 6.5. The coupling coefficient characteristics of various Love modes generated in all possible 

configurations of ZnO/Si structure. 
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ZnO/Si structure [44]. The notable observations from the dispersion characteristics of K2 

and phase velocity are listed in Table 6.2.  

Table 6.2 Notable observations from the phase velocity and K2 dispersion characteristics of all 
four possible configurations. 
Configuration Mode h/λ Phase velocity (m/s) K2 (%) 

IDT/ZnO/Si 
L0 0.275 3378 5.50 
L0 0.113 4092 3.60 
L1 0.375 5086 3.30 

IDT/ZnO/M/Si 
L0 0.388 3202 5.06 
L0 0.100 4203 3.00 
L1 0.388 3196 3.80 

ZnO/IDT/Si L0 0.100  4203  3.34 
L1 0.425 4808 1.70 

M/ZnO/IDT/Si L0 0.075 3701 2.80 
L1 0.388 5013 2.00 

   
(a)          (b) 

            
(c)            (d) 

Fig. 6.6. Characteristics of L 0  mode generated in the 0.8µm-ZnO/IDT/Si structure at h/λ of 0.10. 

(a) Total displacement, (b) admittance, (c) surface displacement profiles and (d) particle 
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However, all configuration exhibit tradeoff between phase velocity and K2 values. Further 

frequency dependent analysis is carried out on configurations IDT/ZnO/Si and ZnO/IDT/Si, 

since they exhibit high coupling coefficient and high phase velocity respectively, to obtain 

the admittance and displacement characteristics of L0 generated in the structure. The HA 

plot and displacement profile of L0 generated in the proposed structure ZnO/IDT/Si 

configuration at hZnO/λ= 0.1 are shown in Fig. 6.6 and the displacement and HA 

characteristics of IDT/ZnO/Si configuration are shown in Fig. 6.7. 

The surface displacement profile along with the particle displacement profile along the 

depth (y-axis) shows the generation of Love mode in the ZnO film as well as the reflections 

from the free edges resulting in formation of standing wave pattern. Configuration 

ZnO/IDT/Si exhibits phase velocity of 4211 m/s and bandwidth of 1.9 MHz which is 

  
(a)      (b)       

    
    (c)      (d) 

Fig. 6.7. Characteristics of L 0 mode generated in the IDT/2.2µm-ZnO/Si structure at h/λ of 0.275 (a) 

Total displacement, (b) admittance, (c) surface displacement profiles and (d) particle displacement 

l  l     i h   h  d h f h  b   
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calculated from the series and parallel resonant frequency obtained from the admittance 

characteristics. The maximum total displacement of 0.09 µm is observed at the edges.  

Fig. 6.7, shows the admittance characteristics and displacement profile of IDT/ZnO/Si 

configured SAW one port resonator. Phase velocity of 3254.6 m/s and bandwidth of 10.65 

MHz is obtained from the admittance plot and a maximum displacement of 0.795 µm. From 

the obtained results we can justify that the bandwidth of conventional thin film SAW device 

is proportional to coupling coefficient and IDT position on the top of the device exhibits 

greater displacements than IDT at the ZnO-Si interface. Both configurations, ZnO/IDT/Si 

and IDT/ZnO/Si configurations shows good coupling coefficient and phase velocity that can 

be integrated with silicon based circuitry. Visser [64] reported that the K2 characteristics of 

a devices can be improved considerable by considering buffer layers between the 

piezoelectric thin film and silicon substrate. 

6.5 Effect of buffer layers in ER type SAW devices on silicon 

From the above section, we noticed that the configurations ZnO/IDT/Si and IDT/ZnO/Si 

exhibit good coupling coefficient for the fabrication of ER type devices to integrate with 

silicon based circuitry. The K2 characteristics of a devices can be improved considerable 

using buffer layers between the piezoelectric layer and substrate. Visser [31] [64], pointed 

 

 ZnO 

(100) Si  

(c) (d) 

– IDT  

SiO2 
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(100) Si  

AlN 
ZnO 

(100) Si  

AlN 

ZnO 

(100) Si  

SiO2 

(a) (b) 

Fig. 6.8. Cross sectional view of one periodic section of the proposed ER type SAW device with buffer 

layers. (a) ZnO/IDT/SiO2 /Si, (b) IDT/ZnO/SiO2 /Si, (c) ZnO/IDT/AlN/Si, and (d) IDT/ZnO/AlN/Si. 
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out that the coupling coefficient can be increased appreciable by the inclusion of SiO2 film 

between the ZnO film and silicon substrate as well as aid in the promotion of quality of ZnO 

film [61]. The effect of buffer layers (SiO2 and AlN) on the dispersion characteristics of 

proposed ER type devices are studied using FE simulations. We performed eigenmode 

analysis to obtain the velocity and K2 dispersion characteristics and frequency dependent 

analysis for bandwidth characteristics. A periodic section of proposed ER type SAW devices 

with buffer layers on silicon substrate are shown in Fig. 6.8. FE simulations are performed 

to obtain the SAW characteristics using the similar geometry (Fig. 6.3) with a buffer layer 

of SiO2 or AlN sandwiched between ZnO film and silicon. Periodic boundary conditions are 

applied to the surface along the aperture and free boundary conditions are given to the 

surfaces in the direction of propagation. 

6.5.1. Effect of SiO2  buffer layer on ZnO/Si structure 

Eigenmode analysis is carried out on the structures (Fig. 6.8(a) and (b)) to obtain the phase 

velocity and K2 dispersion curves of both configurations. Initially, parametric sweep of SiO2 

film thickness is carried out constant ZnO film thickness of 0.8 µm and 2.4 µm for 

configurations having IDT below ZnO film and IDT on top of ZnO film respectively.  

Configuration: ZnO/IDT/SiO2/Si 

Fig. 6.9 shows the phase velocity and K2 dispersion characteristics of ZnO/IDT/SiO2/Si 

structure. Fig. 6.9(a) and (b) shows the dispersion characteristics with respect to SiO2 film 

thickness. With increase in the thickness of SiO2, the phase velocity of surface modes 

generated in the structure tends to reach the surface wave velocity of bulk SiO2 and the 

coupling coefficient characteristics show a constant reduction of with increase in SiO2 

thickness. From the characteristic curves we notice that, after h/λ = 0.25 the phase velocity 

and coupling coefficient of the L0 mode is non-dispersive in nature with respect to SiO2 film 

thickness. To find the optimal thickness of ZnO, we considered a constant 2 µm thickness of 

SiO2 and performed eigenmode analysis with parametric sweep of ZnO film thickness and 

the obtained dispersion characteristics are shown in Fig. 6.9(c) and (d). The calculated K2 

values of the generated modes are tabulated in Table 6.3. 

Configuration: IDT/ZnO/ SiO2 /Si 

The K2 dispersion characteristics of IDT/ZnO/SiO2/Si structure are shown in Fig. 6.10. 

Initially the effect of SiO2 is studied by varying its thickness up to h/λ =1, and further, the 

parametric sweep with ZnO film thickness is carried out to find the optimal ZnO thickness 
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(a)                   (b)  

  
         (c)                      (d) 

 
Fig. 6.9. Dispersion characteristics of Love modes generated in the ZnO/IDT/SiO 2 /Si structure. 

 
(a)                (b) 

Fig. 6.10. K2 dispersion characteristics of Love modes generated in the IDT/ZnO/SiO2 /Si structure, 

(a) with respect to SiO 2 film thickness, constant ZnO thickness and (b) with respect to ZnO film 

thickness, constant SiO2  film thickness. 
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for fabrication. Fig. 6.10(b) shows the K2 dispersion characteristics with respect to ZnO film 

thickness. The relative maximum K2 is exhibited by L0 at h/λ =0.265. From the K2 values of 

both configurations, it is noted that the configuration with IDT on top of ZnO film exhibits 

better K2 values, however it requires large thickness of ZnO compared to ZnO/IDT/ SiO2/Si 

configurations. The notable observations of SiO2 buffer layer in both the configurations, 

such as relative maximum K2 and generation of higher order modes are listed in Table 6.3. 

6.5.2 Effect of AlN buffer layer on ZnO/Si structure 

Eigenmode analysis is carried out on the structures (Fig.6.8 (c) and (d)) to obtain the phase 

velocity and K2 dispersion curves of both configurations. Initially, parametric sweep of AlN 

film thickness with constant ZnO film thickness of 0.8 µm and 2.4 µm for IDT below ZnO and 

IDT on top of ZnO structures respectively is carried out, at which both configurations shows 

relative maximum coupling coefficient having an IDT wavelength of 8 µm. The dispersion 

characteristics of ZnO/IDT/AlN/Si configuration is shown in Fig. 6.11(a) and (b) are the 

phase velocity and K2 characteristics obtained with a constant ZnO film thickness and 

parametric sweep of AlN film thickness. 

Configuration: ZnO/IDT/AlN/Si 

From Fig. 6.11(a) and (b), we observed only one Love wave generated in 0.8µm-ZnO/AlN/Si 

structure. Because of large difference in acoustic impedance values of ZnO and AlN, the 

generated wave is confined to ZnO film. We observed that the velocity and K2 are constant 

beyond h/λ = 0.5 with a relative maximum K2 value of 7.5% with phase velocity of 4875 

m/s. Further, we consider AlN thickness of 4 µm in the structure and ZnO film thickness 

Table. 6.3 Notable observations of ZnO/IDT/SiO2 /Si and IDT/ZnO/SiO 2/Si configurations with 
constant oxide thickness of 2 µm. 

Mode h/λ of ZnO film Phase velocity (m/s) Relative maximum K2 (%) 

Configuration: ZnO/IDT/2 µm SiO2/Si 
L0 0.138 3365 3.20 

L1 0.475 4249 2.15 

L2 0.675 4989 1.10 

Configuration: IDT/ZnO/2 µm SiO2/Si 
L0 0.263 3152 5.00 

L1 0.450 4345 4.00 

L2 0.838 4495 2.00 
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parametric sweep is carried out and results are shown in Fig. 6.11(c) and (d). We observe 

three modes generated in the structure and the calculated values are tabulated in Table 6.4. 

IDT/ZnO/ AlN/Si: 

The dispersion characteristics of structure with IDT on top of ZnO film is shown in Fig. 6.12. 

Similar to previous analysis, initial parametric simulations are carried with a constant ZnO 

thickness and further ZnO film parametric sweep is carried out with a constant AlN film 

thickness. The phase velocity and K2 values suitable for fabrication at respective thicknesses 

of ZnO are tabulated in Table 6.4. We observed that the velocity and K2 are constant beyond 

h/λ = 0.5 with a relative maximum K2 value of 6.8% with phase velocity of 3484 m/s. From 

Fig. 6.12(c) and (d), L0 exhibits high K2 value compared with other modes in the structure. 

  
            (a)                                        (b) 

  
           (c)                              (d) 
Fig. 6.11. Phase velocity and K2 dispersion characteristics of Love modes generated in the 

IDT/ZnO/AlN/Si structure. (a) and (b) with respect to AlN thickness, constant ZnO film thickness, 

(c) and (d) with respect to ZnO thickness, constant AlN film thickness. 

133 
 

TH-1583_09610201



Chapter 6  Edge Reflection Type SAW Devices on Silicon 

Table. 6.4 Notable observations of ZnO/IDT/AlN/Si and IDT/ZnO/AlN/Si configurations with 
constant oxide thickness of 4 µm. 
Mode h/λ of ZnO film Phase velocity (m/s) Relative maximum K2 (%) 

Configuration: ZnO/IDT/4 µm AlN/Si 

L0 0.100 4864 7.40 

L1 0.400 5277 3.50 

L2 0.750 5243 2.21 

Configuration: IDT/ZnO/4 µm AlN/Si 

L0 0.138 4416 7.50 

L1 0.500 4722 2.95 

L2 0.800 5055 1.90 

  
(a)                           (b) 

 

  
           (c)                              (d) 

 
Fig. 6.12. Phase velocity and K2 dispersion curves of Love modes generated in the IDT/ZnO/AlN/Si 

structure. (a) and (b) dispersion charactersitics with respect to AlN, a fixed ZnO film thickness, (c) 

and (d) with respect to ZnO thickness, fixed AlN film thickness. 

134 
 

TH-1583_09610201



Chapter 6  Edge Reflection Type SAW Devices on Silicon 
 

From this study, we noticed that the phase velocity and K2 values of the configuration 

depends on the position of IDT and thickness of ZnO film rather than the thickness of AlN 

buffer layer. As, AlN is a piezoelectric material and exhibit high acoustic velocity than ZnO 

it promotes the acoustic wave confinement to ZnO film and also improves the K2 values 

significantly. 

6.5.3 Frequency dependent analysis  

We performed frequency dependent analysis on all four configurations discussed above to 

study the effect of IDT position and buffer layers on the bandwidth of proposed ER type 

SAW devices on silicon. A potential of 1V is applied to the center electrode and ground 

electrical boundary conditions are applied to edge electrodes to obtain the admittance 

  
(b)                           (b) 

 

  
           (c)                              (d) 

 
Fig. 6.12. Phase velocity and K2 dispersion curves of Love modes generated in the IDT/ZnO/AlN/Si 

structure.  
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characteristics of ER type SAW resonator with buffer layers. The obtained admittance 

characteristics are show in Fig. 6.13.  

Table. 6.5 Phase velocity, series resonance, parallel resonance, total displacement, and bandwidth 
of ER type SAW devices with buffer layers. 

Configuration Series resonance  
(fs) (MHz) 

Parallel resonance 
(fr) (MHz) 

Bandwidth 
(MHz) 

Maximum 
displacement (µm) 

IDT/ZnO/Si 406.825 417.475 10.65 0.795 

ZnO/IDT/Si 526.375 528.280 1.905 0.320 

IDT/ZnO/SiO2/S
i 

380.905 390.245 9.340 0.590 

ZnO/IDT/SiO2/Si 418.632 423.850 5.218 0.785 

IDT/ZnO/AlN/Si 524.670 540.485 15.81 1.870 

ZnO/IDT/AlN/Si 596.635 606.640 10.00 0.785 

  
(a)                                    (b) 

  
           (c)                              (d) 
Fig. 6.13. Admittance characteristics of various configurations (a) 1.1µm-ZnO/IDT/2µm-SiO 2/Si, (b) 

IDT/2.2µm-ZnO/2µm-SiO2/Si, (c) 0.8µm-ZnO/IDT/4µm-AlN/Si, and (d) IDT/1.1µm-ZnO/4µm-

AlN/Si. 
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The calculated phase velocity, bandwidths and maximum displacement of all configurations 

are tabulated and compared with configurations without buffer layers in Table 6.5. 

6.5.4 Observations  

The results and observations from the FE simulations of ER type SAW devices on silicon 

using ZnO film with all possible configurations and the effect of buffer layers are 

summarized as follows: 

1. The dispersion characteristics show high coupling coefficient values in structures 

having IDT on top of ZnO compared with IDT below ZnO. 

2. The frequency dependent analysis shows the generation of Love wave in ZnO with 

substantial displacement in z-direction. 

3. The results shows that the inclusion of AlN buffer layer will improve the coupling 

coefficient significantly compared with SiO2 layer and also aid in confining the 

surface wave in ZnO film. 

4. Configurations IDT/ZnO/Si and IDT/ZnO/SiO2/Si exhibit high coupling coefficient 

at higher thicknesses of ZnO (h/λ>0.25), whereas configurations with IDT 

underneath ZnO exhibit acceptable coupling coefficient at small thickness of ZnO 

(h/λ<0.15). 

5. ZnO/IDT/Si and ZnO/IDT/SiO2/Si exhibit low bandwidth, suitable for resonator 

applications. 

6. The Love waves generated in the thin film ER type SAW devices also exhibit the 

tradeoff between the coupling coefficient and phase velocity. 

7. The maximum surface wave velocity is exhibited by the first higher order surface 

wave in ZnO/Si and ZnO/SiO2/Si configurations are almost equal to the shear bulk 

velocity of the silicon substrate. 

8. All the surface modes generated in the structure with AlN buffer layers exhibit 

maximum surface wave velocity almost equal to the shear bulk velocity of AlN, 

because of the large thickness of AlN and high surface velocity, the effect of silicon 

substrate is insignificant on the surface waves generated in the structure. 

9. In ZnO/Si and ZnO/SiO2/Si configurations the coupling coefficient is extensively 

depends in the position of IDT and in case of ZnO/AlN/Si structure the position of 

IDT has negligible effect on K2. 

10. IDT/ZnO/AlN/Si configuration exhibit high coupling coefficient and high bandwidth, 

suitable for ladder filter applications that can be integrated with silicon circuitry. 

11. The optimal thicknesses and configurations suitable for fabrication are tabulated in 
Table 6.6.  
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Table 6.6. Optimal parameters of ZnO and buffer layers suitable for fabrication. 

Mode h/λ of ZnO film Phase velocity (m/s) Relative maximum K2 (%) 

Configuration: ZnO/IDT/Si 

L0 0.100 4203 3.20 

L1 0.325 5330 0.45 
Configuration: IDT/ZnO/ Si 

L0 0.275 3378 5.45 

L1 0.325 5322 1.80 
Configuration: ZnO/IDT/2 µm SiO2/Si 

L0 0.138 3365 3.20 

L0 0.025 4073 2.00 

L1 0.175 5061 0.30 

L1 0.425 4450 2.13 

L2 0.500 5332 0.29 

L2 0.737 4783 1.20 

Configuration: IDT/ZnO/ 2 µm SiO2 /Si 

L0 0.262 3152 5.00 

L0 0.025 4068 1.87 

L1 0.175 5332 0.24 

L1 0.400 4564 3.40 

L2 0.500 5328 0.24 

L2 0.800 4597 1.90 

Configuration: ZnO/IDT/4 µm AlN/Si 

L0 0.100 4864 7.40 

L0 0.075 5216 6.70 

L1 0.400 5277 3.50 

L2 0.725 5292 2.19 

Configuration: IDT/ZnO/4 µm AlN/Si 

L0 0.138 4416 7.50 

L0 0.075 5210 5.63 

L1 0.400 5272 2.76 

L2 0.725 5286 1.78 
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6.6 ER type SAW device on silicon using periodically patterned-ZnO film 

In chapter 3, we discussed that a bulk wave incident at a periodic structure can undergo 

mode conversion into a surface wave that can be longitudinal polarized or transversely 

polarized surface wave depending on the type incident bulk mode. Using this phenomenon 

of generation of transversely polarized surface waves at periodic structure, we proposed an 

edge reflection type SAW devices on silicon using periodically patterned ZnO film as shown 

in Fig. 6.14. The proposed device comprised of a silicon substrate with an optional oxide 

layer and a periodically patterned ZnO film disposed in the spaces of an IDT for the 

transduction of Love waves. The edge reflection of Love wave is accomplished by developing 

vertical grooves in silicon substrate to obtain the free surface edges as shown in Fig. 6.14. 

An electric signal applied to IDT results in the generation of electric field across the 

periodically patterned-ZnO exciting bulk acoustic waves in individual pattern, and the bulk 

waves in periodically patterned ZnO couple acoustically to silicon substrate resulting in the 

generation of transversely polarized surface acoustic wave along the silicon substrate. 

In general, a one port ER type SAW resonator comprises of an IDT, which is having plurality 

of electrode fingers of λ/4 for the generation of surface acoustic wave and a pair of λ/8 

electrodes at the edge of substrate to accomplish total reflection of generated Love wave 

 

Groove 

Groove 

IDT 

Si 

Periodically patterned ZnO 

 

Fig. 6.14. Proposed ER type SAW resonator on silicon substrate using periodically patterned ZnO 

film and vertically etched grooves for total reflection of generated Love waves.  
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and form standing wave pattern. The simulations of conventional layered SAW resonator 

on silicon using FEM are described in Chapter 2 Section 2.5. This section of the chapter 

presents 3D simulation of proposed ER type SAW resonator on silicon using periodically 

patterned-ZnO film using COMSOL Multiphysics.  

6.6.1 Simulation methodology 

The structure of one-port SAW resonator with proposed structure is shown in Fig. 6.15, it 

consists of a silicon substrate with IDT patterned over the surface and ZnO is deposited over 

the IDT. In general the IDT consists of 100-150 pairs of electrode fingers when designed for 

50 Ω impedance at resonant frequency. Simulation of complete structure with 100 pairs of 

electrodes and large aperture length is practically difficult, time consuming and required 

high end computational system. So, we have considered only one wavelength of device with 

two edge electrodes of λ/8 and one λ/4 electrode in the middle as shown in the Fig. 6.15(b). 

Instead of periodic boundary conditions, free boundary conditions are applied to the edge 

boundaries and continuity periodic boundary conditions are applied to boundaries along 

the aperture assuming infinitely long aperture and to be noted the operating frequency is 

independent of aperture length of simulated structure. 

 

 
ZnO 

N λ 

(100) Si  

 λ/2 

(a) (b) 

IDT (λ/4) 

x 

z 

y 

x 

y 

 λ 

(100) Si  

PML  

IDT (λ/8) IDT (λ/8) 

ZnO pattern 

Fig. 6.15. (a) Cross sectional view of the proposed ER type SAW device with periodically patterned-

ZnO on silicon and (b) 3D geometry with periodic boundaries along aperture used to obtain phase 

velocity and coupling coefficient dispersion characteristics as well as admittance characteristics. 
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Uniform IDT with metallization ratio of 0.5 is considered over the (100) oriented silicon 

substrate and patterned-ZnO is disposed in the spaces of the IDT structure, as depicted in 

Fig. 6.15(b). The (002) oriented ZnO with c-axis along the sagittal plane is chosen due its 

maximum electromechanical coupling along c-axis [46]. Perfectly matched layer (PML) is 

considered at the bottom of the silicon substrate as an absorbing boundary to eliminate the 

unwanted reflections from bottom surface and fixed boundary condition is applied to the 

bottom surface of PML. We assume middle electrode width of 2 μm, edge electrode width of 

1 μm and 100 nm thickness with pitch 4 μm and the material properties of ZnO, silicon, and 

aluminum used in the simulation are adapted from [39] and are given in Appendix A. 

Initially eigenmode analysis is carried out to obtain phase velocity and coupling coefficient 

dispersion curves and further frequency dependent analysis carried out by applying an 

input potential of 1V is assumed for the edge electrode and ground boundary conditions are 

applied to middle electrode in order to obtain admittance characteristics of the proposed 

ER type SAW resonator on silicon. 

6.6.2 Results of ER SAW one-port resonator with patterned-ZnO 

The phase velocity and coupling coefficient dispersion characteristics of surface modes 

generated in the structure are shown in Fig. 6.16. From the dispersion characteristics we 

observed only one surface mode excited in the structure. The displacement profile and the 

admittance characteristics of generated surface wave is shown in Fig. 6.17.  

The reason behind the generation of one surface wave is, that (002) oriented ZnO exhibits 

zero shear coupling coefficient along the c-axis, which has been clearly discussed in chapter 

3. From the displacement profiles we observed that the generation of Love wave is due to 

  
(a)                          (b) 

 
Fig. 6.16. Phase velocity dispersion characteristics of Love wave generated in the patterned-

ZnO/IDT/Si structure.  
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the conversion of thickness shear mode (TSM) excited in ZnO pattern. In case of thickness 

shear mode based devices, the frequency of operation depends on the thickness of the film 

of piezoelectric material between two electrodes whereas in case of proposed structure the 

frequency of operation depends on both height and width of ZnO pattern. 

From Fig. 6.17, we observed that the proposed ER type SAW resonator with 2 µm patterned-

ZnO exhibits resonance frequency of 668.875 MHz with a maximum total displacement of 

0.3 µm and a very narrow band width of 0.329 MHz, from the displacement profile we 

observed that the displacement distribution is along the substrate depth also validates for 

low coupling coefficient.  

This can be overcome by using heavy metals or buffer layers to guide the generated surface 

wave. Kadota et al. [73] reported that use of heavy metals like tungsten (W), gold (Au), 

tantalum (Ta) results in concentration of surface energy within 1λ depth and also heavy 

metals increases the reflection coefficient of the IDT. Based on the literature reported by 

Kadota, we performed eigenmode analysis on the proposed structure to study the effect of 

heavy metal on surface displacement profile and operating frequency. 

6.6.3 Effect of heavy metals on SAW characteristics  

To study the effect of heavy metals on characteristics of surface waves generated by the 

mode conversion of TSM modes excited in ZnO pattern, we performed frequency dependent 

analysis to obtain the admittance plot and displacement profiles. In this study we selected 

various heavy metals like gold (Au), tungsten (W), palladium (Pd), and copper (Cu) for IDT 

    
(a)                         (b) 

 
Fig. 6.17. (a) Admittance characteristics of Love wave generated in the patterned-ZnO/IDT/Si 

structure and (b) the displacement profile of generated surface mode at resonance frequency.  
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(a)                    (b) 

 
Fig. 6.18. (a) Displacement distribution of SH-SAW generated in silicon with IDT of various metals 

and (b) the displacement profile of generated surface mode in silicon with gold electrodes.  

          
(a)             (b) 

            
     (c)          (d) 
Fig. 6.19. Admittance characteristics of Love mode generated in the ER type 2µm-patterned-ZnO/Si 

SAW resonator with (a) copper IDT, (b) palladium IDT, (c) tungsten IDT and (d) gold IDT. 
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structure with an electrode thickness of 0.1 µm and one wavelength of resonator structure 

with λ/8 electrodes at the edges. The displacement distribution of surface wave in silicon 

with various metal electrodes and displacement profile of simulated structure with gold 

electrodes are shown in Fig. 6.18 and the obtained admittance characteristics with 8 µm are 

shown in Fig. 6.19 and details are tabulated in Table 6.7. From the characteristics we 

observed that, the band width is increased with heavy metals as well as the coupling 

coefficient. Since the coupling coefficient is proportional to band width of device.  

Table 6.7 Admittance characteristics of surface wave in silicon with IDT of various metals. 

Metal Series resonance fr  (MHz) Parallel resonance fp (MHz) Band width (MHz) 

Al 668.811 669.140 0.329 

Cu 660.125 661.795 1.670 

Pd 649.350 651.515 2.165 

W 629.155 632.840 3.685 

Au 617.685 620.425 2.740 

 

6.6.4 Effect of buffer layers in ER type patterned-ZnO/Si structure on SAW characteristics 

The K2 characteristics of a proposed SAW device can be improved considerable using buffer 

layers between the piezoelectric layer and substrate as Visser [31], pointed out that the 

coupling coefficient can be increased appreciable by the inclusion of SiO2 film between the 

ZnO film and silicon substrate as well as aid in the promotion of quality of ZnO film [61]. In 

case of proposed patterned structure AlN is not suitable for Love wave propagation, due to 

the condition the Love wave can generate in thin films having acoustic velocity less than the 

acoustic velocity of the substrate, whereas AlN has high acoustic velocity than silicon 

substrate. In this study, SiO2 buffer layer is chosen due its lower acoustic velocity than 

silicon and also compatible with CMOS integration process. We performed eigenmode 

analysis on the proposed structure with SiO2 film and its thickness as parametric sweep 

having constant ZnO thickness. The obtained dispersion characteristics are show in Fig. 

6.20. 

The phase velocity characteristics shows that the increase in SiO2 thickness the resultant 

velocity of generated Love wave tends to reach the surface wave velocity of bulk SiO2. A 

relative maximum coupling coefficient of 2.52% is observed at 1.8 µm SiO2 thickness with 

phase velocity of 4786 m/s. A frequency dependent analysis is carried out to study the SAW 

displacement profile and bandwidth characteristics. 1V electric potential is applied to the 

central electrode and ground electrical boundary condition is applied to edge electrodes. 
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Fig.  6.21, shows the admittance characteristics and displacement profile of the generated 

Love mode due to the mode conversion of TSM in ZnO pattern. From the characteristics of 

proposed structure with buffer layer, we observed the operating frequency of 585.525 MHz 

with bandwidth of 1.67 MHz and maximum displacement of 0.45 µm at the edges and center 

of the device. By the inclusion of oxide layer the bandwidth of the resonator is increased by 

5 times as well as coupling coefficient is improved to 2%. 

6.6.5 Observations 

  
    (a)                                (b) 

 
Fig. 6.20. Phase velocity dispersion characteristics of Love wave generated in the 4µm-patterned-

ZnO/IDT/SiO 2/Si structure.  

        
(a)                          (b) 

Fig. 6.21. (a) Admittance characteristics of Love mode generated in the 2µm-patterned-

ZnO/IDT/1.8µm-SiO 2/Si structure and (b) displacement profile of Love mode generated by TSM 

mode excited in ZnO pattern. 
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The results and observations from the FE simulations of ER type SAW resonators on silicon 

using patterned-ZnO film with all possible configurations and the effect of buffer layers are 

summarized as follows: 

1. The dispersion characteristics shows a constant high phase velocity with respect to 

ZnO height. The device exhibit low coupling coefficient due to distribution of energy 

of the generated SH-SAW. 

2. Use of heavy metals like gold, tungsten, and platinum, in the IDT design results in 

the confinement of surface wave within 1λ depth in to substrate and can also 

improves the coupling coefficient appreciable. 

3. The FE simulation results of proposed structure with oxide buffer layer shows the 

improvement in coupling coefficient significantly compared with pattern-ZnO/Si. 

Also provides better wave guiding. 

4. The phase velocity characteristic depends on the substrate and buffer layer, whereas 

in case of proposed device (chapter 3) phase velocity predominantly depends on the 

ZnO pattern and type of bulk mode generated in it. 

6.7 Applications of ER type SAW resonator 

In general, SAW device are commercially renowned for band pass filters that provides high 

stability, low acoustic losses, and operates without any external power supply. Various band 

pass filters like transversely coupled resonator (TCR) filters, longitudinal coupled 

resonator (LCR) filters, dart filters, impedance element filters, and ladder filters are under 

wide usage in communication industry [3]. Commonly, filters are realized on the 

piezoelectric substrate having IDT structure and reflector gratings. Kadota et al. [10] 

reported the development of band pass filters using edge reflection type SAW device on 

piezoelectric substrates. 

Similarly, using the proposed edge reflection type SAW resonators, we design, fabricate and 

tested the LCR, TCR and ladder filters to prove their commercial fabrication viability. The 

details of these three types of filter configuration are as follows  

6.7.1. Longitudinally coupled resonator filter (LCR) 

The 3D schematic of LCR filters using edge reflection type IDT’s are shown in Fig. 6.22(a). 

The device comprises of a pair IDT’s arranged adjacent along the direction of propagation. 

The λ/8 electrodes are located at the free edges of silicon substrate having ZnO film that 

supports the generation of Love wave. In a LCR filter operation is based on the coupling of 

symmetric and asymmetric modes generated in the structure and forms a pass band region 
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between resonance and anti-resonance. The device configuration and functionality is 

similar to two port resonator that offers low losses devices at GHz frequencies, as shown in 

Fig. 6.22(a). In LCR filter, two longitudinal modes (symmetrical and asymmetrical modes) 

are coupled to form pass band region. [3] and [10] 

6.7.2 Transversely coupled resonator filter (TCR) 

TCR filter works on the concepts resonance and guiding of wave to realize a band pass filter. 

In general, TCR filters exhibits extremely small bandwidth typically around 0.1% and also 

provides good stop-band rejection ratio compared to LCR filters. The device consists of two 

resonators located physically close together in a columnar manner, and IDTs of both 

resonators having a common bus bar, as shown in Fig. 6.22(b). A wave generated in one 

 
(a)      (b) 

 
(c)      (d) 
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Fig. 6.22. Schematics of resonator filter configurations using ER type SAW resonators, (a) two port 

resonator filter, (b) longitudinal coupled resonator filter, (c) ladder filter, and (d) block diagram of 

arrangement of series (S) and parallel (P) resonators in a typical ladder filter. 
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resonator couples to the other resonator to form symmetric and asymmetric modes. The 

aperture W of transducers are made quite small to ensure proper coupling, typical values 

of W are in range of 3-6 wavelengths and the gap g is also small. The modes in the two 

devices couple transversely to form symmetrical and asymmetrical modes in the combined 

device and operate as a band pass filter with exceptionally narrow bandwidth of 0.1%, low 

insertion loss and excellent stop band rejection. The mode velocities of symmetric and 

asymmetric modes are similar to those of one port resonator and typically higher order 

modes are either absent or weakly coupled. 

6.7.3 Ladder filters 

Ladder filters are common type of band pass filters used for RF filtering in mobile phones 

with typical center frequencies in range of 1GHz to 2GHz. 3D schematic of an L-section 

ladder filter is illustrated in Fig. 6.22(c) and structure is depicted in Fig. 6.22(d). The basic 

L section of a ladder filter consists of a series one port resonator (S) and a shunt one port 

resonator (P) connected between the terminals of S and ground. The equivalent circuit 

modes of an IDT is shown in Fig. 6.23(a) and the resonance (f r) and anti-resonances (far) 

frequencies can be modeled by [73] 
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Fig. 6.23. (a) Equivalent circuit of IDT and (b) typical characteristics of an L-section. 
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In an L-section, let us consider f s_r  and f s_a r  are the resonance and anti-resonance 

frequencies of series resonator (S), and fs_r  and f s_a r  be the resonance and anti-resonance 

frequencies of parallel resonator (P). The typical transfer characteristics of an L-section is 

shown in Fig. 6.23(b) and to achieve the band pass characteristics the resonators designed 

in such a way that fs_r  = fp_a r  and resonance and anti-resonance frequencies of parallel and 

series resonators respectively, from the edges of the pass band. In the pass band region the 

L-section behaves as a two capacitor network with parallel resistances and the filter 

selectivity performance can be improved by adding multiple stages of L-section. The input 

and output ports of a ladder can be terminated by series or parallel resonators based on the 

application. The bandwidth and attenuation parameters depends on the static capacitances 

of the resonators and capacitance ratios of series and parallel resonators. 

6.8 Design of ER type SAW devices on silicon using equivalent circuit model 

The ER type SAW devices on silicon are designed using equivalent circuit model for the 

fabrication process. In design of ER type SAW device the dimensions of IDT for 50 Ω 

impedance are calculated using the phase velocity and K2 dispersion characteristics. The 

equivalent circuit modes is discussed clearly in Chapter 2, same formulas are employed in 

this design. Due to fabrication limitations we opted for ZnO/IDT/Si configuration with and 

without oxide film. Similarly patterned-ZnO/IDT/Si configured ER type SAW devices with 

an optional oxide layer is designed using the methodology formulated in Chapter 3. One 

port resonators, two port resonators, transversely coupled resonator (TCR) filters, and 

ladder filters using ZnO films and periodically patterned ZnO-films with and without oxide 

buffer layer are designed and the calculated IDT dimensions are tabulated below. 

Table 6.8 Calculated IDT dimensions of ER type SAW devices on silicon using equivalent circuit 
model. 

Device Aperture length  (W) Number of finger pairs (N) 

ZnO film/IDT/Si 
One port resonator 40λ, 50λ, 60 λ 95, 85, 78 

Two port resonator 50λ 85, 30, 10 

TCR filter 3λ, 4λ, 5λ, 6λ 347, 300, 269, 245 

Ladder filter 50λ 85 

Pattern-ZnO/IDT/Si 
One port resonator 40λ, 50λ, 60 λ 104, 93, 85 

Two port resonator 50λ 93, 30, 10 

TCR filter 3λ, 4λ, 5λ, 6λ 380, 329, 294, 268 

Ladder filter 50λ 93 
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6.9 Summary 

In this chapter, the theory and operation of edge reflection type SAW resonators and their 

realization on silicon substrate using vertically patterned grooves and ZnO films is studied. 

Simulations are carried out on all possible layered configurations to obtain velocity and K2 

dispersion characteristics with respect to ZnO thickness. ZnO c-axis is oriented transverse 

to the direction of SAW propagation. The simulation results validate the generation of Love 

wave with substantial displacement along the transverse direction. However, the proposed 

device with ZnO film needs tradeoff between phase velocity and K2. Configurations 

IDT/ZnO/Si and ZnO/IDT/Si show encouraging phase velocity with acceptable coupling 

coefficient for realizing on silicon substrate. However, the proposed device with ZnO film 

needs tradeoff between phase velocity and K2. 

To improve K2 and velocity dispersion characteristics we employed SiO2 and AlN buffer 

layers. Eigenmode analysis is performed to obtain the phase velocity and K2 dispersion 

characteristics for configurations ZnO/IDT/Si and IDT/ZnO/Si with buffer layer 

sandwiched between ZnO film and silicon substrate. Configurations IDT/ZnO/Si and 

IDT/ZnO/SiO2/Si exhibit high K2 (greater than 5%) but at higher thicknesses of ZnO 

(h/λ>0.25), whereas configurations ZnO/IDT/Si and ZnO/IDT/SiO2/Si exhibit acceptable K2 

(between 2% and 5%) at small thickness of ZnO (h/λ<0.15).  

Further, we employed aluminum nitride (AlN) as the buffer layer and the dispersion 

characteristics are obtain from eigenmode analysis. The results show that the inclusion of 

AlN buffer layer in place of SiO2 layer improves K2 by 35% and velocity by 6% for h AlN/λ up 

to 0.2 and no noticeable improvement is observed for higher thickness of AlN.  

To overcome the tradeoff exhibited by the thin films, based on the reported literature and 

the study in Chapter 3, we employed periodically patterned ZnO for the generation of Love 

waves in silicon substrate. The results of finite element simulations of ER type patterned-

ZnO SAW device show the generation of thickness shear mode in the ZnO pattern which is 

mode converted into transverse surface wave on silicon substrate. As compared with ZnO 

film ER type SAW device, the phase velocity is increased slightly but K2 has reduced 

drastically to 0.1%. The main reason for low K2 is found to be significant radiation of SAW 

into the bulk of silicon. The use of heavy metals for the IDT structure such as gold, 

palladium, tungsten and platinum has shown confinement of energy near to the surface and 

improvement in K2.  
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We employed SiO2 buffer layer to improve the K2 characteristics of the patterned-ZnO ER 

type SAW device, as the buffer layer confines the wave to the surface and results in low 

acoustic losses. The results of finite element simulations show the improvement in K2 value 

to 2.3% and slight reduction in phase velocity. In the proposed structure, AlN is not suitable 

for buffer layer, since the acoustic velocity of AlN is greater than the silicon substrate, 

AlN/Si structure does not support Love wave.  

The proposed ER type SAW devices on silicon using ZnO films and periodically patterned 

films are fabricated using the design parameters obtained from dispersion characteristics 

and equivalent circuit model.  
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Chapter 7  

Fabrication of Edge Reflection Type SAW Devices on Silicon 
 

This chapter presents the fabrication process of edge reflection type SAW devices on silicon using 

ZnO film and patterned-ZnO film. In order to validate the practicability and bulk manufacturing 

of proposed devices, we fabricated one port resonators, two port resonators, transverse coupled 

filters, and ladder filters using UV lithography process.  

7.1 Fabrication of edge reflection type SAW devices on silicon 

The conventional edge reflection type SAW devices are predominantly fabricated on piezoelectric 

substrate using photolithographic patterning techniques used in the semiconductor industry [1]. 

In the fabrication of edge reflection type devices, the length of the device is very crucial in forming 

standing wave pattern between the free edges that are obtained by dicing the piezoelectric 

substrate. In general IDTs are patterned using aluminum (Al) thin metal film deposited on the 

surface of the piezoelectric substrate using thermal evaporation or RF sputtering and IDTs are 

patterned using UV lithography followed by developing stage where the unwanted Al is removed 

by etching process. In the proposed edge reflection (ER) type SAW devices on silicon, the IDTs 

are fabricated on silicon substrate with free edges formed by developing vertical grooves in 

silicon using deep reactive ion etching (DRIE) process. ZnO films are disposed over the patterned 

IDT structure using RF sputtering and using UV lithography process disposed ZnO is chemically 

etched to obtain periodically patterned ZnO and opening the contact pads for characterization.  

7.1.1. Design of edge reflection type SAW devices 

The one-port resonators, two port resonator filters, transversely coupled resonator filters, and 

ladder filters are fabricated on (100) oriented p-type silicon substrate, since it exhibits low 

acoustic losses. p-type silicon is considered to avoid unwanted losses like electro-acoustic losses 

and electromagnetic feed through. High resistive (0-100 Ω/cm) 2” single side polished silicon 

wafers of thickness 0.35 mm and diced quarter pieces of 4 inch single side polished p-type (100) 

oriented silicon wafers with thickness 0.5 mm and resistivity (1-10 Ω/cm) are employed in the 

fabrication process. Some of the important criteria to be considered in the fabrication of ER type 

SAW devices on silicon are as follows 

i. The IDTs are designed for 50 Ω impedance at resonance frequencies of 275 MHz and 320 

MHz for ER type devices with ZnO films and patterned-ZnO film respectively.  
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ii. Bond pads are designed to match RF probe station requirements, with ground source 

ground contact pads. 

iii. Devices are acoustically isolated using 250 µm - 400 µm wide grooves in silicon obtained 

using deep ion reactive etching (DRIE) process. 

iv. Groove depth of 80 µm is considered to ensure the reflection of generated Love wave 

without mode conversion.  

v. The devices are organized to fit maximum number of devices in the mask layout. 

vi. The distance between two parallel edges must be an integral multiple of λ or λ/2. 

7.1.2 Fabrication process 

The fabrication procedure of the edge reflection type SAW devices on piezoelectric substrates 

mentioned in [10] is closely followed in this work. 

(a) Layout design 

The layout of IDT, groove dimensions and ZnO patterns are graphically designed using CleWin 

software. Three layered design with standard alignment marks is chosen to accomplish the IDT, 

groove and ZnO pattern layouts without any misalignment. The mask plates are prepared 

according to the process employed in Chapter 4, Section 4.12(b). The unwanted photo-resist is 

removed using acetone, followed by piranha cleaning process for 30 s. Microscopic images of IDT 

mask plate and the magnified view of IDT structure are shown in Fig. 7.1. The major fabrication 

process steps of three possible processes are shown in Fig. 7.2, Fig. 7.3, and Fig. 7.4 respectively. 

(b) Cleaning of wafers 

Silicon samples are cleaned using standard piranha cleaning followed by 15 seconds HF dip.  

Piranha recipe is prepared with 3:1 ratios of H2SO4 and H2O2 to remove contaminants present in 

silicon wafers. The samples are dipped HF solution for 30 s to remove the presence of native 

oxide. Finally, wafers are cleaned with DI water and dried using filtered nitrogen gas.  

  
                                             (a)                               (b) 

Fig. 7.1. (a) Optical microscopic images of IDT structure on mask plate and (b) magnified view of IDT. 
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 Fig. 7.2. Fabrication Process flow of ER type SAW devices on silicon with grooves developed at the last.  
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Fig. 7.4. Fabrication Process flow of ER type SAW devices on silicon with grooves developed after IDT. 
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(c) Oxidation of silicon wafers 

2 µm thick oxide layers are obtained on silicon samples through wet oxidation process of duration 

11 hr at 1100℃, we obtained oxide layer thicknesses of 2.06 µm on silicon wafers. We propose 

three possible fabrication processes for ZnO/IDT/Si structured edge reflection type SAW devices.  

Fig. 7.2 shows, the efficient process for the development of ER type SAW devices on silicon. 

However due to the limited fabrication facilities, we opted for the fabrication process flow 

detailed in Fig.  7.3, where vertical grooves are developed using UV lithography process followed 

by DRIE process. Due to the presence of oxide layer, initially RIE process is employed for oxide 

removal and followed by DRIE process for silicon substrate. The microscopic image of developed 

grooves in silicon are shown in Fig. 7.5(a). Lithography process is carried out for the IDT pattern, 

but due to the presence of grooves, the obtained photoresist coating is not uniform due to the 

edges, as shown in Fig.  7.5(b). Further, the deposition of chromium and gold metals are carried 

out using RF sputtering and followed by lift process. The microscopic images of obtained IDT 

       
          (a)        (b) 
Fig. 7.5. Microscopic images of vertical grooves developed in silicon substrate and (b) developed IDT 

photoresist pattern developed using MF-26A solution. 

        

Fig. 7.6. Microscopic images of developed IDT structure after the development of mircomachined grooves. 
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structure are shown in Fig. 7.6. From the microscopic images of IDT structure, we conclude that 

the fabrication process is not suitable for the fabrication of ER type SAW devices due to the 

uneven development of photoresist causes improper IDT structure. 

As the first process is limited by fabrication facility and second process is practically not possible, 

we opted for third process (Fig. 7.4) where the development of vertical groove process is carried 

out after the development of IDT structure. Finally, ZnO is deposited using RF sputtering. The 

detailed fabrication process steps are as follows. 

(d) Photoresist coating 

The wafers are spin-coated with positive photoresist for the development of IDT pattern and then 

placed inside the spin coater. It is ensured that the center of the wafer is exactly aligned with the 

spin coater. AZ 5142 photoresist (AZ Electronic Materials, UK) is dispensed from the bottle and 

spread all over the wafer. The wafer spinning program starts with 500 rpm for 5 s, followed by 

1000 rpm for 5 s and finally 6000 rpm for 40 s, and the ramp rate of 500 rpm/s is used. By this 

method, the photoresist thickness around 1.2 µm is achieved over the wafer. 

The spun samples with photoresist coating are placed on a hot plate at a temperature of 110°C 

for 60 s. To avoid wafer getting stuck to the hotplate surface, aluminum foil is placed between 

wafer and hot plate.  

(e) UV exposure for IDT structure 

The sample with photoresist coating is placed in MJB4 (SUSS MicroTech) with 2” substrate 

chuck. The setup parameters such as wedge correction and alignment of substrate are 

performed manually and exposure is carried out with an optimized UV dosage of 7 seconds. 

The exposed samples are developed using MF 26A solution, care has been taken to develop IDT 

    

(a)       (b) 

Fig. 7.7. (a) Developed IDT structure of a two port resonator and (b) magnified view of IDT structure. 
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structure without over development or under development by constant inspection under 

microscope. Further, chromium (10 nm) and gold (100 nm) thickness are deposited using RF 

sputtering process, and the complete sputtering parameters are mentioned in Chapter 4, Section 

4.1.2(i). After metallization the samples are kept in acetone for lift off process followed with DI 

water rinse and dried using nitrogen flush. The microscopic image of obtained IDT structure is 

shown in Fig. 7.7. 

(f)  Photoresist coating for DRIE process 

The wafers are spin coated with positive photoresist for the development of vertical grooves in 

silicon pattern. The samples are placed inside the spin coater. It is ensured that the center of the 

wafer is exactly aligned with the spin coater. AZ 4562 photoresist (AZ electronic chemicals) is 

dispensed from the bottle and spread all over the wafer. The wafer spinning program starts with 

500 rpm for 5 s, followed by 1000 rpm for 5 s and finally 4000 rpm for 40 s, and the ramp rate of 

500 rpm/s is used. By this method, the photoresist thickness around 5 µm is achieved over the 

wafer. 

(g) UV exposure for DRIE process 

Before UV exposure, the samples with photoresist coating are placed on a hot plate at a 

temperature of 110°C for 60 s. The setup parameters such as wedge correction and alignment 

of substrate are performed manually and exposure is carried out with an UV dosage of 14 s 

finalized after a few trials. The exposed samples are developed using MF 26A solution for 75-

80 s, followed by post baking process at 110°C for 180 s. The microscopic image of obtained 

groove pattern is shown in Fig. 7.8(a) shows the developed groove pattern with some uncovered 

metal region. In general, metals are not allowed in the DRIE or RIE process due to contamination 

issues. So, to overcome this problem, we kept sample in gold etchant (KI:Iodine:DI = 4:1:40) and 

    
(a)       (b) 

Fig. 7.8. (a) Developed groove structure and (b) removal of unwanted metallic regions. 
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further in chromium etchant to remove the uncovered gold and chromium metal portions. Fig. 

7.8(b) shows the removal of unwanted metallic portions of IDT bus bars. 

(h) RIE process 

Before DRIE process, the oxide layer has been etched using RIE process. The parameters of the 

RIE process are as follows 

RF power: 50 W 

Chamber pressure: 5 mTorr 

Temperature: 0°C 

Recipe: CHF3-40 

Etching Time: 11 minutes 

(i) DRIE process 

DRIE process is carried out to obtain 80 µm deep vertical grooves in silicon to aid in total 

reflection of generated surface waves. The etching parameters of the DRIE process are as 

follows 

RF power: 75 W 

Chamber pressure: 20 mTorr 

Temperature: 30°C 

Recipe: SF6: C4F8: O2 = 250:150:10 sccm 

Etching Time: 14 minutes  

The microscopic images of the device after the RIE and DRIE processes are shown in Fig. 7.9(a) 
and (b), respectively. 

  

   
(a)      (b) 

Fig. 7.9. (a) Microscopic image of ER device after RIE process (b) ER type device after DRIE process 
showing the vertically developed groove. 
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(j) ZnO deposition 

According to trail run of ZnO deposition at room temperature carried out at IISc, Bangalore, we 

obtained 278 nm thick ZnO film for 1000 s deposition implying a growth rate of 16.68 nm/minute. 

Accordingly we carried out ZnO deposition for 59 mins to obtain 1 µm thickness of ZnO film. The 

deposition is carried out at room temperature with RF power of 50 W in argon environment with 

vacuum parameters similar to Table 4.5 in Chapter 4, Section 4.12 (k). The samples are annealed 

at temperature of 650°C finalized after XRD analysis as mention in Chapter 4, Section 4.12 (l). 

Etching of ZnO is carried out according to the ZnO etching process discussed in Chapter 4, Section 

4.1.2. 

7.2 Summary 

In this chapter we discuss the three possible fabrication processes to obtain the edge reflection 

type SAW devices on silicon substrate with ZnO thin films and periodically patterned ZnO films 

using UV lithography processes. A large number of one port resonators, two port resonators, 

transversely coupled resonators and ladder filters fabricated over an entire 2” silicon wafer.  
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Testing of Fabricated ER type SAW Devices on Silicon 

This chapter presents testing of proposed edge reflection type SAW devices on silicon 

substrate using ZnO films and using periodically patterned ZnO films. Network analyzer 

(Agilent E8361A) and RF probe station (Cascade Microtech Summit 9000) are used to obtain 

the S parameters that reveal the device characteristics like resonance frequency, impedance 

and insertion loss characteristics. Identical device structure as fabricated is simulated using 

finite element method and the results are compared with the test results. 

The fabrication process of proposed ER type SAW devices with ZnO films and periodically 

patterned ZnO films are described in the previous chapter. The resonance frequency and 

insertion loss characteristics of the proposed ER type SAW devices are determined from 

S11 and S12 or S21 parameters obtained using the testing setup discussed in Chapter 5, 

having RF probe station connected to network analyzer with a RF probe of pitch 100 µm. 

Initial calibration has been carried out using GSG (ground-source-ground) probes with open 

circuit, short circuit, matched and through electrical conditions for a wide range of 

frequencies from 30 MHz to 350 MHz. 

The distribution of ER type SAW devices fabricated over a complete wafer with label of 

every individual SAW device is shown in Fig. 8.1. All the devices other than filters are 

labeled as A-B, where A is number of finger pairs and B is aperture length in terms of 

multiple of wavelength. In case of ladder filters, P-A-B is used for device with patterned-

ZnO film and C-A-B label is used for device with ZnO film. Label A-B-Pi indicates a π section 

ladder filter.  

8.1 S parameters of ER type ZnO/Si one port SAW resonator 

In this section the S parameters characteristics of the fabricated one port SAW resonators 

with ZnO/IDT/Si configuration are elaborated. Out of several trials in the fabrication of edge 

reflection type SAW devices with ZnO film, a few one-port resonators fabricated on silicon 

and substrate with 2.062 µm oxide film are in good condition for measurement as most of 

the devices are damaged during annealing process. 
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The typical S11 parameters of a fabricated proposed SAW one port resonator are shown in 

Fig. 8.2(a). We have re-plotted the S11 characteristics as shown in the Fig. 8.2(b) for clarity. 
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Fig. 8.1. Layout showing the distribution and arrangement of proposed ER type SAW devices on 

the mask plate and on silicon wafers. 

 

   
(a)        (b) 

Fig. 8.2. (a) Magnitude of S11 parameter of a one port ER type SAW resonator 100P-50L and (b) re-

plotted S11 characteristics with labels. 
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In the S11 characteristics of tested one port SAW resonators labeled 85P-50L, 60P-50L, 

100P-50L, the resonance peaks are not observable as their  input port impedances are too 

low. S11 characteristics of one port SAW resonator labeled 100P-50L show a resonance 

frequency at 316.038 MHz with RL of -6.47 dB. However the devices were designed to 

operate at 270 MHz. The impedance mismatch is the most common reason for the deviations 

in the S parameters of the devices. Therefore we tested a one port SAW resonator using a 

compensation network for matching impedance. A representative case given in following 

section shows how the correct device characteristics can be obtained with the addition of 

compensation network. 

8.1.1 Testing of ER type one port SAW resonator using compensation network 

As discussed above the characteristics 

of the device labeled 100P-50L are once 

again obtained after addition of a 

compensation network for impedance 

matching. Using the network analyzer 

the impedance value of the device 

obtained without compensation 

network is 18+j2.335 Ω. Accordingly the 

values of the components of 

compensation network to give 50 Ω 

impedance are calculated as a series 

inductor of 11.86 nH and a parallel 

capacitor of 18.90 pF. After connecting 

the matching circuit, the measured S11 parameters are shown in Fig. 8.3. From the 

characteristics the resonance peak is observed at 261.727 MHz with RL -37.19 dB, and 3dB 

bandwidth of 0.525 MHz noted using the data obtained from the network analyzer. Using 

the resonance frequency and 3dB bandwidth the calculated Q is 498.5.  

8.1.2 FE simulation of ER type ZnO/Si one port SAW resonator 

In the simulation of ER type ZnO/Si one port SAW resonator, we considered the device 

length of one wavelength with dimensions as observed under FESEM and obtained the 

resonance frequencies of the device. The 3D geometry of the ER type one port SAW 

resonator for FE simulation is shown in Fig. 8.4(a). The dimension measured under FESEM 

are as follows, λ of 16 µm, electrode of width 4 µm and thickness 0.11 µm, and ZnO film 

   
Fig. 8.3. Measured S11 parameters showing the 

magnitude and phase plots of 100P-50L one port ER 

type SAW resonator with compensation network 

indicating resonance frequency of about 260 MHz. 
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thickness of around 1.1 µm observed after RF sputtering and annealing processes. We 

performed eigenmode and frequency dependent analysis on the 3D geometry, so that the 

measured S11 parameters can be verified. The simulated S11 characteristics given in Fig. 

8.4(b) show resonance peak at 268.978 MHz, and the error between the measured result 

and simulated result is 2.7%. 

8.2 S parameters of ER type ZnO/Si two port SAW devices 

Out of the fabricated two port SAW resonators and filters mentioned in Section 6.8, the 

measured S parameters of working devices are listed in Table 8.1. 

Table 8.1 Measured S12 parameters of fabricated two port ER SAW resonator filters with ZnO film. 

Device f0 (MHz) IL (dB) BW (MHz) Q  

Sample 1: ZnO-film /2µm-SiO2 /Si (Two port resonators, TCR filters and Ladder filters) 
85P-50L 168.400 -16.93 46.69 3.3 

63P-50L-LCR 169.906 -15.71 51.19 3.32 

63P-50L-LCR 167.844 -15.66 51.09 3.28 

269P-5L-TCR 168.781 -10.56 37.5 4.5 

269P-5L-TCR 168.031 -13.33 26.81 6.26 

269P-5L-TCR 167.938 -10.55 36.375 4.62 

78P-60L-Ladder 156.313 -28.22 37.125 4.21 

Sample 2: ZnO-film/Si (Two port resonators and TCR filters) 
One port resonators, transverse coupled filters and ladder filters fabricated on silicon 
substrate are damaged after annealing process and the contact pads peeled away during 
RF probing. 

 

 

Si (100) 

PML 

ZnO 
λ/8 

λ/8 

λ/4 

λ 

  
 (a)                 (b) 

Fig. 8.4. (a) One wavelength of ER type one port SAW device with periodic boundaries along the 

aperture and (b) S11 characteristics showing resonance frequency at about 269 MHz. 
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During the etching process the edges of ZnO film in sample 1 washed away due to the non-

uniform photoresist caused by the vertical grooves made in silicon substrate by DRIE 

process which had to be carried out before ZnO deposition in order to avoid zinc 

contamination. In addition the presence of IDT under the ZnO film caused steps in ZnO film. 

The microscopic and FESEM images of a TCR filter after device fabrication are shown in Fig. 

8.5. 

8.3 S parameters of ER type SAW devices with patterned-ZnO 

The proposed ER type SAW devices with patterned-ZnO as mentioned in Section 6.8 have 

been fabricated and the measured S parameters of the devices are listed in Table 8.2. 

Table 8.2 Measured S12 parameters of fabricated two port ER SAW resonators using patterned-ZnO 
film. 

Device f0 

(MHz) 
IL 

(dB) 
f1 

(MHz) 
IL 

(dB) 
f2 

(MHz) 
IL 

(dB) 
f3 

(MHz) 
IL 

(dB) 

Sample 1: ZnO-Pattern/2µm-SiO2/Si 
269P-5L-TCR 105.41 -18.84 209.28 -29.34 285.87 -28.05 319.44 -28.53 

269P-5L-TCR 105.55 -33.33 209.56 -43.57 285.03 -39.69 319.25 -40.04 

Sample 2: ZnO-Pattern/Si 
269P-5L-TCR 95.937 -24.66 208.72 -32.27 287.28 -31.74 - - 

269P-5L-TCR 93.125 -25.78 199.72 -34.99 287.65 -34.35 324.97 -36.29 

269P-5L-TCR 89.46 -17.48 204.41 -25.96 285.68 -26.3 319.94 -27.35 

Most of the devices except TCR filters are not in condition to test as the edges of patterned-

ZnO structure washed away due to the non-uniform photoresist.  

     
          (a)                         (b) 

Fig. 8.5. (a) Microscopic image of TCR filter after fabrication showing the washed away ZnO film at 

the edges and (b) FESEM image showing steps formed in ZnO film due to the presence of IDT 

underneath.  
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From the simulation results in Section 6.6.2, a resonance peak at 317 MHz caused by the 

TSM excited in (100) oriented ZnO pattern is expected. From the measured S parameter 

characteristics, we observe multiple resonance peaks instead of one resonance peak at 317 

MHz. Subsequent XRD analysis revealed the ZnO orientation as (002) instead of desired 

(100) which is difficult to obtain. It confirms that the modes observed in Table 8.2 are in 

fact vertically polarized surface modes generated by (002) patterned-ZnO film, as discussed 

in Section 5.2.  

8.4 Summary 

This chapter describes the testing carried out on the fabricated proposed ER type SAW 

devices using UV lithography process. The device characteristics are determined using RF 

probe station cascaded to a network analyzer. The testing is carried out in the frequency 

range of 50 MHz to 350 MHz for SAW devices having IDT wavelength of 16 µm. A few devices 

have been found in proper condition for testing.  

ER type one port SAW resonator exhibits a resonance frequency of 261.727 MHz after 

adding compensation network for impedance matching and the error between the 

experimental result and simulated result is 2.7%.  

Since, ZnO is deposited after IDT has been fabricated, relative ZnO orientation is 

unpredictable and test results have deviated from the simulated results. An attempt has 

been made to fabricate TCR and ladder filters with fabrication restrictions where the 

vertical grooves in silicon had to be made using DRIE prior to ZnO deposition, which 

resulted in significant deviations in the device structure.   
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Conclusion and Recommendations 

9.1 Conclusion 

The research work has two major contributions, viz. the development of high performance 

SAW devices on silicon substrate using patterned-ZnO film and the realization of compact 

edge reflection (ER) type SAW devices on silicon using ZnO film and patterned ZnO film. The 

device comprises of a silicon substrate with IDT structure on which ZnO film is deposited 

and patterned in such a way that ZnO is retained in the spaces of IDT resulting in a periodic 

structure of ZnO. The bulk waves excited in each block of ZnO pattern are acoustically 

coupled to silicon substrate to launch surface waves propagating along the silicon surface. 

As the SAW propagation is in silicon which has higher acoustic velocity and higher acoustic 

impedance for transverse BAW than ZnO, the proposed SAW devices exhibit high frequency 

of operation and high coupling coefficient compared with conventional ZnO thin film SAW 

devices on silicon.  

Transduction of SAW in silicon by the mode conversion of BAW excited in periodically 

patterned-ZnO is investigated using finite element simulations. First higher order surface 

wave generated by transverse BAW in ZnO exhibits unique property of high phase velocity 

5272 m/s with high coupling coefficient value of 6.4% at h/λ = 0.19. Inclusion AlN buffer 

layer has found to increase the velocity and K2.  

Large number of SAW devices based on the proposed configurations have been fabricated 

on silicon substrate. The deviation between experimental and simulation results of VPT 

modes generated in the fabricated devices is less than 7%. From the simulations discussed 

in Chapter 3, the surface modes generated by the longitudinal bulk wave in ZnO pattern are 

undetectable but in practical results the VPL0  mode is significant due to the misalignment 

of ZnO pattern with respect to IDT structure. In addition, the quality of ZnO film deteriorates 

for deposition thicknesses greater than 1 µm and significantly affects the velocity of 

longitudinal BAW (generating VPL) rather than transverse BAW (generating VPT) which is 

predominately dependent on the dimensions of the structures. 

The second major contribution of this research work is the development of extremely 

compact SAW devices of edge reflection (ER) type on silicon using ZnO film. The device 

comprises of the IDT structure located on a resonant plinth of silicon formed between a pair 

of parallel grooves in silicon substrate, covered with ZnO overlay for the transduction of 

Love waves. 
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Various configurations of proposed ER type SAW resonator are simulated and the results 

show that the two configurations, IDT/ZnO/Si and ZnO/IDT/Si, exhibit excellent 

characteristics and are easy to fabricate. Inclusion of AlN buffer layer is beneficial as it is 

found to increase the velocity and K2 values. 

The simulation results with patterned-ZnO film show the generation of shear horizontal 

SAW in silicon substrate instead of Love wave decreasing K2 because of significant acoustic 

radiation into the bulk of silicon. Therefore SiO2 buffer layer is necessary with patterned-

ZnO in ER type SAW devices. The proposed ER type SAW devices on silicon using ZnO film 

and pattern-ZnO are fabricated and tested. Since, ZnO is deposited after IDT has been 

fabricated, relative ZnO orientation is unpredictable and test results have deviated from the 

simulated results.  

9.2 Recommendations for future work 

The devices proposed in the present work offer potential for integrating SAW devices in 

silicon ICs and are suitable for lab on chip, sensing, signal processing, communication and 

space applications. The proposed patterned-ZnO structure has shown little dependency on 

the quality of ZnO and is suitable for mass production. The ER type SAW devices can be 

extremely small and are commercially viable for monolithic integration with circuits on 

silicon.  

This research work can be extended in the following directions 

• Development of non-dispersive SAW devices on silicon substrate using SiO2 and 

appropriate piezoelectric material for periodic patterned structure is suggested. 

• The dispersion study of surface modes generated in the devices made on 

piezoelectric substrates may be carried out. 

• Edge reflection type SAW devices may be fabricated on semiconductor substrates 

other than silicon. 

• High frequency ER type SAW devices can be realized using high acoustic velocity 

substrates like sapphire and diamond. 

• Ladder filter configurations may be realized on silicon to integrate with CMOS 

circuitry for RF commercial applications. 

• Using (100) oriented patterned-ZnO films non-dispersive ER type SAW devices can 

be realized using the mode conversion of thickness shear mode excited in ZnO block. 

• (110) Oriented silicon can be used for the fabrication of low cost ER type SAW 

devices with patterned and thin films of ZnO. 
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A Important Substrate Materials Used in FE Simulations 

Material Constants of ZnO, AlN, SiO2, and Si 

The material constants of zinc oxide, aluminium nitride, silicon di-oxide, and silicon are 

adapted from [22], [35], and [38]. 

A.1 Material constants of zinc oxide (ZnO) 

Density (ρ) = 5676 kg/m3 

 
 
 
 

= × 
 
 
  
 

10 2

21 12.1 12.5 0 0 0
12.1 21 12.5 0 0 0
12.5 12.5 21.1 0 0 0

Stiffness, 10 N/m
0 0 0 4.25 0 0
0 0 0 0 4.25 0
0 0 0 0 0 4.45

EC
 

− 
 =  
 
 

2

0.0 0.0 -0.61 0.0 0.59 0.0
Piezoelectric constant , 0.0 0.0 0.0 0.0 0.0 0.0 C/m  

0.0 0.0 1.14 0.0  0.0  0.0
e

 

 
 =  
 
 

8.34 0 0
Permittivity , 0 8.34 0  

0 0 8.84
e

 

A.2 Material constants of aluminium nitride (AlN)  

Density (ρ) = 3260 kg/m3 

 
 
 
 

= × 
 
 
  
 

10 2

34.5 12.5 12 0 0 0
12.5 34.5 12 0 0 0
12 12 39.5 0 0 0

Stiffness, 10 N/m
0 0 0 11.8 0 0
0 0 0 0 11.8 0
0 0 0 0 0 11

EC
 

− − 
 =  
 
 

2

0.0 0.0 0.58 0.0 0.59 0.0
Piezoelectric constant , 0.0  0.0 0.0 0.0 0.0 0.0 C/m  

0.0 0.0 1.55 0.0 0.0 0.0
e

 

 
 =  
 
 

9.03 0 0
Permittivity , 0 9.03 0  

0 0 10.7
ε  
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A Important Substrate Materials Used in FE Simulations 

A.3  Material constants of silicon di-oxide (SiO2) 

Density (ρ) = 2210 kg/m3 

 
 
 
 

= × 
 
 
  
 

10 2

7.85 1.61 1.61 0 0 0
1.61 7.85 1.61 0 0 0
1.61 1.61 7.85 0 0 0

Stiffness, 10 N/m
0 0 0 3.12 0 0
0 0 0 0 3.12 0
0 0 0 0 0 3.12

EC
 

 
 =  
 
 

3.75 0 0
Permittivity , 0 3.75 0  

0 0 3.75
ε

 
A.4 Material constants of Silicon (Si) 

Density (ρ) = 2330 kg/m3 

 
 
 
 

= × 
 
 
  
 

10 2

16.56 6.39 6.39 0 0 0
6.39 16.56 6.39 0 0 0
6.39 6.39 16.56 0 0 0

Stiffness, 10 N/m
0 0 0 7.95 0 0
0 0 0 0 7.95 0
0 0 0 0 0 7.95

EC
 

 

 

 
 =  
 
 

11.8 0 0
Permittivity , 0 11.8 0  

0 0 11.8
ε
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B                                          Absorbing Boundary Conditions 

B. Absorbing Boundary Conditions 

In order to avoid acoustic reflections from the boundaries or edges of the SAW substrate, 

absorbing boundary conditions are applied in the simulations. The influence of wave 

reflections from boundaries can be reduced by assuming critical damping along the 

boundaries [46]. This can be achieved by employing suitable values for Rayleigh damping 

coefficients in the COMSOL Multiphysics software [46]. In Rayleigh damping model, the 

Rayleigh damping matrix Z is a linear combination of mass matrix and stiffness matrix as 

given below 

 ξ = AdM M+ Bdk k 

where the mass proportional damping parameter (AdM) and stiffness proportional damping 

parameter (Bdk) are damping coefficients and they are related to damping ratio (ξ) as  

 

2

 
2

dM dkA B ω
ξ

ω
+

=
 

Absorbing boundary can be achieved by assuming critical damping,  ξ = 1 and Adm  = 0 then 

Bdk  = 1/π f .  
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