
  

 

 

ABSTRACT 

 

 

 

 

 

ZnO/SiO2/Si surface acoustic wave Love mode sensors are considered to be 

promising high sensitivity sensors. Previous research has tested ZnO/SiO2/Si SAW 

sensors with selected operating frequency and guiding layer thickness. This 

investigation is based on experimental data of previous research and used the theories 

and equations from that research to evaluate and develop a model of the mass 

sensitivity of surface acoustic wave (SAW) devices with two different piezoelectric 

semiconductors, ZnO/SiO2/Si and GaN/SiO2/Si Love mode SAW sensors. The SAW 

mass sensitivity model developed here, examined the mass sensitivity of the SAW 

device with respect to the design parameters, like wavelength, piezoelectric layer 

thickness, and the two different semiconductors (ZnO, and GaN) to obtain optimum 

mass sensitivity. The mass sensitivity increases when the wavelength is increasing. 

The model also shows that the maximum mass sensitivity of GaN-based devices is 

10% better than the maximum mass sensitivity of ZnO-based devices. 

 

 

Title of Thesis: SURFACE ACOUSTIC WAVE (SAW) 

PROPAGATION 

IN NANOSTRUCTURED DEVICES  

  

 KEZHEN XU,  

Master of Science, 2019 

  

Thesis Directed By: Professor Agis Iliadis 

Department of Electrical and 

Computer Engineering 



  

 

 

 

 

 

SURFACE ACOUSTIC WAVE (SAW) PROPAGATION 

IN NANOSTRUCTURED DEVICES   

 

 

 

by 

 

 

Kezhen Xu 

 

 

 

 

 

Thesis submitted to the Faculty of the Graduate School of the  

University of Maryland, College Park, in partial fulfillment 

of the requirements for the degree of 

Master of Science 

2019 

 

 

 

 

 

 

 

 

 

  Advisory Committee: 

Professor Agis Iliadis, Chair/Advisor 

Professor Martin Peckerar 

Assistant Professor Kevin Daniels 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© Copyright by 

Kezhen Xu 

2019 

 

 

 

 

 

 

 

 

 

 



 

 ii 

 

Acknowledgements 
 

ii. I would like to thank my advisor and Chair of the defense committee, Professor 

Agis Iliadis for his support and assistance in this research work. I would also like to  

thank the members of my defense committee, Professors Martin Peckerar and Kevin 

Daniels, for their helpful suggestions and comments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

 iii 

 

Table of Contents 

 

 

Acknowledgements ...................................................................................................ii 
Table of Contents .................................................................................................... iii 

List of Tables............................................................................................................ iv 
List of Figures ........................................................................................................... v 

List of Abbreviations ................................................................................................ vi 
Introduction ............................................................................................................... 1 

Love Mode SAW Sensor ........................................................................................... 2 
Modeling ................................................................................................................... 5 

Result and Discussion ................................................................................................ 8 
Conclusion .............................................................................................................. 17 

Appendices .............................................................................................................. 19 
References ............................................................................................................... 23 



 

 iv 

 

List of Tables 

Table 1: The maximum 𝑆𝑚𝑣 of ZnO and GaN devices. ........................................... 17 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 v 

 

List of Figures 

Figure 1: sectional view of the sensors ....................................................................... 3 
Figure 2 Schematic representations of a general two-port SAW sensor (a) and a ........ 4 

Figure 3: Comparison between measured values and modeling values ....................... 8 
Figure 4 (a) Each line shows the velocity-based mass sensitivity for a ZnO-based 

device with different wavelengths. (b) The zoomed-in plot of (a) at z between 0 to 

0.8. ............................................................................................................................ 9 

Figure 5 vg / v for the ZnO-based device .................................................................. 10 
Figure 6 Frequency-based mass sensitivity with the ZnO-based device .................... 11 

Figure 7 First derivative of  𝑆𝑚𝑣 with different thickness of the guiding layer ......... 12 
Figure 8 (a) Each line shows the velocity-based mass sensitivity for GaN-based 

device with different wavelengths. (b) The zoomed-in plot of (a) at z between 0 to 

0.8. .......................................................................................................................... 13 

Figure 9 vg / v for the GaN-based device.................................................................. 14 
Figure 10 Frequency-based mass sensitivity with the GaN-based devices ................ 15 

Figure 11 First derivative of 𝑆𝑚𝑣 with different thickness of the guiding layer ........ 16 
 

 



 

 vi 

 

List of Abbreviations 
 

 

SAW: Surface Acoustic Wave 

IDT: Interdigital Transducer 

CMOS: Complementary metal-oxide-semiconductor 

UV: Ultraviolet 

 



 

 1 

 

Introduction 

ZnO and GaN are wide band gap semiconductors with significant electronic 

and piezoelectric properties [1]. They are promising materials for utilization in 

sensors [2-5] and UV light detecting devices [6]. ZnO and GaN have a considerable 

piezoelectric coefficient, so it allows the progress of surface acoustic wave 

applications. These two materials have been determined to have the possibility to 

work at high frequencies [7]. The manufacture of high-quality ZnO and GaN films on 

Si wafers and the improvement of SAW devices is very complicated, but it provides 

the benefit of integrated circuits with high-level CMOS technology for highly 

sensitive sensors. There are several reports displayed that high-quality ZnO and GaN 

films on Si wafers can be done by pulsed laser deposition and RF sputtering. 

Moreover, those devices were reported to operate at high frequency range.[8] 

In recent years, SAW sensors have been widely used in acoustic, biological, 

and chemical equipment [9-12]. SAW devices also can be used for different types of 

acoustic waves with excellent sensitivities. A common type of acoustic wave 

propagation is Love mode propagation. The Love-mode waves are shear 

horizontal surface acoustic waves [12]. The advantage of this type of wave 

propagation is the acoustic energy of in-plane propagation is accumulated in the 

guiding layer. Therefore, it provides the chance of having high sensitivities.  [13] 

Love mode of SAW is primary relying on the direction of the guiding layer film. It 

has minimal damping when the surface is contacted with liquid [14, 15]. Love mode 

devices using SiO2 as the guiding layer have been tested previously, but the effect of 

SiO2 has not been discussed. 

https://en.wikipedia.org/wiki/Surface_wave
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In recent decades, ZnO is commonly used for manufacturing SAW sensors, 

but GaN has not been used as a general piezoelectric semiconductor for SAW 

sensors. However, GaN is actually an advanced semiconductor for diodes, transistors, 

and sensors due to extremely practical wide bandgap [24]. For example, GaN is 

successfully used to demonstrate a SAW sensor with high mass sensitivity for Lamb 

waves [25]. This sensor has a relatively high mass sensitivity, a small detecting area, 

and an excellent liquid resistance when comparing with other reported sensors with 

different semiconductors [25]. GaN is a piezoelectric semiconductor with many 

advantages for sensing, such as good acoustic velocity, and high thermal, chemical 

stability [25]. 

In this work, the parameters that affect sensitivity in SAW devices have been 

tested. The mass sensitivity can present how easy the acoustic wave can propagate in 

the device. Also, the comparison of the two materials was accomplished. One device 

is ZnO-based, and the other one is GaN-based. Thus, the differences between the two 

materials lead to instinct modeling results. 

 

Love Mode SAW Sensor 
 

In [1], ZnO/SiO2/Si devices are examined. This modeling is based on the 

structure of the devices in [1]. The structure of the sensors is shown below in Fig. 1. 

The ZnO and GaN layers are wave guiding layer which can maintain the waves on 

the surface. 
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Figure 1: sectional view of the sensors 

Acoustic waves in solid are produced by the movement of atoms in the 

piezoelectric substrate. When a piezoelectric material has applied a strain, the atoms 

in the material will be moved from their initial place. Meanwhile, the elastic force 

will tend to reestablish them [16]. This phenomenon causes the wave propagation that 

occurs at the surface of the substrate. 

A general SAW sensor has two transducers that applied on the surface of the 

piezoelectric material. The transmitter is for generating the surface acoustic wave, 

and the receiver is for receiving the wave. The acoustic wave moves through the 

surface of the piezoelectric substrate, where the wave has been detected [17]. Figure 

2(a) shows a normal SAW sensor, and 2(b) shows a SAW sensor with a wave guiding 

layer. 
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(a) 

 

(b) 

Figure 2 Schematic representations of a general two-port SAW sensor (a) and a 

wave-guided Love-mode SAW sensor (b). 
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If SAW sensors need a higher sensitivity, it is important to limit the acoustic 

energy near the surface of the sensor, and reduce wave spreading into the substrate 

[17, 23]. For this purpose, Love-mode SAW devices are well developed. The special 

characteristics of Love-mode devices is a guiding layer is used to restrict acoustic 

energy near the surface of the substrate. The waveguiding layer is made of a dielectric 

material, so it cannot transmit atoms. The surface acoustic waves are bounded to the 

interface because the surface waves are much slower than the wave in bulk [21]. 

Materials such as SiO2, photoresist, parylene can be used as a proper guiding layer 

[18, 20]. 

Another important factor that can influence the detection sensitivity is the 

surface area of the active region. Large surface area can effectively absorb and release 

acoustic energy. Based on previous research, building nanostructure to the active 

region of the sensors can increase the surface area [17]. Thus, the research on the 

wave propagation on the nanostructured devices is necessary.   

 

Modeling 
 

This model is based on previous research that measured the mass sensitivity of 

Love-mode devices [1]. The basic equations are from [1]. The first important 

equation is as shown below. According to Krishnamoorthy and Iliadis [1], 𝑆𝑚
𝑣  is the 

mass sensitivity based on phase velocity; ρ1 is the density of ZnO. v1 is the shear 

velocity of the acoustic waves in ZnO, so v1 = 4814 m/s; vp is the shear velocity of the 

acoustic waves in the applied mass on the ZnO layer, and the material for the applied 

mass is polystyrene, so vp is equal to 2400 m/s; v0 is the operating point in on the 
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dispersion curve in the Love wave device with no mass loading; f0 is the operating 

frequency of the Love wave device; z is the normalized guiding layer thickness (a 

dimensionless quantity) = d/λ = df0/vl, where λ = v1/f0, and d = actual thickness of 

ZnO film; v is the phase velocity of the acoustic waves along the direction of 

propagation [1]. This equation is used to build the plot that implies the relation 

between mass sensitivity and normalized guiding layer thickness. 

 𝑆𝑚
𝑣 = lim

∆𝑚→0

1

∆𝑚
(

∆𝑣

𝑣0
) = 

1

𝜌1
[

1−
𝑣𝑝

2

𝑣0
2

1−
𝑣𝑙

2

𝑣0
2

]
𝑓0

𝑣𝑙
(

𝑑 log𝑒 𝑣

𝑑𝑧
)                       (1) 

 From this equation, the mass sensitivity of certain material can be calculated 

based on operating frequency (f0), the wavelength of the propagation wave (λ), and 

the thickness of the guiding layer (d) since z is equal to d/λ in the equation. Therefore, 

the first part of the modeling is to plot mass sensitivity vs. normalized guiding layer 

thickness with multiple wavelengths. The second part of the modeling is to find vg / v, 

which implies the ratio between the group velocity (vg) and the phase velocity (v). 

The equation of the ratio is as shown below. 𝜌1 is the density, and d is the thickness 

of the guiding layer. 𝑆𝑚
𝑣  is the mass sensitivity calculated from Eq. (1). Eq. (2) shows 

that phase velocity will always be larger than group velocity. 

   
𝑉

𝑉𝑔
= 1 + 𝜌1 ∗ 𝑑 ∗ |𝑆𝑚

𝑣 |         (2) 

The next part of the model is to find 𝑆𝑚
𝑓

 , the frequency-based mass 

sensitivity. 𝑆𝑚
𝑓

 has a relation with 𝑆𝑚
𝑣 . The relation presents by Eq. (3) shown below. 

These two types of mass sensitivity are needed for comparison between different 

types of sensors. 
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𝑆𝑚
𝑓

= lim
∆𝑚→0

1

∆𝑚
(

∆𝑓

𝑓0
) =

𝑉𝑔

𝑉
∗ 𝑆𝑚

𝑣      (3) 

The last part of this modeling is to plot the incremental rate of the mass 

sensitivity increases along with the wavelength. The equation used is shown below. 

When using Eq. (4), the thickness of the guiding layer (d) is a certain value, and the 

wavelength is the changing variable. In Eq. (4), the normalized guiding layer (z) is 

equal to d/λ, and d is a certain value, so it presents the relation between the 

incremental rate of mass sensitivity increases and the wavelength. 

    𝑆𝑚
𝑣′ = (

1

𝜌1
[

1−
𝑣𝑝

2

𝑣0
2

1−
𝑣𝑙

2

𝑣0
2

]
𝑓0

𝑣𝑙
(

𝑑 log𝑒 𝑣

𝑑𝑧
))’                      (4) 

This model evaluates the mass sensitivity based on the material, operation 

frequency (f0), the wavelength of propagation wave (λ), the thickness of the guiding 

layer (d). It provides the function to find the best mass sensitivity with given 

conditions. The modeling is based on two types of materials which are ZnO, and 

GaN. Therefore, the test will make a comparison between the two types of devices. 

The model is finished in MATLAB. The equations above are built in 

MATLAB and used to calculate the expected values. Those equations are also applied 

in the graphs to find the relations between the parameters and mass sensitivity. The 

modeling can approach a similar result with [1] as shown below in Fig. 3. Thus, this 

modeling can generate the ideal mass sensitivity based on the assigned parameters. 
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Figure 3: Comparison between measured values and modeling values 

 

Result and Discussion 

The evaluation of ZnO device was reported in [1] where the mass sensitivity 

of two ZnO devices at guiding layer thickness of 3.4 µm and 6.8 µm. Hence, the 

modeling starts with ZnO device. Fig. 4(a) shows the numerical mass sensitivity 

curve for ZnO devices. The value of mass sensitivity decreases along with z 

increases. This indicates that mass sensitivity can achieve higher value by reducing 

the guiding layer thickness. Moreover, the lines with larger wavelengths have a 

higher mass sensitivity, which implies increasing wavelength of the propagation wave 

can increase mass sensitivity. Fig. 4(b) shows the part of Fig. 4(a) when z is between 

0 to 0.25. The maximum mass sensitivity is 3.6 µm^2/pg when λ = 6 µm. This 

matches the result from [1].  For calculating the increase rate of 𝑆𝑚
𝑣  from Fig. 4(b), 
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the thickness of the guiding layer is set to 3.4 µm. The incremental rate of 𝑆𝑚
𝑣  is 

increasing between each line. The increment starts at 0.0015 µm^2/pg and stops 

increasing at 0.29 µm^2/pg.  

 

(a) 

 

(b) 

Figure 4 (a) Each line shows the velocity-based mass sensitivity for a ZnO-based device 

with different wavelengths. (b) The zoomed-in plot of (a) at z between 0 to 0.8. 
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As seen in Fig. 5, vg / v is evaluated for each wavelength. vg / v is the ratio of the 

group velocity to the phase velocity. From Eq. (3), 𝑆𝑚
𝑣  is calculated from the 

fractional change of phase velocity. Moreover, Eq. (5) shows that the fractional 

change of the frequency is related to the fractional change of phase velocity. Thus, the 

mass sensitivity that calculated from the fractional change of frequency, 𝑆𝑚
𝑓

, can be 

evaluated from Eq. 3. 

∆𝑓

𝑓0
 = (

𝑉𝑔

𝑉
)(

∆𝑣

𝑉0
)                                        (5) 

The value of vg / v is decreasing when the wavelength is increasing, and it 

always less than one, which means the group velocity is always less than phase 

velocity. Moreover, vg / v is used to calculate the frequency-based mass sensitivity in 

Eq. 3. Fig. 5 shows that vg / v is inversely proportional to wavelength. 

 

Figure 5 vg / v for the ZnO-based device 
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Fig. 6 shows the frequency-based mass sensitivity, and it is proportional to vg / v. 

Thus, 𝑆𝑚
𝑓

 increases when the wavelength is increasing due to Eq. 3, but the increment 

of 𝑆𝑚
𝑓

 between each line becomes smaller since vg / v is decreasing. The maximum 

value of 𝑆𝑚
𝑓

 is 3.4 µm^2/pg that approximately the same as the measured value of 𝑆𝑚
𝑓

 

in [1]. The incremental rate of 𝑆𝑚
𝑓

 starts from 0.0215 µm^2/pg and ends increasing at 

0.22 µm^2/pg. 

 

Figure 6 Frequency-based mass sensitivity with the ZnO-based device 

Fig. 7 shows the first derivative of 𝑆𝑚
𝑣  with the chosen thickness of the guiding 

layer. It shows that the increment of 𝑆𝑚
𝑣  is not proportional. The rate of increase of 𝑆𝑚

𝑣  

maintains the same after 10 µm. Fig. 7 has four lines with different thickness of the 

guiding layer, but they have the same trend that approaches to asymptotes. This 

matches the result from Fig.4. Based on the calculation from the curve in Fig. 7, the 

increase of the increment of velocity-based mass sensitivity is less than 2%. 
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Therefore, the incremental rate of 𝑆𝑚
𝑣  has an asymptote. It approximately keeps the 

same after 10 µm. 

 

Figure 7 First derivative of  𝑆𝑚
𝑣  with different thickness of the guiding layer 

The performance of sensors based on GaN is also evaluated. Fig. 8 shows the 

velocity-based mass sensitivity of the GaN devices. 𝑆𝑚
𝑣  of GaN devices has the same 

trend curve with the curve in Fig. 4 (a), but each line has higher values for the same z 

values. Based on the calculation from the curves, 𝑆𝑚
𝑣  of GaN devices is approximate 

2.25 times higher than 𝑆𝑚
𝑣  of ZnO devices under the same wavelength and normalized 

guiding layer thickness. Fig. 8(b) shows the curves when z is between 0 to 0.25 from 

Figure. 8(a). The maximum mass sensitivity is 3.93 µm^2/pg when λ = 6 µm. For 

calculating the increase rate of 𝑆𝑚
𝑣  from Fig. 4(b), the thickness of the guiding layer is 

set to 3.4 µm. The incremental rate of 𝑆𝑚
𝑣  is rising between each wavelength. The rate 

starts from 0.0049 µm^2/pg and ends increasing at 0.67 µm^2/pg.  
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(a) 

 

(b) 

Figure 8 (a) Each line shows the velocity-based mass sensitivity for GaN-based 

device with different wavelengths. (b) The zoomed-in plot of (a) at z between 0 to 0.8. 
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The values of vg / v for GaN devices, in general, are smaller than the values of 

ZnO devices. Based on Eq. 2, the reason is that the 𝑆𝑚
𝑣  of GaN devices is higher than 

ZnO devices. However, vg / v in Fig. 9 still shows the group velocity is less than 

phase velocity for GaN devices, which means 𝑆𝑚
𝑓

 of GaN devices will smaller than 

𝑆𝑚
𝑣  due to Eq. 3. 

 

Figure 9 vg / v for the GaN-based device 

Fig. 10 shows the 𝑆𝑚
𝑓

 of GaN devices. The curves have a similar trend with the 

curves in Fig. 6. Also, 𝑆𝑚
𝑓

 increases when the wavelength is increasing due to the 

increase of 𝑆𝑚
𝑣  based on Eq. 3. The maximum value of 𝑆𝑚

𝑓
 is 3.66 µm^2/pg, which is 

smaller than the maximum value of 𝑆𝑚
𝑓

 in Fig. 4. Nevertheless, the overall values on 

the curve are higher than the 𝑆𝑚
𝑓

 values of ZnO based devices. The incremental rate of 

𝑆𝑚
𝑓

 starts from 0.051 µm^2/pg and ends increasing at 0.33 µm^2/pg. 
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Figure 10 Frequency-based mass sensitivity with the GaN-based devices 

Fig. 11 also displays the first derivative of GaN-based 𝑆𝑚
𝑣  with the selected 

thickness of the guiding layer. The increment of 𝑆𝑚
𝑣  is approaching to a limitation. 

This matches the result from Fig. 7. Moreover, the curve with a larger thickness of the 

guiding layer has a smaller limitation. The increment of 𝑆𝑚
𝑣  increase maintains the 

same after 10 µm.  
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Figure 11 First derivative of  𝑆𝑚
𝑣  with different thickness of the guiding layer 

When the conditions and parameters of the sensors are defined, the evaluation of 

the sensors is evaluated. From the evaluation, GaN-based devices have almost twice 

the sensitivity of ZnO-based devices with the same wavelength and thickness of the 

guiding layer. GaN-based devices have better performance than ZnO-based devices 

from the plots. Both 𝑆𝑚
𝑣  and 𝑆𝑚

𝑓
 of GaN-based devices are higher. One reason that 

causes GaN devices performing better is the band gap of GaN is wider than ZnO. 

The table below shows the maximum 𝑆𝑚
𝑣  for ZnO and GaN devices. It shows the 

𝑆𝑚
𝑣  of GaN devices is approximate 10% better than GaN devices. The model displays 

the maximum mass sensitivity at d/λ = 0.05 which means the guiding layer thickness 

and wavelength can be selected for certain requirements. 
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Table 1: The maximum 𝑆𝑚
𝑣  of ZnO and GaN devices. 

Conclusion 
 

The evaluation of the mass sensitivity is shown to match the result from [1] 

when the guiding layer thickness is 3.4 µm, and the wavelength is 6.8 µm. Therefore, 

this model can calculate mass sensitivity based on the chosen parameters. When the 

material, the thickness of guiding layer, and the wavelength are provided, the mass 

sensitivity of the sensor could be calculated. Moreover, the mass sensitivity increases 

along with wavelength increasing. Also, the incremental rate of mass sensitivity 

stopped increasing beyond λ = 10 µm, so the optimal wavelength should be above 10 

µm. The mass sensitivity of the two devices increased dramatically with decreasing 

normalized guiding layer thickness. The comparison of the two different 

semiconductors ZnO and GaN, showed that the maximum mass sensitivity of GaN 

devices is 10% better than the maximum mass sensitivity of ZnO-based devices. The 

maximum of 𝑆𝑚
𝑣  appears at d/λ = 0.05, so the model can show a maximum mass 

sensitivity for a selected guiding layer thickness under multiple wavelengths. 

However, in practice defects in GaN epitaxial layers may reduce the mass sensitivity 

significantly. Coating GaN on different types of substrates causes the problem 

because the lattice structures of GaN usually cannot align [24]. When various 

displacements of atoms simultaneously occur, bonds between lattices strain and 
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finally crack [24]. Therefore, some planes of GaN lattices will permanently distort. 

This phenomenon causes the poor performance of GaN devices in practice. 
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