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摘要 

 

 近年來，超音波成像已經被廣泛應用來取得非透明表面下之影像。在成像系

統中，單一元件超音波換能器或超音波陣列可利用氧化鋅或壓電陶瓷來產生超音

波。理論上，成像系統的解析度會被音波波長所決定，因此高頻的音波可以提供

更高的影像解析度。舉例來說，過去曾有團隊利用單一元件超音波換能器來產生

15.3吉赫的超音波來成像。但是在單一元件的系統中，必須要搭配音波的聚焦鏡

來收集音波。相反地，超音波陣列只需要分析每個像素所量測的訊號，即可重建

出影像。但目前的超音波陣列所能偵測的頻率仍在次吉赫波段，若是能將超音波

陣列所偵測的波段提升到 10吉赫以上，對未來的特高頻音波成像上可以產生極大

的幫助。 

在這篇論文中，我們證明了金奈米圓盤於氮化鎵奈米柱陣列上的結構可用來

偵測 10吉赫以上的音波。在此結構中，侷限性表面電漿子可大幅提高偵測靈敏度，

並且消除每個奈米圓盤之間的電漿耦合。因此每個金奈米圓盤可以視為獨立的偵

測結構。此外，我們也發現金奈米圓盤所偵測的訊號與陣列的週期，以及奈米柱

的長度都有關係。當週期小於音波的波長時，所偵測的訊號會受到奈米柱間的震

動膜態耦合所影響。這個效應可以藉由改變奈米柱長度，使得奈米柱的震動頻率

遠離我們的操作頻率來消除。而當週期小於音波的波長時，表面音波會在奈米柱

間產生共振，進而影響音波的穿透率。此研究不僅探討特高頻音波在奈米柱與材

料基板間的傳遞，此外也闡明了在未來特高頻音波陣列的設計上所需注意的事項，

對未來的高解析特高頻音波成像系統可望做出許多貢獻。 
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Abstract 

 

Acoustic imaging technique was demonstrated as an efficient method to obtain the 

structure below the opaque sample surface non-destructively. In traditional ultrasonic 

imaging, acoustic transducers such as single element transducers or phased array 

systems are widely utilized. In these setups, acoustic waves are generated by 

piezoelectric materials, such as ZnO or lead zirconate titanate (PZT). Theoretically the 

system resolution will be limited by the diffraction of the acoustic waves. In order to 

achieve high resolution acoustic image, imaging systems intend to utilize high 

frequency acoustic waves. For example, an acoustic microscope applied the ZnO single 

element transducer to detect the hypersonic waves with 15.3 GHz in pressurized 

superfluid helium. However the acoustic lens was always necessary in the system based 

on a single element transducer. On the contrary, phased array system allows dynamic 

image reconstruction at different depths below the sample surface, which provides 

better flexibility and capability in detection setups. However, the highest operation 

frequency of the phased array systems is in the sub-GHz region. Therefore it is highly 

desirable to extend the detection frequency of phased arrays to above 10 GHz for high 

resolution imaging. 

In this thesis, we demonstrate that gold nanodisks on GaN nanorod array have a 

great potential to be utilized as a hypersonic array. The lowest detection frequency is the 

fundamental confined acoustic vibrations of gold nanodisks, which is around 10 GHz. 

In this structure, the hypersonic detection sensitivity can be enhanced by optically 

exciting localized surface plasmons at the gold/GaN interface, which makes each gold 

nanodisk as an independent opto-acoustic detector through eliminating the plasmonic 
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coupling between gold nanodisks. For array imaging application, we further apply this 

structure to passively detect the hypersonic waves and to study the effect of the array 

periodicity.  

Our results show that the hypersonic signal detected by single gold nanodisk 

depends on the array periodicity. When the periodicity is smaller than the surface 

hypersonic wavelength, signal detection would be affected by the coupling of the 

extensional-vibration-like mode of neighboring nanorods as the detection frequency 

approached such vibrational mode frequency. This coupling effect could be avoided by 

increasing the nanorod length to shift the frequency of the extensional mode away from 

the detection frequency. On the contrary, when the periodicity is on the order of or 

longer than the wavelength of surface hypersonic waves, the detected signal is affected 

by the period-dependent resonance of surface hypersonic waves scattered from the 

nanorod/substrate interface. By studying the transport behavior of hypersonic-frequency 

acoustic phonons at the bulk-material/nano-structure interface, this work not only 

investigate the possibility of hypersonic array for high resolution acoustic imaging 

purpose, but also suggests that effects of the periodicity and nanorod length on the 

individual nanodisk responses need to be taken into consideration for future hypersonic 

imaging array design. 
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Chapter 1 

Introduction 

 

1.1  Acoustic Imaging Technique 

Acoustic imaging is a powerful technique that has been applied in a variety of fields 

such as medical imaging [1], underwater detection [2] and non-destructive testing [3]. In 

traditional ultrasonic imaging, acoustic transducers such as single element transducer [4, 

5] or phased array system [6, 7] are widely utilized. In these systems, acoustic waves are 

electronically generated by piezoelectric material, such as ZnO [8] or piezoelectric 

material lead zirconate titanate (PZT) [9]. In the most of imaging system, the highest 

resolution of the system will be limited by the diffraction. In order to achieve higher 

resolution in the acoustic image, imaging system is intend to utilize shorter wavelength 

(high frequency) acoustic waves. For example, an acoustic microscopy based on the ZnO 

single element transducer enables the detection of 15.3 GHz hypersonic waves in 

pressurized superfluid helium [10] (the frequency of hypersonic waves ranges from 1 

GHz to 1 THz). However the acoustic lens is always necessary in the system of single 

element transducer. In contrast to the single element transducer, phased array system 

allows the image reconstruction at different depths below the sample surface by 

analyzing the signal received by each transducer in the array. Phased array system thus 

provides better flexibility and capability in detection setups. However, the highest 

operation frequency of the phased array systems is in the sub-GHz region [11]. Therefore 

it is highly desirable to extend the detection frequency of phased array to above 10 GHz 

for high resolution imaging purpose. 
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1.2  Femtosecond Time Resolved Spectroscopy 

In this thesis, we studied the possibility of hypersonic phased array by focusing on 

the detection of hypersonic waves in the array system. Hypersonic pulse with nm pulse 

width was launched to the array and induced the vibration of the acoustic detector. Due 

to the fact that acoustic pulse consists of a large number of frequency components, we 

were thus able to analyze the frequency response of our system. In this work, the 

vibration of our transducer was studied by the femtosecond time resolved spectroscopy. 

This technique allows the observation with femtosecond time resolution, which 

provides an effective efficacy to study the transient phenomena such as carrier dynamics 

[12, 13] and hypersonic waves [14, 15] in semiconductors or metals. Fig. 1.1 shows the 

schematic of the femtosecond time resolved spectroscopy; there are two femtosecond 

laser beams in the system. One of them is pump beam, which is used to optically excite 

the hypersonic pulse of the sample. Basically hypersonic waves can be optically 

generated from many materials such as metal thin film [16, 17], semiconductor thin film 

[18-20], p-n junction [21], graphene layer [22], quantum wells [23-26], or quantum dots 

[27, 28]. When femtosecond laser beam is absorbed by these materials, subsequent 

effects such as thermal expansion in metal [29], electronic stress in semiconductor [30, 

31] or the screening the piezoelectric field in quantum wells [32, 33] are stimulated. 

These effects modify the lattice constant of the material and thus generate the 

hypersonic waves.  

Another femtosecond laser beam is called probe beam, which detects the vibration 

of transducer induced by the pump beam. In the system, pump beam is usually 

modulated by the acoustic-optical modulator (AO modulator), therefore we are able to 

obtain the pump-induced optical change by collecting probe beam with the same 
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modulation frequency as pump beam. Note that only probe beam would be collected 

rather than pump beam, an iris is thus placed before the detector to block the undesired 

pump beam. Theoretically, the power of probe beam is much weaker than pump beam in 

order to neglect the probe-induced optical change. The optical path length between 

pump beam and probe beam can be changed by moving the delay stage; probe beam is 

thus able to detect the pump-induced optical change at different time delay.  

 

Fig. 1.1 The schematic showing of femtosecond time resolved spectroscopy 

 

1.3  Surface Plasmon Polaritons and Localized Surface Plasmons 

In order to enhance the detection sensitivity of the hypersonic array, behaviors of 

surface plasmon polaritons (SPPs) and localized surface plasmons (LSPs) should also 

be investigated due to the fact that these plasmonic fields are very sensitive to the 

environmental disturbance. Basically SPPs and LSPs are collective electron resonance 

at the interface between metal and dielectric medium. In order to excite SPPs or LSPs, 

the momentum of the incident light needs to be modified to couple to plasmons. For 

example, periodic nano-structures such as 1-D metal nanograting [34-36] or 2-D metal 
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nanodisks array [37, 38] are common structures to excite SPPs. The resonance 

wavelength of SPPs strongly depends on the incident light angle [39] or the period of 

the nanostructure [40, 41]. On the other hand, fabrication of the nano-structure is not 

necessary for the excitation of LSPs [42]. Therefore LSPs are often observed in the 

metal particle solution [43]. The resonance wavelength of LSPs is not related to the 

incident light angle [44, 45] but strongly depends on the shape and the size of the 

particle [46, 47]. 

Both plasmonic fields of SPPs and LSPs are strongly confined at metal/dielectric 

interface [48], environmental disturbance at this interface would strongly modify the 

boundary condition of plasmons. As we mentioned above, such plasmonic field is 

therefore very sensitive to the environmental disturbance. Based on this characteristic, 

SPPs and LSPs are widely applied to chemical sensors [49] and biological sensors [50]. 

Due to the environmental sensitive characteristic of SPPs and LSPs, they are thus good 

candidates to enhance the detection of hypersonic waves [51-56]. 

 

1.4  Thesis Structure 

On the basics of the previous discussion, the main purpose of this work is to 

investigate the possibility of hypersonic array. In order to enhance the detection 

sensitivity, behaviors of SPPs and LSPs in the system as well as their interaction with 

the hypersonic pulse are also needed to be studied. Our investigation first started from 

simple 1-D nanograting structure, and then we extended the structure to 2-D nanodisk 

array.  

In the following chapter, the behaviors of plasmons in the nanostructure (ex. 1-D 

nanograting and 2-D nanodisks array) are first studied. Then the interaction between 
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plasmons and hypersonic pulse is investigated to verify the possibility of the proposed 

hypersonic sensor. Finally the effect of the periodicity of the hypersonic array is 

discussed. Based on the understanding of these critical issues, hypersonic array system 

with both high longitudinal and lateral spatial resolution may be realized in the future. 
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Chapter 2 

Plasmonic Excitation for Hypersonic Imaging 

 

2.1  Introduction 

Recently SPPs and LSPs have attracted many attentions due to the fact that 

well-confined plasmonic field is very sensitive to the environmental disturbance [1]. 

Since hypersonic pulse modulates the refractive index of the studied sample, SPPs and 

LSPs are thus proposed as an effective hypersonic sensor [2-7]. In this chapter, the 

plasmonic behavior in metallic nanostructure (1-D gold nanogratings and 2-D gold 

nanodisks array) is first investigated before applying the plasmonic field to the acoustic 

detection. 

 

2.2  Excitation of Surface Plasmon Polaritons 

SPPs are collective electron resonance at the interface between metal and dielectric 

medium. The dispersion curve of SPPs excited by the TM wave can be expressed as the 

following equation [8]: 

𝑘𝑥 =
𝜔

𝑐
√

𝜀𝑚𝑒𝑡𝑎𝑙𝜀𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐

𝜀𝑚𝑒𝑡𝑎𝑙 + 𝜀𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐
 (1) 

Where kx is the wave vector of SPPs,  is the angular frequency of SPPs, c is the light 

speed, are dielectric constant of the material. Fig. 2.1 shows the comparison of the 

dispersion curve between the ordinary incident light (/c) and the SPPs. Due to the fact 

that the light line of the incident light is not able to intersect with the dispersion curve of 

SPPs, SPPs thus cannot be excited by the ordinary incident light. However the periodic 
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nanostructure could provide extra momentum to modify the wave vector of the incident 

light, which leads the energy coupling between incident light and SPPs become possible. 

In the following section, periodic nanostructures such as 1-D gold nanograting or 2-D 

gold nanodisk array are going to be investigated  

  

Figure 2.1 The dispersion curves of SPPs and ordinary incident light. 

 

2.2.1 Surface Plasmon Polaritons in 1-D Gold Nanogratings 

First we studied the behavior of SPPs in 1-D metallic nanograting. Our studied 

sample consists of a 1-D gold grating on the plane GaN substrate with a periodicity 

varying from 590 nm to 650 nm, the heights and the widths of slits are both around 70 

nm. Fig. 2.2(a) shows the transmission spectra of the studied sample calculated by 

rigorous coupled-wave analysis (RCWA) algorithm [9]. We can observe that the 

wavelength of extraordinary transmission (EOT) shifts as the periodicity of grating 

increases. Theoretically there are two different types of resonances which are in charge of 

this behavior. One is SPPs resonance; the other one is cavity mode (CM) resonance. Here 
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we take the grating with 590 nm periodicity as an example to explain these two 

resonances. Fig. 2.2(b) shows the optical energy field distribution at and away from the 

wavelength of EOT, which is calculated by the finite-difference time-domain (FDTD) 

algorithm [10]. The refractive index values of gold and GaN were taken from [11] and 

[12], respectively. With an incident wave from the substrate side polarized parallel to 

the sample surface but perpendicular to nanogratings (x-direction in Fig. 2.2(b)), the Ex 

field intensity image shows the interaction result between the incident light wave and 

the scattered light wave. The field pattern below the nanoslit is the result of interference 

from these two waves. High field intensity can be observed inside the nanoslit and this 

phenomenon is attributed to the different effective refractive indices between the upper 

and lower interfaces of the slit, which causes the so-called "cavity mode." [13] Since the 

incident wave is only x-polarized which propagates along the z-axis, thus the Ez field 

intensity image reflects the induced electric energy field by the incident wave. For the 

field distribution at the peak wavelength, the induced Ez field intensity can be found to 

be well-confined at the gold/GaN interfaces. Since it is well-known that the SPPs field 

is well confined at the metal/dielectric interface and exponentially decays in the 

z-direction into the substrate, we thus refer this field as the SPP field [14]. On the other 

hand, this field is not able to be observed for the wavelength far away from the peak 

wavelength. Fig. 2.2(c) shows the poynting vector of the simulated energy field 

distribution at the EOT wavelength. The propagated energy direction of CM resonance 

and SPPs are vertical and parallel to the sample surface respectively. The energy of 

SPPs is thus confined well at the gold/GaN interface, only the energy of CM resonance 

can propagate to the far field. Fig. 2.2(c) also indicates that the energy can transfer from 

SPPs to CM resonance near the slit edge. Therefore optical energy absorbed by SPPs at 
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gold/GaN interface is possible to couple to CM resonance, which results in EOT. 

Consequently, changing the periodicity of the grating would not only modify the 

behavior of SPPs but also shift the wavelength of EOT.  

 

Figure 2.2 (a) The normalized simulated transmission spectra for 1-D gold nanograting 

on the plain GaN substrate with different periodicities. (b) The simulated energy field 

distribution of 1-D gold nanograting at and far away from the wavelength of EOT (c) 

The poynting vector of the energy field at the wavelength of EOT. 

 



 

14 

 

Based on the simulation, we fabricated the sample by e-beam lithography. We first 

grew a 3.7-m-thick GaN single wurtzite crystal film with 10% thickness fluctuation by 

Metal-Organic chemical Vapor Deposition (MOCVD) on a double-side polished c-plane 

sapphire substrate with a 350 m thickness. A 140-nm-thick E-beam resist layer was 

coated on the GaN film to define the desired pattern by E-beam lithography. The 

E-beam resist was Zep520A and the electron dose time was 0.35 s/dot. After 

developing the resist by a developer, a 70-nm-thick gold film was then coated on the 

GaN by thermal evaporation. We finally lifted off the remaining resist and finished the 

sample processing. The fabricated nanostructure covered an area of 300 m×300 m. 

Fig. 2.3(a) depicts the example of scanning electron microscopy (SEM) image of 1-D 

gold nanogratings on a GaN substrate. Periodicity of nanogratings is 590 nm while the 

height and width of the slit are both 70 nm. Fig. 2.3(b) shows the experimental 

transmission spectra of the 1-D gold nanograting with different periodicity after 

normalizing the peak value. The EOT wavelength is red-shift by increasing the 

periodicity of the grating; furthermore the measured resonant wavelengths of EOT with 

different grating periodicities show a good agreement with the simulation in Fig. 2.2(a).  
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Figure 2.3 (a) The SEM image of 1-D gold nanogratings on a GaN substrate with 

590 nm periodicity. (b) The normalized experimental transmission spectra of the 1-D 

gold nanograting with different periodicity. 

  

2.2.2 Surface Plasmon Polaritons in 2-D Gold Nanodisks Array 

Although SPPs in 1-D gold nanograting may be served as a hypersonic sensor, this 

structure however limits the detection only in one dimension. Therefore this is very 



 

16 

 

important for hypersonic imaging purpose to extend the structure into 2-D metallic 

nanodisk array. Our studied sample is gold nanodisks arrays on plain GaN substrate 

with 150 nm diameter. The periodicity of the array is varied from 250 nm to 400 nm. 

Fig. 2.4(a) shows the simulated extinction spectra of the studied sample, peak 

wavelength of the spectrum indicates the resonant wavelength SPPs. It is obvious that 

the resonant wavelength of SPPs of nanodisk arrays is red-shift by increasing the 

periodicity of the array. This phenomenon is called the dipolar coupling effect [15-17]. 

When light excite the plasmon resonance in the gold nanodisk, each nanodisk can be 

referred as a dipole. The relation between the polarization of the dipole and incident 

electric field can be express as the following equation: 

 EP   (1) 

Where P and  are the polarization and the polarizability of the dipole, while E is the 

incident electric field. For the array structure, these dipoles can couple to each other and 

the collective polarizability ( collective) should be modified: 
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rij is the distance between nanodisks labeled i and j, ij is the angle between the 

polarization vector and the vector from nanodisk. Therefore changing the period will 

modify the coupling strength between nanodisks and affect the collective polarizability. 

Due to the fact that the extinction cross-section (Cext) is related to the imaginary part of 

the polarizability, the resonant wavelength of SPPs is thus strongly period dependent.  
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 Fig. 2.4(b) shows our fabricated samples with 150 nm disk diameter and different 

periodicities. In all samples, we first grew a 3.4-m-thick GaN single wurtzite crystal 

film with 10% thickness fluctuations by the MOCVD technique on a double-side 

polished c-plane sapphire substrate with a 350 m thickness. A 300-nm-thick E-beam 

resist layer was then spin-coated on the GaN film to define the pattern by E-beam 

lithography. The E-beam resist was Zep520A and the electron dose time was varied 

from 0.7~1.1 s/dot, which depends on the periodicities of the nanodisk arrays. After 

developing the resist by a developer, a 50-nm-thick gold film was then coated on the 

GaN sample surface by thermal evaporation. We finally lifted off the remaining resist 

and finished the sample processing of gold nanodisks on top of plain substrates. Fig. 

2.4(c) shows the experimental extinction spectra after normalizing the peak value, the 

extinction coefficient (ext) can be calculated from I-I0 = -ext NI0, where I0 is the 

intensity of the incident light, I is the intensity of the transmitted light and N is the 

density of nanodisks in the pattern [18]. The bandwidth of the measured spectrums are 

slight broader compared to the simulation due to the size inhomogeneity of the 

fabricated gold nanodisks. However the resonant wavelengths of SPPs in gold 

nanodisks arrays with different periodicities still show the good agreement with the 

simulation.  
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Figure 2.4 (a) The normalized simulated extinction spectra. (b) The SEM images 

and (c) the normalized experimental extinction spectra of 2-D gold nanodisks arrays 

with different periodicities.  
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2.3  Localized Surface Plasmons in 2-D Gold Nanodisks on Nanorod  

Although the 2-D gold nanodisks array is able to expand the acoustic detection into 

another dimension, the dipolar coupling effect among nanodisks would delocalize the 

plasmonic field intensity and degrade the lateral resolution. Furthermore, the resonant 

wavelength of SPPs in a 2-D nanodisk array varies with incident light angles. Since 

most applications of opto-acoustic detection prefer stable and repeatable systems that do 

not strongly depend on the incident light angle, it is therefore necessary to excite LSPs 

in a 2-D nanodisk array to eliminate the coupling between neighboring nanodisks and to 

enhance the angle tolerance of incident light. 

Here we propose to modify the plain GaN substrate to nanorod substrate for exciting 

LSPs [19, 20]. These high-refractive-index nanorods could localize the plasmonic field 

within the rods, while the air gaps restrict the coupling between gold nanodisks. By 

suppressing the coupling effect, hypersonic detection using a single nanodisk will not be 

affected by adjacent nanodisks; i.e., each gold nanodisk can be considered as an 

independent acoustic sensor. At the same time, the intensity of the plasmonic field can 

be increased due to the localization of the plasmonic field. This high intensity field can 

further increase the detection sensitivity [21]. 

First 2-D gold nanodisk arrays on GaN nanorod arrays are fabricated based on the 

same sample processing procedure, which is the same as fabricating the 2D gold 

nanodisk on plain GaN substrate, but here we coated a 150-nm-thick chromium (Cr) 

film as an etching mask after coating the 50-nm-thick gold film. After removing the 

remaining resist and using the Cr/Au nanodisks as the etching mask, an inductive 

coupled plasma reactive ion etching (ICPRIE) system was utilized to etch the uncovered 

GaN substrates as nanorod substrates with different rod-lengths, which were determined 
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by the etching depths. Finally we removed the chromium masks by chromium etchant 

(Cr7). Fig. 2.5 shows SEM image of our fabricated sample with different periodicities 

and rod lengths, while the diameter of gold nanodisks are all closed to 150 nm.  

 

Figure 2.5 SEM images of the fabricated gold nanodisk arrays on top of GaN 

nanorod substrates with different periodicities and rod lengths. 

 

To understand how the length of the nanorod affects the plasmonic coupling 

between gold nanodisks, the extinction spectra of the fabricated samples were measured. 

As shown in Fig. 2.6(a)-(c), the red-shift effect of the SPP-resonant wavelength by 
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increasing periodicity is decreased when the length of the GaN nanorod array was 

increased to 50 nm. This result suggests that nanorod substrate begin to suppress the 

dipolar coupling effect; however, the suppression is mild. By increasing rod length to 

120 nm and 220 nm (Figs. 2.6(b), (c)), the trend of the wavelength shift, either an 

increase or decrease with periodicity, was no longer observed. This result indicates that 

the dipolar coupling effect among nanodisks is fully suppressed by the long-nanorod 

substrate, and LSPs are thus excited. It is worth noting that the plasmon-resonant 

wavelength of the nanodisk array on a nanorod array is blue shifted in contrast to its 

counterpart on a plain substrate. This effect can be explained by the fact that the 

nanorod structure reduces the effective refractive index of the substrate, and therefore, 

results in the blue-shifted resonant wavelength [22]. 
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Figure 2.6 Experimentally measured normalized extinction spectra of the gold 

nanodisk arrays with different periods (a) on 50 nm, (b) 120 nm, and (c) 220 nm long 

GaN nanorod arrays. 

 

To double confirm that the coupling between each disk is fully suppressed by the 

nanorod, we calculated the optical energy field distribution in the nanodisk arrays both 

on plain substrate and nanorod substrate. However, we only present the simulation of 
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the array with 250 nm periodicity as it is the shortest period among all our cases, which 

leads to the strongest coupling. If suppression of the dipolar coupling can be observed 

on the nanorod array with this period, we can then safely assume that the dipolar 

coupling effect will also be suppressed in the other three cases. The simulated light 

wave incident on the gold nanodisk is x-polarized (as defined in Fig. 2.7), and its 

wavelength corresponds to the peak wavelength of our extinction spectrum. Fig 2.7 

shows the energy field distribution, whose polarization (Ez) is perpendicular to the 

surface of the substrate, excited by the incident light. Only the Ez field intensity is 

displayed as it is associated with plasmonic field [14]. It can be seen that the Ez intensity 

in the gold nanodisk array on a plain substrate is weak since the excited field below the 

gold nanodisk can extend through the substrate between disks. This effect induces the 

dipolar coupling, which leads to the strong period dependency. When the rod length is 

increased from 0 to 50 nm, part of the SPP field is confined inside the nanorod because 

of an abrupt change in the refractive index at the interface between GaN nanorods and 

air. Such a change can prevent field penetration through the nanorod/air interface in the 

lateral direction. However, part of the field still reaches the substrate and thus 

contributes to the dipolar coupling. Therefore, the length of the rod needs to be 

sufficiently long to prevent energy-field leakage through the substrate. After increasing 

the rod length to 120 nm and 220 nm, most of the field is now confined in the nanorod, 

and the period dependency is thus strongly suppressed. Our simulation thus indicates 

that the nanorod array with a sufficiently long rod length can effectively confine the 

light field inside the nanorod both in the lateral and longitudinal directions. 
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Figure 2.7 Simulated energy field distributions of gold nanodisk arrays with a 250 

nm period on nanorod substrate with different rod lengths. 

 

Furthermore, we measured the extinction spectra of gold nanodisk arrays on the 

nanorod substrate (L= 220 nm) and plain substrate at different incident angles of light to 

verify the LSP dominant behavior in long nanorods. Fig. 2.8 summarizes the peak 

wavelengths of the measured extinction spectra as a function of incident angle. The 

SPP-resonant wavelength on a plain substrate shifted from 814 nm to 850 nm when the 

angle of incident light was changed. However, the resonant wavelength of the gold 

nanodisk on top of the 220 nm-nanorod substrate remained constant at around 778 nm. 

Since the group velocity of LSPs is zero, this angularly independent characteristic 

further confirms the excitation of LSPs inside the nanorod [23, 24].  
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Figure 2.8 Peak wavelengths of measured extinction spectra of gold nanodisk array 

on plain substrate and nanorod substrate at different incident angles of light. 

 

In this chapter, we discussed the plasmonic behavior from 1-D gold nanograting to 

2-D gold nanodisk on plain substrate and on nanorod substrate. Our results indicate that 

gold nanodisk on top of GaN nanorod could confine the plasmonic field and induce 

LSPs. Such LSPs field may increase the detection sensitivity due to the intense 

plasmonic field. Furthermore each gold nanodisk acts like an independent detector by 

suppressing the coupling effect, which suggests that 2-D gold nanodisk array on top of 

GaN nanorod substrate as a great candidate for future hypersonic imaging system.  
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Chapter 3 

Confined Acoustic Vibration of Gold Nanodisk 

 

3.1  Introduction 

In previous chapter, we have investigated the plasmonic behavior in 1-D gold 

nanograting, 2-D gold nanodisks array on GaN plain substrate and nanorod substrate. 

Our results indicate that gold nanodisk on top of GaN nanorod array may be served as a 

good hypersonic detector due to the excitation of LSPs. Fig. 3.1 shows the scheme of 

hypersonic detection by this structure, hypersonic waves propagated from substrate are 

first guided by GaN nanorod and detected by coupling to vibrational modes of the 

detector, which are gold nanodisk in our case [1, 2]. However, due to the spatial 

confinement, not only electrons but also acoustic phonons would be quantized in the 

nanostructures such as GaN nanorod and gold nanodisk, which leads different behavior 

of acoustic waves in the nanostructure. For example, the abnormality of thermal 

conductance in nanostructure compared to the bulk material is observed [3-7]. Therefore 

the hypersonic behavior in these nanostructures should be investigated before 

discussing the interaction between plasmons and hypersonic pulse. In this chapter, the 

confined acoustic modes (CAMs) of gold nanodisk and the acoustic guiding mode 

(AGM) of GaN nanorod would be studied, which may help us to understand the 

possible detection frequency of the hypersonic waves. 
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Figure 3.1 Schematic showing the detection of hypersonic waves by gold nanodisk 

on top of GaN nanorod. 

 

3.2  Confined Acoustic Vibrations of Gold Nanodisk 

As we mentioned above, hypersonic waves with specific frequencies can couple to 

the vibrational modes of gold nanodisk. Basically in this case, gold nanodisk can be 

treated as a micro resonator for hypersonic waves. Once the frequencies of hypersonic 

waves match the resonant frequencies of the resonator, acoustic phonons would be 

confined in the resonator and the survival time of the acoustic phonons depends on the 

phonon scattering at the interface [8, 9], acoustic impedance of the attached material 

[10]. In this section, behavior of acoustic phonons in gold nanodisk is calculated by 

Pochammer-Chree Theory, which is used to describe the propagation of axisymmetric, 

torsional and flexural waves in the cylinder structure [11, 12]. The following equation is 

the well-known Pochammer-Chree equation: 

2𝑝

𝑎
(𝑞2 + 𝑘2)𝐽1(𝑝𝑎)𝐽1(𝑞𝑎) − (𝑞2 − 𝑘2)2𝐽0(𝑝𝑎)𝐽1(𝑞𝑎) − 4𝑘2𝑝𝑞𝐽1(𝑝𝑎)𝐽0(𝑞𝑎) = 0 (1) 

Where a is the radius of the nanodisk, J is the Bessel function, 𝑝 = [(
𝜔

𝑉𝐿
)

2

− 𝑘2]
1

2, 𝑞 =
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[(
𝜔

𝑉𝑇
)

2

− 𝑘2]
1

2, and k are the angular frequency and wavenumber of the acoustic 

phonons, while VL and VT  are the longitudinal and transverse sound velocity. By 

solving this equation, we can obtain the dispersion curves of acoustic phonons in the 

cylinder structure. By considering the longitudinal and transverse sound velocity in gold 

as 3240 m/s and 1820 m/s, Fig. 3.2(a) shows the calculated result of the acoustic 

phonon mode in gold nanodisk with 150 nm diameter, which is the size we discussed in 

the previous chapter. When k=0, the slope of these dispersion curves equal to zero, 

which suggests that the group velocity of acoustic phonons is zero. These acoustic 

phonons are thus not able to escape from the resonator and we called these modes as 

CAMs. The arrows indicate frequencies of CAMs of gold nanodisk. The validity can 

further be verified numerically. Fig. 3.2(b) shows calculated eigen frequencies and the 

corresponding displacement field distribution of CAMs of gold nanodisk (calculated by 

the finite element method, COMSOL Multiphysics, COMSOL, Inc.). The obtained 

frequencies are in a good agreement with frequencies predicted by Pochammer-Chree 

Theory. This result basically indicates that even though we launched the hypersonic 

pulse to the gold nanodisk on top of GaN nanorod, not all frequency components can be 

detected. The detected frequencies of the gold nanodisk would be limited to the 

frequencies of CAMs.  

 



 

31 

 

 

Figure 3.2 (a) The dispersion curves of acoustic phonon modes in gold nanodisk 

calculated based on Pochammer-Chree Theory (b) The eigen frequencies and the 

corresponding displacement field distributions of CAMs of gold nanodisk. 

 

3.3  Acoustic Guiding Modes of GaN Nanorod 

In our case, GaN crystal is grown on c-plane, which is anisotropic compared to the 

gold nanodisk in the previous section. The Pochammer-Chree theory is thus not able to 

calculate the phonon behavior in GaN nanorod. To solve this problem, Migliori and 

Visscher used simple basis function to compute the phonon mode of anisotropic elastic 

body. This method is also called Resonant Ultrasound Spectroscopy (RUS). By using 

the xyz-algorithm developed for the RUS method [13, 14], the Lagrangian of the system 

can be expressed as: 

𝐿 =
1

2
∫

𝑉
[
1

2
𝜌𝜔2𝑢𝑖𝑢𝑖 − 𝐶𝑖𝑗𝑘𝑙

𝜕𝑢𝑖

𝜕𝑥𝑗

𝜕𝑢𝑘

𝜕𝑥𝑙
] 𝑑𝑉 (2) 

where ui is the lattice displacement component, Cijkl is the elastic stiffness tensor, ρ is the 
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mass density, and ω is the angular frequency. The displacement fields in terms of a 

complete set of functions Φα can be expanded as: 

𝑢𝑖 = ∑ 𝑎𝑖𝛼𝛷𝛼

𝛼

 (3) 

Then, the basis function that is a power of the x, y, and z directions is: 

Φ𝛼 = (
𝑥

𝑟
)

𝑚

(
𝑦

𝑟
)

𝑛

𝑒𝑖𝑞𝑧 (4) 

where r is the radius of the nanorod and q is the longitudinal wave vector of the acoustic 

phonon modes. By substituting the elastic stiffness tensor of the material into eq. (2), we 

were able to calculate the dispersion curves of the acoustic phonon modes for the 

anisotropic case, and thus for GaN. 

Figure 3.3(a) shows the calculated dispersion curves of GaN nanorod (black-solid 

lines) as well as the dispersion curves of gold nanodisk (red-dash lines). Theoretically 

acoustic energy coupling should occur at the interactions of the dispersion curves in 

order to maintain the momentum conservation. Frequencies marked by red crosses thus 

indicate the possible coupling frequencies between the fundamental AGM of GaN 

nanorod and the CAMs of gold nanodisk. Fig. 3.3(b) shows the displacement field 

distributions of the fundamental AGM in GaN nanorod and CAMs of gold nanodisk on 

the x-y plane at the coupling frequencies. (The definition of the coordinate is shown in 

Fig. 3.1). One can observe that the displacement field of fundamental AGM is mainly on 

the x-y plane and the maximum of the field is closed to the edge of the nanorod. Such 

displacement field agrees well with the fundamental CAM of gold nanodisk (12 GHz). 

However, for 19 GHz case, the displacement field on the edge of the nanodisk is normal 

to the x-y plane. This result suggests that it is difficult to couple the fundamental AGM to 

19 GHz CAM due to the fact that the directions of the maximum displacement fields of 
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these two modes are normal to each other. Therefore the most possible coupling 

frequencies in our structure are 12 GHz and 22 GHz. Furthermore the sound velocity of 

12 GHz and 22 GHz hypersonic waves in 150 nm GaN nanorod, which are 7000 m/s 

and 5000 m/s, can be derived from the dispersion curve in Fig. 3.3(a). Since the 

longitudinal sound velocity in bulk GaN substrate is 8020 m/s, it will be more difficult 

for 22 GHz hypersonic waves to transmit from the bulk substrate into the nanorod due to 

the larger acoustic impedance mismatch. As a result, the design of our hypersonic array is 

intended to detect the 12 GHz hypersonic waves whose frequency is the same as the 

fundamental vibrational mode of the gold nanodisk. 

 

Figure 3.3 (a) The dispersion curves of acoustic phonon modes in GaN nanorod as well 

as in gold nanodisk with 150 nm diameter, the interactions suggest coupling frequencies 

of the hypersonic waves between GaN nanorod and gold nanodisk. (b) Calculated 

displacement field distributions of the three lowest CAMs in 150 nm gold nanodisk and 

the fundamental AGM in 150 nm GaN nanorod. 
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Chapter 4 

Interaction between Plasmons and Hypersonic Pulse 

 

4.1 Introduction 

So far, we have investigated the plasmonic behavior and possible detected 

frequencies of the proposed hypersonic detector. In order to utilize the plasmons as a 

hypersonic sensor, the interaction between hypersonic pulse and plasmons needs to be 

studied. In this chapter, the interaction between these two phenomena will be 

investigated by the femtosecond time resolved spectroscopy. Detailed descriptions of 

our experimental setup and results will be given later. 

 

4.2 Interaction in 1-D Gold Nanogratings 

Although 2-D gold nanodisks on top of GaN nanorod would be the ultimate choice 

for our hypersonic detector, we still begin our discussion from the 1-D gold 

nanogratings on GaN plain substrate, which is first described in chapter 2. Here we 

choose the nanogratings with 590 nm periodicity while the height and width of the slit 

are both 70 nm. Fig. 4.1(a) shows the transmission spectrum of the sample, which 

suggests that EOT occurred around 700 nm. Theoretically hypersonic pulse would 

modify the refractive index of the sample and shift the transmission spectrum. By 

choosing the probe wavelength closed to the maximum of the slope of the spectrum, 

such shift would induce the maximum of the transmission change (better detection 

sensitivity). Therefore the absolute value of the wavelength derivative of the measured 

transmission spectrum shown in Fig. 4.1(a) can roughly provide a guideline to estimate 
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the wavelength dependent transmission modulation strength induced by the refractive 

index change. From Fig. 4.1(a), 670 nm and 720 nm are two most sensitive wavelengths 

for EOT modulation. In order to study the field intensity distribution at these two 

wavelengths, we performed a FDTD [1] simulation to understand the field intensity 

distribution at 670 nm and 720 nm respectively. The refractive index values of gold and 

GaN were taken from [2] and [3], respectively. Plane waves are incident from the 

substrate side with TM polarization (x-direction in Fig. 4.1(b)). From the FDTD 

simulations shown in Fig. 4.1(b), we can observe that the SPP field exists mainly at 

gold/GaN interfaces for the 720 nm case. However, the SPP field exists only at gold/air 

interface for the 670 nm case. Since there is no field below the gold grating for the 670 

nm case, the SPP field is only sensitive to the environment change above the gold. In 

order to acoustically modulate the refractive index of GaN and to maximize the EOT 

modulation through the opto-acoustic effect [4], we chose the operating probe 

wavelength as 720 nm. 
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Figure 4.1 (a) Experimental normalized transmission spectrum and the absolute value 

of its derivative of the studied sample. (b) Simulated results showing the energy field 

distribution at 720 nm and 670 nm wavelength respectively. 

 

A femtosecond time resolved spectroscopy [5–7] was used to generate both 

hypersonic pules and EOT in gold nanogratings. The light source of our spectroscopy is 

a 720 nm mode-locked Ti:sapphire laser (Coherent Mira 900) with a 100 fs pulse width 

and a 76 MHz repetition rate. As we mentioned in chapter 1, there are two laser beams 

in the system. One of them is pump beam, which is used to excite the hypersonic pulse 

in GaN. Another one is probe beam, which detects the pump-induced optical change. 

There are many mechanisms responsible for the optical excitation of hypersonic pulse, 
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including thermal expansion [8–10], deformation potential coupling [11,12], and 

piezoelectric coupling [13–15]. For a GaN single crystal, deformation potential 

coupling is the dominant mechanism for hypersonic pulse generation [16,17]. Once the 

above-bandgap pump light was absorbed, free carriers were excited and caused a 

mechanic strain/stress in the semiconductor [18]. Since our GaN crystal is grew on 

c-plane sapphire substrate, the optically induced mechanic strain/stress could launch 

hypersonic pulse from the GaN/sapphire interface. The pulse width of the hypersonic 

pulse is thus equal to the twice of the penetration depth of pump beam in the GaN single 

crystal, which was 150 nm. 

In order to generate hypersonic pulse in GaN, the pump beam is set to be above the 

bandgap energy of GaN. As shown in Fig. 4.2, the mode-locked laser beam is thus first 

passed through the beta barium borate (BBO) crystal in order to generate 

frequency-doubled pump beam (360 nm) for generating hypersonic pulse in GaN. The 

unconverted laser beam is chose as probe beam (720 nm), which is used to generate 

EOT and detect the pump-induced optical change in the sample. These two laser beams 

are separated by the dichromatic mirror. The optical path between pump beam and 

probe beam can be modified by the delay stage. Probe beam is then passed through the 

telescope in order to make sure that both pump beam and probe beam will be focused at 

the sample. Since pump beam is modulated by an AO modulator, the optical change 

detected by probe beam would also be modulated by the same frequency. Therefore the 

transmitted probe beam collected by the detector is sent to the lock-in amplifier for 

demodulation. The diameters of pump and probe beams at focus were 10 µm and 25 µm, 

respectively. With a nanostructure area covering 300 µm×300 µm, the focused laser 

spot sizes were much smaller than the nanostructure size and we made sure that all the 
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measured signals were through the nanostructure. The pump and probe average powers 

at the sample surface were 50 mW and 10 mW, respectively.  

 

Figure 4.2 Schematic showing of optical transmission type of femtosecond time 

resolved spectroscopy (inset: pump beam and probe beam are incident from the bottom 

of the sample). 

 

With the femtosecond time resolved spectroscopy, excited free carriers generated 

stress with a mechanic strain on the order of 10
−4

, which is calculated based on Eq. (18) 

in [16]. Fig. 4.3(a) shows the transient transmissions change with TE polarized probe 

beam and with TM polarized probe beam measured in different experiments. The 

transient transmission change at zero time delay is due to carrier excitation by the pump 

beam and the exponentially-decaying background is caused by carrier relaxation. The 

transient transmission difference in the TM case (x-direction in Fig. 4.1(b)) is higher 

than the TE case (y-direction in Fig. 4.1(b)), which suggests that EOT is induced by TM 

polarized incident light. At the same time, a bipolar shaped signal between 400 ps and 

500 ps appears in the TM case for all experimental traces. Fig. 4.3(b) shows the 

carrier-dynamics background-removed bipolar shaped signal from Fig. 4.3(a). Based on 
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the delay time in Fig. 4.3(b), we are able to calculate the position of the hypersonic 

pulse in GaN. Fig. 4.3(c) shows the calculated result, which indicates that the 

corresponding delay time of this bipolar shaped signal agrees well with the acoustic 

traveling time from the GaN/sapphire interface to enter and leave the SPPs field below 

the gold respectively [19]. Based on the measurement, we observed that the 

transmission was first decreased and then increased by the hypersonic pulse. The 

transmission change induced by hypersonic pulse was close to zero at ~465 ps due to 

the fact that the center of the hypersonic pulse was near gold/air interface. The 

hypersonic pulse was then reflected from this interface with a sign change [20], which 

causes the sign change of the refractive index change and thus the sign change of the 

transmission modulation. 

 

Figure 4.3 (a) Experimentally measured transient transmission in TM and TE polarized 

incident light. (b) Background removed transient transmission change between 300 ps 

to 600 ps. (c) Schematic showing the locations of hypersonic pulse at different time 

delays.  
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4.3 Interaction in 2-D Gold Nanodisks Arrays 

In the previous section, we have demonstrated that the SPPs in 1-D gold 

nanogratings enable the detection of the bipolar-liked signal, which suggests the 

enhanced detection of the propagated hypersonic pulse in GaN. However this structure 

limits the detection in 1-D. As we mentioned in section 2.3, we modified our structure 

into 2-D gold nanodisk arrays to expand our detection in another dimension. Meanwhile 

the plain GaN substrate was also modified into nanorod arrays to suppress the dipolar 

coupling effect among neighbored gold nanodisk and excite LSPs. This LSP-based 

sensor suggests the better sensitivity of the acoustic detection owing to the strong 

concentration of the plasmonic field [21]. In order to verify our suggestion, we first 

investigate the interaction between the CAMs of gold nanodisk and LSPs as well as 

SPPs. 

 

4.3.1 Interact with Confined Acoustic Modes in Gold Nanodisk 

We chose the nanodisk arrays with a period of 250 nm, but with a different lengths 

since closer-packed arrays maximize the signal-to-noise ratio. Based on the discussion 

of section 2.3, rod length longer than 120 nm could excite LSPs in the nanorod array. 

We thus compare the extinction spectra between different rod length cases (Fig. 4.4(a)). 

We observed that more light is absorbed by gold nanodisks on rods because of the 

excitation of LSPs. To enhance the detection of acoustic vibrations, the wavelength of 

the probe beam was chosen to be 720 nm, which was near the maximum of the 

derivative of the extinction spectrum.  
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Figure 4.4 (a) Experimental extinction spectra and (b) the derivative of spectra of 

gold nanodisk on plain substrate and 120 nm nanorod substrate. 

 

As shown in the inset of Fig. 4.5, both pump beam and probe beam were incident 

from the side of the gold nanodisks to directly generate and detect the CAMs of gold 

nanodisk. In order to avoid the absorption of GaN nanorod, the wavelength of the pump 

beam was also 720 nm. Therefore the BBO crystal was removed from the experimental 

setup. Furthermore the telescope, which was used to compensate the dichromatic 

aberration due to different wavelengths between pump and probe beam, was also 
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removed. The reflected probe beam from the gold nanodisk was collected by the 

detector. The diameters of the pump and probe beams at focus were respectively 20 m 

and 30 m, which are also much smaller than the area covered with nanostructures (300 

µm×300 µm). The average power of the pump and probe at the sample surface were 40 

mW and 4 mW, respectively. 

 

Figure 4.5 Schematic showing of optical reflection type of femtosecond time resolved 

spectroscopy (inset: pump beam and probe beam are incident from the top of the 

sample). 

 

Fig. 4.6(a) shows the transient reflection changes of the gold nanodisk arrays with 

250 nm periodicity on GaN nanorod arrays with two different rod lengths after 

removing the background, while the inset shows the original transient reflection 

changes. From Fig. 4.4(a), the extra pump light absorbed by the LSPs at 720 nm was 

calibrated, and subsequently, stronger optical reflection oscillations were observed for 

the gold nanodisks on the nanorod substrate. Combined with our above discussion, we 

attribute this difference to the different probe sensitivities because a stronger field 
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intensity of LSPs is excited in the samples on top of nanorod arrays. This strong LSP 

field enhanced the detection sensitivity of the probe beam compared to those on top of a 

plain substrate. The time-frequency analysis was adopted to analyze the frequency of 

the measured change in transient reflection as a function of time. In Fig. 4.6(b), 

oscillation signals at 11, 18, and 22 GHz were clearly observed for the 120 nm rod 

length substrate. However, only oscillations at 11 GHz were obvious in the plain 

substrate. Comparing to the acoustic dispersion curve of a single gold nanodisk with a 

150 nm diameter, which was calculated based on the Pochammer Chree Theory [22, 23] 

(Fig. 3.2(a)), theoretically expected frequencies of the CAMs of the gold nanodisk are 

11 GHz, 17 GHz, and 21 GHz. Our experimental observation and the calculation are in 

good agreement with these values. We thus attribute the frequencies observed in the 

experiment to the CAMs of the gold nanodisk. Furthermore it can be seen that, weak, 

higher-order vibrations of the gold nanodisk become observable because of the stronger 

LSP field intensity in the nanorod. This result verifies that the well-confined LSP field 

in the nanorod indeed increases the sensitivity of hypersonic detection. 
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Figure 4.6 (a) Transient reflection changes of gold nanodisk arrays with 250 nm 

periodicity and different rod length. (b) Time-frequency analysis of transient reflection 

change in Fig. 4.6(a). Higher-order vibrational modes of gold nanodisk are observable 

for 120 nm rod length substrate. 
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Chapter 5 

Hypersonic Pulse Transmission between Bulk 

Substrate and Nanorod Arrays 

 

5.1 Introduction 

In the previous chapters, we have successfully excited LSPs in the gold nanodisk 

array on top of GaN nanorod in order to make each gold nanodisk as an independent 

opto-acoustic sensor (Chapter 2). Then the interaction between LSPs and CAMs of gold 

nanodisk was experimentally investigated, which confirmed that the intense LSPs field 

indeed increased the hypersonic detection sensitivity (Chapter 4). For phased array 

imaging application, it is critical to apply this structure to passively detect the hypersonic 

waves and to study the effect of the array periodicity. Fig. 5.1 presents the scheme 

showing the detection of the propagated hypersonic waves by one gold nanodisk on top of 

a GaN nanorod, which was connected to a GaN substrate. The propagated hypersonic 

waves were assumed to be coupled either from a liquid sample or a solid sample through 

a matching layer into the GaN substrate, then propagated toward the GaN nanorod. After 

scattered at the interface between the nanorod and the substrate, part of the hypersonic 

waves would be coupled into the nanorod, and then propagated as the AGM in the 

nanorod [1, 2]. The hypersonic signal would finally be detected by the gold nanodisk 

through coupling to its vibrational modes [3, 4]. The vibration of the gold nanodisk will 

modify the LSP effect and will be eventually detected by an optical probe. 
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Figure 5.1 Schematic showing the detection of propagated hypersonic waves by one 

gold nanodisk on top of a GaN nanorod. 

 

5.2 Slowness Curve of GaN 

Since hypersonic pulse propagates in the GaN single crystal, we first calculated all 

possible acoustic modes in wurtzite GaN. Fig. 5.2(a), (c) are the schematic showings of 

the direction of the propagated acoustic modes and Fig. 5.2(b), (d) show the slowness 

curves (the reciprocal of sound velocity) for wurtzite GaN as a function of propagation 

vector for out-of-c-plane and in-c-plane acoustic waves. P (primary) wave is the 

longitudinal acoustic mode, which has the fast sound velocity. SV (shear vertical) and 

SH (shear horizontal) waves are the transverse acoustic mode, whose sound velocities 

are slower than the longitudinal mode. Since GaN is an anisotropic crystal, the sound 

velocity is dependent of the angle of propagated direction for out-of-c-plane acoustic 

mode. On the other hand, one can observe that the sound velocities of all acoustic 

modes propagate on the c-plane are not angle dependent due to the fact that the crystal 

structure is symmetric on the c-plane. From the slowness curves, the sound velocities of 

the fast and slowest acoustic mode are 8020 m/s and 4130 m/s, respectively. Based on 

the discussion in section 3.3, the two lowest detectable frequencies by the 150 nm gold 

nanodisk are 11 GHz, and 21 GHz. Meanwhile the design of our hypersonic array is 
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intended to detect the 11 GHz hypersonic waves due to the smaller acoustic impedance 

mismatch between nanorod and substrate. Therefore the shortest wavelength for the 11 

GHz hypersonic waves in GaN is 375 nm. Since grating lobes are not significant until 

spatial sampling is more than one wavelength [5], therefore the periodicity of our gold 

nanodisk array is chosen to be slightly shorter than 375 nm in order to accommodate all 

different modes. Fig. 5.2(e) further compares the dispersion curves of surface acoustic 

wave (SAW) mode as well as SV, SH, P modes. This result indicates that the scattered 

hypersonic waves in Fig. 5.1 may propagate with 3932 m/s on the wurtzite GaN surface. 

In this study, we only focus on the longitudinal mode propagating along the c-axis. In 

order to study the effect of array periodicity, the periodicities of our arrays are chose as 

250 nm, 300 nm, 350 nm and 400 nm. The length of nanorod is set as 120 nm and 220 nm 

for LSPs excitation [6]. 

 

Figure 5.2 Schematic showings of the propagated direction of (a) out-of-c-plane and (c) 

in-c-plane acoustic mode. Calculated slowness curves in wurtzite GaN for (b) 

out-of-c-plane and (d) in-c-plane acoustic wave propagation. (e) Dispersion curves of 

SAW, SV, SH, P acoustic mode in wurtzite GaN. 
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5.3 Simulated Hypersonic Pulse Transmission at Nanorod/Substrate 

Interface 

In the simulation, we launched a hypersonic pulse from the substrate to gold 

nanodisks on top of GaN nanorod with different periodicities. We set the sound velocity 

in gold and GaN as 3240 m/s and 8020 m/s. Fig. 5.3(a) shows the boundary condition in 

our simulation, the yellow surface is the free surface (no constraints and no loads acting 

on the boundary) and hypersonic pulse with 150 nm pulse width [7] is launched from 

the blue surface below our structure. Pink surface at the bottom of the structure is set as 

low-reflection boundary condition to simulate the infinite space and transparent surfaces 

is set as periodic boundary condition so that we can only calculate the unit cell of the 

array structure. Theoretically the longitudinal pulse will first transfer to the fundamental 

AGM in the GaN nanorod, and then couple to the CAMs of gold nanodisk. The signal 

detected by gold nanodisk is obtained by calculating the volume change of gold 

nanodisk in the lateral direction. Fig. 5.3(b) is the signal detected by single gold nanodisk 

on top of 120 nm GaN nanorod array with a 250 nm periodicity (simulated by the finite 

element method, COMSOL Multiphysics, COMSOL, Inc.). Oscillation with 91 ps (11 

GHz), which corresponds to the fundamental CAM of 150 nm-diameter gold nanodisk, 

can clearly be observed. Fig. 5.3(c) is the Fourier Transform of Fig. 5.3(b), which is the 

frequency spectrum of our detected signal. We can not only observe the fundamental 

mode (11 GHz), but also the high-order vibrational mode (22 GHz) of 150 nm gold 

nanodisk. It is noted that we are not able to observe the 18 GHz vibrational mode due to 

the poor coupling efficiency between fundamental GAM of GaN nanorod and 18 GHz 

vibrational mode of gold nanodisk, as we discussed in chapter 3.2.  
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Figure 5.3 (a) The schematic showing the boundary condition in the simulation (yellow: 

free surface, blue: source surface, pink: low reflecting boundary condition, transparent: 

periodic boundary condition). (b) The simulated signal detected by gold nanodisk on top 

of GaN nanorod arrays, with 150 nm rod diameter, 120 nm rod length and with 250 nm 

periodicity. (c) Frequency spectrum of the detected signal in Fig. 5.3(b). 
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In order to study the effect of the array periodicity, we further calculated the 

transmission coefficient for hypersonic waves with 11 GHz and 22 GHz at the interface 

between bulk substrate and nanorod array with different periodicities (Fig. 5.4(a)). Note 

that the transmission coefficient is obtained by comparing the pressure in the nanorod 

and the initial source pressure. One can first observe that the transmission efficiency for 

22 GHz hypersonic waves is lower than 11 GHz case due to the larger acoustic 

impedance mismatch between nanorod and substrate for 22 GHz hypersonic waves, as 

we discussed in chapter 3.3. Furthermore the transmission is higher for nanorod arrays 

with 187 nm and 350 nm periodicities for 22 GHz hypersonic waves. Based on the 

dispersion curves in Fig. 5.2(e), the sound velocity of SAW mode at the surface of 

wurtzite GaN is 3932 m/s and the hypersonic wavelength is 179 nm for 22 GHz. This 

result indicates that although we initially only launch the longitudinal hypersonic pulse, 

this longitudinal pulse may be scattered into the other surface modes at the interface 

between the nanorod array and substrate due to the acoustic impedance mismatch. The 

scattered surface modes could induce resonant transmission when the array periodicity 

is the integer multiple of their wavelength and lead to enhancement on the detected 

signal. However such resonant enhancement is not observed when the periodicity of the 

array is close to the wavelength of 11 GHz hypersonic waves (358 nm). This result may 

be attributed to the much reduced acoustic impedance mismatch between bulk substrate 

and nanorod for 11 GHz hypersonic waves. The magnitude of the scattered surface mode 

is thus not as strong as the 22 GHz case. Meanwhile, one can also observe that the 

transmission of 11 GHz hypersonic waves reaches its maximum for the array with a 187 

nm periodicity. To understand this phenomenon, in Fig. 5.4(b) we simulated the 

displacement field distribution for 11 GHz hypersonic waves in the GaN nanorod array 
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with a 187 nm periodicity and a 120 nm rod length. As Fig. 5.4(b) shows, the 

displacement field is mainly located in the nanorod rather than being scattered at the 

rod/substrate interface. Furthermore this displacement field is very similar to the field of 

the extensional mode of nanorod [8-10], which suggests that the 

extensional-vibration-like mode of GaN nanorod may couple to each other for array 

with a very short periodicity. The frequency of the coupled mode would shift with 

periodicity. For example, the frequency of the coupled mode shifts from 11.5 GHz to 

10.6 GHz by increasing the periodicity of 120 nm GaN nanorod array from 170 nm to 

200 nm, as shown in Fig. 5.4(b). When the coupled mode frequency matches the 

frequency of the incoming hypersonic waves, an enhanced transmission was thus 

observed. To suppress this coupling effect, which would lead to cross-talk between 

neighboring pixels in the imaging array application, the most straightforward solution is 

to change the rod length so as to shift the extensional mode frequency away from the 

desired detection frequency. By increasing the rod length to 220 nm, our simulation 

indicated that a similar mode would be excited by 6 GHz hypersonic waves (Fig. 5.4(b)). 

It also suggested that the detected signal of the fundamental vibrational mode of gold 

nanodisk on top of the 220 nm-length GaN nanorod is not altered by the array 

periodicity within our studied range. 
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Figure 5.4 (a) Transmission coefficient sat the interface between bulk substrate and GaN 

nanorod array with different periodicities for hypersonic waves with different frequencies. 

(b) Displacement field distribution excited by 11.5 GHz,11 GHz, 10.6 GHz and 6 GHz 

hypersonic waves for the GaN nanorod arrays with 120 nm rod length and 170 nm, 187 

nm, 200 nm periodicities as well as 220 nm rod length and 187 nm periodicity. 

 

5.4 Hypersonic Pulse Transmission at Nanorod/Substrate Interface  

To study the signal detected by gold nanodisk in our studied sample experimentally 

and verify our simulated result, we launched hypersonic pulses from the interface 

between GaN and sapphire substrates by 360 nm femtosecond pump pulses and 
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detected the gold nanodisk vibration by 720 nm femtosecond probe pulses. The light 

source of such a transmission-type pump-probe system [11, 12] is a mode-locked 

Ti:sapphire laser (Coherent Mira 900) with a 100 fs pulse width and a 76 MHz 

repetition rate with an output wavelength of 720 nm. The output pulses were 

frequency-doubled to 360 nm by a BBO crystal to serve as our pump pulses, which 

were used to generate the hypersonic pulses from the GaN substrate through 

deformation potential coupling [13-15]. With an absorption depth of 75 nm in GaN, the 

pulse width of the generated longitudinal acoustic pulse was approximately twice the 

absorption depth of the pump beam, which was 150 nm [7]. The 720 nm probe beam 

was responsible for the excitation of LSPs and acousto-optical detection. The upper part 

of Fig. 5.5 compares the measured extinction spectra of gold nanodisk on top of 120 nm 

GaN nanorod with different periodicities. The maximum of the extinction spectra 

indicates the resonant wavelength of the excited LSPs, which is independent of the 

array periodicity. To enhance the detection sensitivity, the wavelength of the probe beam 

was chosen to be 720 nm, which was near the maximum of the frequency derivative of 

the extinction spectrum.  
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Figure 5.5 Normalized Experimental extinction spectra and the derivative of spectra of 

the gold nanodisks on 120 nm-length nanorods with different periodicities. 

 

Both pump beam and probe beam were incident from the bottom side of the GaN 

substrate, as shown in Fig. 5.6(a). The diameters of the pump and probe beams at focus 

were respectively 20 μm and 30 μm, which are much smaller than the area covered with 

nanostructures (300 μm × 300 μm). The average power of the pump and probe at the 

sample surface were 40 mW and 4 mW, respectively. Fig. 5.6(b) is the background 

removed transient transmission changes of probe beam in our studied sample, while 

original trace is shown in the inset of Fig. 5.6(b). By observing the background removed 

transient transmission change, one can see that the transmission change start to increase at 
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370 ps (time delay 1) and oscillation is observed after 421 ps (time delay 2). This result 

can be explained by the interaction of plasmons and the hypersonic pulse [16, 17], as we 

discussed in chapter 4.2. After hypersonic pulse transforms into the AGM in the nanorod 

and enters the plasmonic field in the nanorod (time delay 1), the transient transmission 

starts to be modulated due to the fact that the AGM modulates the refractive index of GaN 

nanorod and modifies the property of LSPs (Fig. 5.6(c)). At time delay 2, the travel 

distance of hypersonic waves is 3.37 m, which is very closed to the averaged substrate 

thickness before etching (3.4 m), the AGM thus reaches the interface between gold and 

GaN. Since plasmonic field is well-confined at this interface, the modulation thus reaches 

its maximum (Fig. 5.6(d)). After hypersonic pulse passed through gold/GaN interface, 

part of the hypersonic waves will be transferred into the CAMs of gold nanodisk, while 

the rest of the hypersonic waves will be reflected from the gold/air interface with a 

-shift in the phase and generate the opposite signal compared to the first part. 

Therefore we not only observe another part of the bipolar signal, but also the 

oscillations contributed from the CAMs of gold nanodisk.  
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Figure 5.6 (a) The schematic showing of the incident direction of pump beam and probe 

beam. (b) Background removed transient transmission change for gold nanodisk on top 

of GaN nanorod array with different periodicities after normalizing the gold nanodisk 

number for different array periodicity (Inset: the original transient transmission change). 

(c), (d) Locations of the excited hypersonic pulses at time delay 1 and time delay 2 in Fig. 

5.5(b), respectively. 

 

Fig. 5.7 shows the results of time-frequency analysis of the trace in Fig. 5.6(b), 

which indicates that oscillation is mainly consisted by fundamental (11 GHz) and 

high-order (22 GHz) vibrational mode. One can also observe that the magnitude of 

fundamental vibrational mode (11 GHz) is increased by decreasing the periodicity of the 

array and the magnitude of high-order mode (22 GHz) is only enhanced in the array with 
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a 350 nm periodicity. The trend of the detected signals for 11 GHz and 22 GHz are in 

excellent agreement with our simulation (Fig. 5.4(b)). Note that the 18 GHz vibrational 

mode was also observed in the experiment, but its magnitude was much weaker than the 

11 GHz and 22 GHz vibrational modes, as expected from our simulation result due to 

weak coupling between the fundamental AGM and the 18 GHz vibrational mode. We 

further compares the 11 GHz signal detected by the gold nanodisks with different 

periodicities on 120 nm-length and 220 nm-length GaN nanorods. One can see that the 11 

GHz signal detected by the gold nanodisks on top of 220 nm nanorods is not dependent of 

the array periodicity due to the fact that the frequency of coupled extensional-like mode 

of GaN nanorod is far away from 11 GHz.  
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Figure 5.7 (a) Results of time frequency analysis of transient transmission changes for 

gold nanodisks on top of GaN nanorod arrays with different periodicities. (b) 

Comparison of the normalized transmission coefficient in the simulation and the 

normalized transient transmission change in the experiment for 11 GHz and 22 GHz 

hypersonic signal in arrays with different periodicities (c) Periodicity dependency of the 

detected 11 GHz signal by gold nanodisks on top of nanorods with 120 nm and 220 nm 

rod lengths 
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In this chapter, we demonstrated that hypersonic pulse can be detected by the gold 

nanodisk array on top of GaN nanorod by coupling it to the CAMs of gold nanodisk. By 

considering the sound velocity of hypersonic waves in nanorod, our result suggests that 

the detection frequency of the hypersonic imaging array should be the fundamental 

vibrational frequency of the nanodisk detector in order to avoid the high acoustic 

impedance mismatch between nanorods and substrate. Furthermore both the periodicity 

and the length of nanorod need to be considered in designing future hypersonic array. The 

periodicity of the array should be smaller than the wavelength of the scattered surface 

hypersonic waves to avoid the resonance of surface hypersonic waves, which induced 

the undesired cross talks between pixels. However, the effect of the coupling of the 

extensional-vibration-like mode of nanorod should be concerned in such close-packed 

array. To suppress this effect, length of the nanorod should be modified so that the 

frequency of such coupled mode would be away from the desired detection frequency. 

So far, we have demonstrated that cross talk between each gold nanodisk can be 

suppressed both optically and acoustically by exciting LSPs in the nanorod and 

choosing appropriate array periodicity, respectively. By considering all this phenomena 

in the array designing, our work basically indicates that gold nanodisks on top of GaN 

nanorod array have a great potential to be served as an efficient hypersonic array with 

high detection sensitivity. 
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Chapter 6 

Summary and Future Aspect 

The main purpose of this thesis is to investigate the possibility of hypersonic 

imaging array. In the beginning, the plasmonic behavior in different nanostructure is 

first discussed for increasing the hypersonic detection sensitivity. Our result indicates 

that gold nanodisks on top of GaN nanorod can efficiently confine the plasmonic field 

in the high refractive index nanorod, which suppresses the plasmonic coupling and 

induces the LSPs. Based on this structure, behavior of acoustic phonons in the gold 

nanodisk and GaN nanorod is then investigated in chapter 3. CAMs of gold nanodisk 

and the AGM in GaN nanorod were introduced and the coupling efficiency between 

these two modes was studied.  

Based on these understandings, we discussed the interaction between CAMs of 

gold nanodisk and plasmonic field in chapter 4. These results confirmed that the intense 

LSPs field in the gold nanodisk on top of GaN nanorod array indeed increased the 

detection sensitivity by optically exciting the CAMs of gold nanodisk. In chapter 5, a 

hypersonic pulse is launched from GaN substrate to the sample to study the effect of the 

array periodicity and rod length. Our results suggested that both the periodicity and the 

length of nanorod need to be considered in designing future hypersonic array. Meanwhile 

the detection frequency of hypersonic waves is preferred to be the fundamental 

vibrational frequency of the nanodisk detector in order to avoid the high acoustic 

impedance mismatch between nanorods and substrate. The periodicity of the array should 

be smaller than the wavelength of the scattered surface hypersonic waves to avoid the 

possible resonant enhancement or enhanced coupling effects, so as to avoid the possible 
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cross talks between pixels. The length of nanorod should also be concerned so that the 

frequency of coupled extensional-vibration-like mode would be away from the 

fundamental vibrational frequency of the detector. 

Here we would further propose some ideas to realize such an array for real imaging 

application. In the traditional acoustic imaging detection setup, most of the measured 

sample is placed in the water tank. As Fig. 6.1(a) shows, small chip is placed in the 

water tank to measure the image. Since the slower sound velocity for water (1480 m/s) 

compared to GaN (8020 m/s), hypersonic waves in water may provide higher spatial 

resolution owing to smaller wavelength (the wavelength is 5.4 times smaller in water 

compared to hypersonic waves with the same frequency in GaN). Meanwhile the 

acoustic impedance matching layer between water and the sapphire substrate should 

also be developed for hypersonic waves with fundamental vibrational frequency of the 

nanodisk detector. Except for measuring the sample in the water tank, Fig. 6.1(b) also 

reveals an idea to measure the sample in the solid (3-D electronic circuit, for example), 

which can be attached to the hypersonic arrays by wafer bounding. In both systems, 

signal detected by each nanodisk detector can be probed by scanning near-field optical 

microscopy. By sampling the detected signal and analyzing the phase, image at different 

depth below surface can be obtained to construct the 3-D image.  
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Figure 6.1 Schematic showing the possible detection setups for (a) liquid-based and 

(b) solid-based hypersonic imaging systems in the future. 

 

In conclusion, we have demonstrated that gold nanodisks array on top of GaN 

nanorod substrate have a great potential to be served as a hypersonic array with high 

detection sensitivity. Furthermore by understanding the effect of periodicity and rod 

length, this work may not only provide an approach to study the transport behavior at 

the interface between nanostructure and bulk material, but also a guild line for designing 

future hypersonic imaging system. 
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