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Abstract 

Cavity optomechnics studies the interaction of cavity confined photons with 

mechanical motion. The emergence of sophisticated nanofabrication technology has led 

to experimental demonstrations of a wide range of novel optomechanical systems that 

exhibit strong optomechanical coupling and allow exploration of interesting physical 

phenomena.  Many of the studies reported so far are focused on interaction of photons 

with localized mechanical modes. 

For my doctoral research, I did experimental investigations to extend this study to 

propagating phonons. I used surface travelling acoustic waves as the mechanical element 

of my optomechanical system. The optical cavities constitute an optical racetrack 

resonator and photonic crystal nanocavity. This dissertation discusses implementation of 

this surface acoustic wave based optomechanical system and experimental 

demonstrations of important consequences of the optomechanical coupling. The 

discussion focuses on three important achievements of the research. 

First, microwave frequency surface acoustic wave transducers were co-integrated 

with an optical racetrack resonator on a piezoelectric aluminum nitride film deposited on 

an oxidized silicon substrate. Acousto-optic modulation of the resonance modes at above 

10 GHz with the acoustic wavelength significantly below the optical wavelength was 

achieved. The phase and modal matching conditions in this paradigm were investigated 

for efficient optmechanical coupling. 

Second, the optomechanical coupling was pushed further into the sideband 

resolved regime by integrating the high frequency surface acoustic wave transducers with 
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a photonic crystal nanocavity. This device was used to demonstrate optomecahnically 

induced transparency and absorption, one of the interesting consequences of cavity 

optomechanics. Phase coherent interaction of the acoustic wave with multiple 

nanocavities was also explored. In a related experiment, the photonic crystal nanoscavity 

was placed  inside an acoustic echo-chamber, and interaction of a phonon pulse with the 

photonic nanocavity was investigated. 

Third, an effort was made to address a major limitation of the surface acoustic 

wave based optomechanical system - loss of acoustic energy  into the oxidized silicon 

substrate. To circumvent this problem, the optomechanical system was implemented in a 

suspended aluminum nitride membrane. The system confined the optical and acoustic 

wave within the thickness of the membrane and led to a stronger optomechanical 

coupling. 

At the end a summary is given that highlights important features of the 

optmechanical system and its prospects in future fundamental research and application. 
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Chapter 1. Introduction 

1.1. Background  

In the last decade, cavity optomechanics has emerged as an interesting research 

area in the optical physics and photonics community [1]. It studies the mutual coupling of 

optical and mechanical degrees of freedom of optical interferometric structures. These 

structures, generally called optomechanical systems, harbor both optical and mechanical 

resonant modes. Radiation pressure force accounts for the mutual coupling of these two 

different degrees of freedom. 

Photons  carry momentum and induce radiation pressure forces when impinging 

on objects. Though this force can be too minute to significantly affect macroscopic 

objects, meticulously designed and fabricated mechanical systems can feel the force and 

measurable changes of mechanical state can be observed. More importantly, the use of a 

high quality optical resonator will greatly amplify the radiation pressure force as the 

intracavity field will be resonantly enhanced.  The theoretical analysis of this force was 

formulated by Maxwell, and a series of experimental demonstrations later showed 

photons interact with atoms and macroscopic objects through transfer of linear and 

angular momentum [2]–[4]. These fundamental physics studies had inspired and led 

demonstrations of interesting applications of optical force. In the 1970s, Ashkin used 

optical force from focused laser beams to trap and manipulate dielectric particles [5]. The 

nonconservative nature of the force was utilized in laser cooling of atomic motion which 

now has become an indispensable technique in ultracold atom experiments [6], [7]. In the 

1960s, in an effort to improve the measurement sensitivity of gravitational wave 



 

 2 

detectors, Vladimir Braginsky and co-workers theoretically investigated and 

experimentally demonstrated the use of radiation pressure to cool macroscopic objects in 

the realm of microwave cavity [8], [9]. This experiment was later extended to the optical 

regime where a Fabry-Perot cavity was shown to exhibit optical bistability due to 

radiation pressure induced change of its cavity length [10]. This experiment marked the 

beginning of cavity optomechanics.  

The advent and possibility of fabricating high quality factor whispering gallery 

mode optical resonators and minuscule mechanical oscillators brought a new enthusiasm 

and intense interest to cavity optmechanics [11]. Beginning in 2005, a plethora of cavity 

optomechanics experimental demonstrations were reported which were based on a wide 

range of novel whispering gallery mode optical resonators and other interfermeteric 

structures. These experiments demonstrated interesting consequences of cavity 

optomechanics like radiation pressure induced self oscillations [12]–[14], feedback 

cooling of mechanical motion [15]–[17], optomechanically induced transparency [18], 

[19], precision displacement measurements down to the standard quantum limit [20]–

[22], and many more. The enthusiasm around cavity optomechanics stems from not only 

its importance in studying fundamental physics but also its potential applications in 

engineering. It is a promising candidate for high precision measurements of 

displacements, forces, and accelerations. It also provides a unique platform for classical 

and quantum information processing, for example, as a coherent interface between 

optical and microwave signals, and as a quantum memory.  
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1.2. Objective of the study 

There is a continuing effort to realize many more novel optomechanical systems 

which will have merits in achieving these applications with better performance and ease 

of implementation. Many of the studies reported so far are focused on interaction of 

photons with localized mechanical modes. For this dissertation, we did experimental 

investigations to extend this study to propagating phonons. We used surface travelling 

acoustic waves as mechanical elements of our optomechanical system. For the optical 

component, a racetrack ring resonator and a photonic crystal beam cavity were used. We 

believe our optomechnaical system will be part of the optomechanics toolbox where 

some of its unique features make it a good alternative in the applications cavity 

optmechnaics aspires to realize. For example, the propagating nature of the high 

frequency phonons of our system and the possibility to electrically induce these 

mechanical waves make it a viable candidate for a coherent link between optical and 

microwave domains. Our work has resulted in publication of three papers [23]–[25]. This 

thesis presents the experimental results reported in these published articles.  

1.3. Organization of the thesis 

In this introduction chapter, I gave a short overview of cavity optomechanics and 

its coupling mechanism. Potential applications and prospects of the field are introduced.  

In the next chapter, I will discuss surface acoustic waves, the mechanical element of our 

optomechanical system. Basic physics, modeling techniques, design and fabrication 

issues,  and device characterization results are presented.  Chapters 3-5 are compiled 

presentations of the journal articles published from this work. 
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Chapter 3 discusses our experimental demonstration of acousto-optic modulation 

of an optical racetrack ring resonator with microwave frequency surface acoustic waves 

[23]. The experimental technique used to integrate the surface acoustic wave and optical 

resonator devices is explained. A quantitative analysis of coupling efficiency between the 

surface acoustic wave and the optical cavity is given.  

Chapter 4 discusses our experimental work in utilizing the integrated surface 

acoustic wave photonic cavity system to demonstrate optomechanically induced 

transparency and absorption [24]. Coherent and strong optomechanical coupling between 

surface acoustic wave and multiple photonic cavities is also discussed. In a related 

experiment, we further studied the photon-phonon interaction by placing a photonic 

cavity inside an acoustic echo-chmaber and probing the echo pulses optically. Both 

frequency and time domain measurement results are discussed. This work was done in 

collaboration with Dr. Huan Li and Qiyu Lui.  

Chapter 5 describes the experiments and results obtained in an attempt to 

overcome some of the limitations of our surface acoustic wave based optomechnical 

system. In this experiment, we implemented the optomechanical system on a suspended 

membrane to avoid the loss of acoustic wave energy to the silicon substrate [25]. The 

design, fabrication, and improved optomechanical coupling efficiencies are reported. This 

work was also done in collaboration with Dr. Huan Li and Qiyu Lui.  

Finally, I will conclude the report by highlighting important achievements of this 

research and its implications for future work in the field of optical physics and photonics.  
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Chapter 2. Surface Acoustic Waves 

2.1. Introduction 

Surface Acoustic Waves (SAW) are periodic mechanical vibrations that propagate 

on the surface of an elastic medium. The study of SAW dates back to 1885 when Lord 

Rayleigh predicted its mode of propagation and properties [26]. This acoustic wave 

propagates on the surface of an elastic medium with the particles vibrating in the plane 

containing the surface normal and the propagation direction (sagittal plane), and its 

amplitude decreasing with substrate depth [27]. This type of SAW wave is usually 

referred as Rayleigh type SAW wave.  Rayleigh's motivation to study SAW was to 

explain seismic signals observed after a ground shock. He showed that the slower SAW 

wave accounts for the signal observed following the bulk acoustic waves of a ground 

shock. Though originally SAW were a topic of interest in geophysics and seismology 

communities, the ability to generate SAW in piezoelectric substrates later brought 

interesting applications in communication and microelectronics as signal processing 

units. Other types of SAW (like Love waves, Sezewa waves, etc.) with different 

polarization states were also studied and experimentally demonstrated. In this 

dissertation, however, only Rayleigh type SAW are considered. 

In this chapter I discuss the basic physics of SAW, their generation mechanism, 

typical modeling techniques, fabrication processes, characterization methods, and 

measurement results of representative devices. 
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2.2. Basic Physics of SAW  

2.2.1. Piezoelectricity 

The first experimental demonstration of piezoelectricity dates back to 1880 when 

Pierre Curie and Jacques Curie observed surface charges appearing on crystals such as 

quartz when subjected to mechanical stress [28]. In order to distinguish this phenomenon 

from pyroelectricity, which is electricity generation by heating, this phenomenon was 

named piezoelectricity which literally means electricity generated from pressure. The 

inverse process where mechanical deformation is induced by electricity was later 

deduced from fundamental thermodynamic principles by Lippmann in 1881 [29]. The 

Curie brothers later confirmed this inverse process experimentally. The development of 

the field continued with a rigorous mathematical description of the process and 

identification of crystal groups that exhibit this phenomenon. The first experimental 

observations of piezoelectricity were restricted to naturally occurring crystalline materials 

like quartz, topaz, tourmaline and the like. But later this attribution was extended to 

manmade ceramic perovskite crystals like Barium titanate (BaTiO3), Lead zirconate 

titane (PZT), Lithium Niobate (LiNbO3), Lithium Tantalate (LiTaO3), etc. GaAs, AlN, 

ZnO are  some examples of semiconductors that exhibit piezoelectricity. 

The physical origin of piezoelectricity can be explained in relation to the 

existence of electric dipole moments in solid crystals which are induced on lattice sites 

with asymmetric charge surroundings. When a mechanical stress is applied to a 

piezoelectric material, the crystal geometry changes such that the ions in the structure are 

displaced and an effective dipole moment is created. To get non-vanishing polarization, 
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the dipole formed must not be cancelled out by other dipoles in the unit cell, and hence 

the crystal structure should be non-centrosymmetric.  Of the 32 crystalline classes, the 20 

non-centrosymmetric crystal classes exhibit piezoelectricity. In the reverse piezoelectric 

process, when the material is subjected to external electric field, a dipole moment is 

formed and results in deformation. In the other classes of piezoelectric materials, which 

also happens to be ferroelectric, there already exists electric dipoles in the structure even 

in the absence of external electric field. In such materials, neighboring dipoles aggregate 

into clusters called Weiss domains. These domains are usually randomly oriented; 

however, a poling process (subjecting the material to a uni-directional strong electric 

field) can align the domains in ceramic piezoelectric crystals and induce strong 

piezoelectric characteristics.   

2.2.2. Field Equations 

Quantitative analysis of piezoelectricity was done by Voigt and Duhem who 

formulated a macroscopic phenomenological theory based on thermodynamic principles. 

This thermodynamic approach predicts the reversibility of the direct and indirect 

piezoelectric effects and equivalence of the corresponding constants. The formulation is 

summarized below as is given in [30]. 

The total internal energy density of a piezoelectric material is the sum of the 

mechanical and electrical work done, and is given in differential form as: 

 

ij ij m mdU T ds E dD 
 

2.1 
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where mE and mD are electric field and electric displacement vectors respectively, ijT is 

the mechanical stress second rank tensor and ijs denotes the mechanical strain second 

rank tensor which can be written in terms of spatial gradient of displacement iu  as 

 1
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x x
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The electric Gibbs energy (electric enthalpy), ( , )ij iG G s E  can be written in its 

differential form as:   
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Taking its relation with total internal energy density, i iG U E D   the Gibbs energy can 

also be written as: 
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Comparing the above two differential forms of the Gibbs energy gives 
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which implies that ( , )ij ij ij mT T s E  and ( , )i i ij mD D s E . 

The functional dependence of the mechanical stress and the electric displacement vector 

on strain and electric field leads to the differential forms 
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The partial derivatives in the above differential equations are defined as: 
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which are the fourth rank tensor of the elastic stiffness constants, the third rank tensor of 

the piezoelectric constant, and the second rank tensor of the dielectric permittivity 

constants respectively. 

Integrating equations (2.7) and (2.8) at constant partial derivatives gives the constitutive 

relations that couple electrical and mechanical quantities as: 

 

ij ijkl kl ijm mT C s e E 
 

2.12 

 

m mij ij mk kD e s E 
 

2.13 

Equation (2.12) describes the inverse piezoelectric effect by which mechanical stress is 

generated by electric polarization induced by applied electric field, where as equation 
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(2.13) describes the direct piezoelectric effect where a mechanical deformation induces 

an electric displacement. 

2.2.3. SAW Propagation in Piezoelectric Materials 

Generally elastic wave propagation in a piezoelectric material is governed by 

mechanical equations of motion and quasi-static electromagnetic Maxwell equations, 

together with the piezoelectric constitutive relations derived above. The equation of 

motion that governs how mechanical stress applied to an elastic medium of density ρ 

affects the time evolution of particle displacement is: 

 2

2
.

ij j

i

T u

x t


 


 
 2.14 

Since the acoustic velocity in solids is much smaller than (five orders of magnitude 

smaller) the electromagnetic wave speed, a quasi-static approximation of the Maxwell's 

equation suffices to describe the electric field component of the elastic wave propagation 

in piezoelectric materials, which essentially means 

 
0.i

i

D

x





 2.15 

An analytical solution can be obtained by solving these equations for a simple 

medium. However, we used numerical analysis and equivalent circuit modeling 

techniques to analyze the synthesis and propagation  of SAW.   
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2.3. SAW Excitation and Modeling  

In 1965 White and Voltmer proposed and demonstrated the possibility of 

generating SAW by applying a time varying voltage on periodically arranged metal 

electrodes (called interdigital transducers, IDTs) deposited on piezoelectric materials 

[31]. Though piezoelectric material is required for transduction, the generated SAW can 

propagate in any solid material. The generated SAW will have a wavelength equal to the 

period of the IDT, and its frequency is determined by the acoustic velocity of the 

piezoelectric material. This simple, but clever, structure has become the main element of 

SAW devices, which have seen a wide range of applications in communication and 

microelectronics as signal processing units. Figure 2.1 shows a cartoon depicting the IDT 

structure on a piezoelectric substrate biased with a time varying voltage across its contact 

pads. The IDT period is designated as Λ. 

 

Figure 2.1 Schematic of an interdigital transducer (IDT). 

For an IDT of period Λ and piezoelectric substrate acoustic velocity 
soundv , the generated 

SAW will have a frequency of  
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where d is the width (and spacing) of the IDT fingers. This implies that generation of 

high frequency SAW requires high acoustic velocity material or/and small period IDT. In 

this dissertation, we used state of the art nanofabrication technology to fabricate IDTs 

which generate SAW with frequencies over  10 GHz. 

2.3.1. Equivalent Circuit Modeling of SAW Transducers  

There are several analytical models that construct the properties of a SAW 

transducer in terms of circuit elements. One such simple model is the crossed-field model 

[27]. It is an extension of the Mason’s equivalent circuit model that was primarily used 

for modeling bulk acoustic waves. The model assumes the electric field distribution 

under the IDT electrodes is perpendicular to the piezoelectric substrate. One limitation of 

the model is that it doesn't take into account SAW reflections from IDT finger electrodes. 

Nevertheless, its simplicity helps to extract important parameters like electromechanical 

coupling efficiency and IDT static capacitance from measured reflection spectra of IDTs.  

 

Figure 2.2 Interdigital transducer as a three port network. 
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As shown in the schematic of Figure 2.2 the SAW transducer can be envisaged as 

a three port network with one electrical port and two equivalent acoustic ports. The 

electrical port has a characteristic impedance that controls the current drawn by the IDT 

from a source. A 33 admittance matrix can characterize the current voltage relationship 

for the network. Of the 9 matrix elements, Y33 is the relevant one as it characterizes the 

electrical admittance of the IDT and is the quantity that can be directly probed during S11 

measurement. The cross-field model predicts the admittance to have the form [32]: 

 
 33( ) ( ) ( )a T aY G j C B     

 
2.17 

Here ( )aG  and ( )aB  are the IDT conductance and susceptance which vary with 

frequency as  

 2
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where 
2 , TC and o are the piezoelectric material electromagnetic coupling coefficient, 

the IDT static capacitance and resonance angular frequency of the IDT respectively. 

Using these expressions, the IDT equivalent circuit can be drawn as a shunt circuit in 

series with a parasitic resistance Rn as shown in Figure 2.3.  We used this model to extract 

the electromechanical coupling efficiency of the SAW devices realized in this thesis. 
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Figure 2.3 Interdigital transducer equivalent circuit. 

2.3.2. Finite Element Method (FEM) Analysis of SAW Transducers  

Several analytical methods are available to model and approximately characterize 

generation and propagation of SAW in piezoelectric and elastic materials. Coupling of 

modes (COM) analysis, equivalent circuit models, or delta function model are a few 

examples to mention [33]. However, a more accurate and detailed analysis can be 

obtained using rigorous analytical schemes like finite element method (FEM) and finite 

difference time domain (FDTD) methods. In this work, a FEM simulation scheme was 

employed to study the generation and propagation of SAW on piezoelectric substrate. 

The FEM simulation results were used in designing a high performance SAW devices. 

FEM is a numerical technique widely used to solve boundary value problems 

governed by partial differential equations. It divides the problem domain into smaller 

parts, finite elements, and applies variational techniques to solve the problem by 

minimizing residual errors. There are a wide range of commercial tools that use FEM 

simulations to solve eigenvalue problems.  In this thesis, COMSOL was used for the 

FEM analysis of SAW devices. 
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 Since the IDT aperture (IDT finger length), which is the emitted SAW beam 

width, is orders of magnitude longer than the IDT periods, a two-dimensional analysis 

was done. To this end, the piezo-plane strain model of the COMSOL Multiphysics 

module was used. Due to the periodicity of the IDTs, only one unit cell containing a pair 

of IDT fingers was simulated. On the ends of the unit cell, Floquet bundary condition was 

imposed. The bottom layer was set mechanically fixed, while allowing the top boundary 

to vibrate freely. The structure was meshed to appropriate mesh sizes to increase the 

accuracy of the simulation. The simulation calculates the eigen frequencies and the 

corresponding field vectors such as displacement field, strain field, and electric potential. 

A simulation result for a typical SAW device is shown in Table 2-2.  

2.4. Implementation of SAW Devices on Aluminum Nitride 

2.4.1. Material System 

The material choice in this dissertation was made taking into account 

piezoelectric and optical properties, fabrication compatibility with CMOS processes, and 

availability of wafers from foundries. The most common SAW and BAW devices were 

based on bulk single crystalline piezoelectric materials like quartz, LiNbO3, and LiTaO3. 

But, the advent of sophisticated deposition techniques and thin film technologies has 

enabled the realization of SAW devices based on polycystalline piezoelectric thin films 

like aluminum nitride (AlN), and zincoxide (ZnO ). We chose aluminum nitride (AlN) as 

it combines good piezoelectric and optical properties, and is readily available from 

foundries. The material system is 330nm thick c-axis oriented polycrystalline aluminum 

nitride film sputter deposited on oxidized silicon wafer. The oxide thickness is 3 μm.  
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Aluminum nitride is a semiconducting material that has a wide band gap of 6.2eV 

and infrared dielectric constant 4.77. It has a wurtzite crystalline structure with lattice 

constants of 3.112 Å and 4.982 Å in the in-plane and out of plane directions respectively 

[34]. Table 2-1 shows the form and values of AlN piezoelectric, stiffness, and elasto-

optic coefficient values. These values were used in the simulation, design, and analysis of 

the SAW device and photonic resonators. 

Table 2-1 Aluminum nitride material constants [34]. 

Piezoelectric constant Stiffness constant Elasto-optic constant 
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p11 = 0.1;        p12 = 0.027;     

p13 = 0.019;    p33 = 0.107;  

p44 = 0.032;     p66 = 0.037 

 

2.4.2.  SAW Transducer Design  

FEM simulation, as discussed above, was done to calculate the eigenmodes for an 

IDT period of 4.0 μm. Table 2-2 shows the out-of-plane displacement field distribution of 

the eigenvalues calculated. Three Rayleigh modes were identified, which were named as 

R-1, R-2 and R-3 modes. For the first order Rayleigh mode, the amplitude decreases 

exponentially into the substrate. But, the presence of AlN/SiO2 boundary creates higher 

order modes that satisfy the vertical boundary conditions. As will be shown in chapter 3, 



 

 17 

as the period of the IDT increases for a fixed AlN thickness, the number of Rayleigh 

modes supported by the structure increases. 

Table 2-2 Calculated mode profile of 4.0 μm SAW transducer. 

 

 

2.4.3. SAW Transducer Fabrication 

We used a metal liftoff process to fabricate the SAW transducers. Figure 2.4 

summarizes basic steps of the fabrication process. The AlN wafer was diced into square 

pieces of width 1 cm.  The substrate was thoroughly cleaned by soaking in organic 

solvents and rinsing in a running deionized water. It was then dried using N2 gas dry 

blow, and baked for 5 minutes on a hot plate with surface temperature set at 180
o
C. 

Electron beam lithography was used to pattern the IDT structure using a positive tone 
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resist - PMMA (poly methyl methacrylate). The PMMA, with molecular mass 950K, was 

diluted with the solvent chlorobenzene to a concentration that would give a resist 

thickness of 200 nm at a spin speed of 3000 rpm. After resist coating, the AlN was baked 

on a hot plate of temperature 180
o
C for 5 minutes to drive off any solvent in the resist. 

Vistec EBPG 5000+ electron beam lithography tool was used to write the IDT pattern on 

the resist. The highly packed very sensitive IDT fingers were written using a low current 

beam that has a beam spot size of 5nm; whereas the less sensitive large area IDT pads 

were written with a high current beam. This beam current combination ensures good 

patterning resolution with reasonable write time. After the electron beam writing, the 

sample was developed for 30 seconds in a 3:1 solution of methyl isobutyl ketone (MIBK) 

and Isopropanol alcohol (IPA). The development was followed by a 60 sec rinse in IPA. 

After the rinse, the sample was soaked again in the developer solution for 5 seconds to 

remove any resist leftover in the exposed region. 
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Figure 2.4 SAW transducer fabrication process flow. 

a. Material system (330nm polycrystalline AlN film deposited on an oxidized Si wafer, which 

has an oxide thickness of 3µm). b. 200nm PMMA electron beam resist was deposited. c. 

Electron beam lithography was used to write the IDT pattern on the resist. d. 50 nm aluminum 

metal was deposited using electron beam evaporation. e. The sample was soaked in NMP to strip 

the resist.     

In the metallization step, the CHA electron beam evaporation tool was used to 

deposit 50 nm aluminum metal on the sample. The evaporator chamber was pumped 

overnight to get a high vacuum level in the order of 74 10 Torr. The metal was deposited 

at a rate of 0.3 A s . After metallization, the sample was soaked in N-methy pyrolidinone 

(NMP) solution for over an hour to get clean lift off. The NMP solution was kept at 

elevated temperature of 60oC  to facilitate resist stripping. To ensure clean liftoff, the 
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sample was sonicated for 5 seconds at low sonication power. Finally the sample was 

rinsed off with IPA and N2 dry blown. Figure 2.5 shows an optical and scanning electron 

microscope image of a typical device fabricated in the experiment. The device consists of 

two IDTs separated by a 200 μm delay line. One of the IDTs serve as the SAW emitter 

whereas the other functions as SAW receiver. This structure allows us to characterize the 

SAW transduction as well as propagation characteristics of the AlN material system. 

 

Figure 2.5 Optical and SEM image of transmitter-receiver SAW device. 

a. Optical image of the fabricated transmitter-receiver SAW device. This device has two IDTs of 

period 4.0 μm  separated by a 200 μm delay line. One IDT acts as the SAW emitter, and the 

other IDT serves as the SAW detector. b. Close-up scanning electron micrograph of the IDT 

fingers. The width and spacing between the IDT finger electrodes are 0.5 μm.  

2.4.4. SAW Device Characterization 

The SAW transducer devices were characterized by measuring the reflection 

spectrum for a microwave power input using a vector network analyzer (VNA). 

Microwave voltage from a VNA was applied to the IDT pads via a microwave picoprobe 

(from GGB Inc). To offset the effect of the coaxial cable and picoprobe, calibration was 
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done using calibration substrate (from GGB Inc) with known standards. This 

deembedding process moves the 50 Ω plane from the VNA port to the picoprobe tip. The 

input microwave power was set at 4 dBm, and the microwave frequency was swept while 

measuring the reflection S11 spectrum on the VNA. On the reflection spectrum, dips 

appear at frequencies matching the resonance frequency of the SAW transducer. As 

shown in Figure 2.6, three resonances at 0.84GHz, 1.24GHz and 1.32Ghz corresponding 

to R1 R2 and R3 modes respectively were measured. These resonances are in agreement 

with the eigen frequencies obtained from the FEM simulation result shown in Table 2-2. 

A close inspection of the R1 mode reveals the resonance has a line width of 0.5 MHz, 

which corresponds to a SAW resonance quality factor of 1700. In the polar plot, the 

resonance displays typical characteristics of a Lorenzian lineshape.  

 

Figure 2.6 Measured reflection spectrum of the SAW transducer. 

a. Measured spectra of S11 reflection coefficient of the fabricated 4.0 µm period IDT. The 

excited acoustic modes appear as dips in the spectra, which are labeled with the corresponding 

Rayleigh mode orders. b. Zoomed in S11 spectra of the R1 mode. c. Zoomed in polar plot of S11 

spectra of the R1 mode.  
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We further analyzed the propagation of the SAW wave by measuring the 

transmission coefficient from the receiver IDT. Microwave voltage from the VNA was 

sent to one of the IDTs (called SAW transmitter), and voltage from the other IDT ( called 

SAW receiver) was sent back to the VNA. On the VNA, the ratio of the received voltage 

to the input voltage was displayed as S21 coefficient. The transmission spectrum was 

measured by sweeping the input microwave frequency. Figure 2.7 shows the measured 

transmission spectrum. As expected transmission peaks were measured for frequencies 

matching the resonance frequencies of the three Rayleigh modes supported by the 4.0 μm 

IDT. The interference like pattern observed in the S21 spectrum inside the resonance 

bandwidth is due to the Fabry-Perot resonance formed between the IDTs.  

 

Figure 2.7 Measured transmission spectrum of the SAW transmitter-receiver 

device. 

a. Measured spectra of S21 transmission coefficient of the fabricated 4.0 µm period transmitter-

receiver IDTs (the blue trace is the S21 spectra; the red one is S11 spectra). The transmission 

spectrum shows peaks at three frequencies that correspond to the IDT resonance frequencies. b. 

Zoomed in S21 spectra of the R1 mode.  
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Chapter 3. Sub-optical Wavelength Acoustic Wave Modulation of 

Integrated Photonic Resonators at Microwave Frequencies [23] 

Light-sound interactions have long been exploited for modulation, filtering and 

frequency shifting of light in various acousto-optic devices based on bulk crystalline 

materials. Conventionally these devices operate in megahertz frequency range where the 

acoustic wavelength is much longer than the optical wavelength and a long interaction 

length is required to attain significant coupling. With nanoscale transducers, acoustic 

waves with sub-optical wavelengths can now be excited to induce strong acousto-optic 

coupling in nanophotonic devices. Here we demonstrate microwave frequency surface 

acoustic wave transducers co-integrated with nanophotonic resonators on piezoelectric 

aluminum nitride substrates. Acousto-optic modulation of the resonance modes at above 

10 GHz with the acoustic wavelength significantly below the optical wavelength is 

achieved. The phase and modal matching conditions in this paradigm are investigated for 

efficient modulation. The new acousto-optic platform can lead to novel optical devices 

based on nonlinear Brillouin processes and provides a direct, wideband link between 

optical and microwave photons for microwave photonics and potentially quantum 

optomechanics.  

3.1. Introduction 

Actively generated acoustic waves in optical materials, typically quartz, lithium 

niobate and tellurium dioxide, can act as a traveling phase grating to deflect incident 

lightwave through Bragg diffraction and shift its frequency through the Doppler effect 
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[35]. These mechanisms have been applied to build an important family of optical 

devices—acousto-optic (A/O) devices—that include modulators, frequency shifters, 

beam deflectors and scanners, tunable filters, spectral analyzers and Q-switches in pulsed 

lasers [36]. In addition to diffraction effects, nonlinear optical effects such as stimulated 

Brillouin scattering (SBS) and amplification, a three-wave mixing process between light 

and sound waves, are also in the realm of acousto-optics [37]–[40]. Conventional A/O 

devices based on bulk crystalline materials, however, are bulky, and their integration with 

highly integrated optical systems such as silicon photonics remains a challenge. 

Moreover, their operation frequencies are limited to megahertz range and thus 

insufficient for modern optical communication operating with bandwidth of many 

gigabits/sec. Past efforts to increase the frequency of A/O devices are hindered by the 

fabrication capability of acoustic transducers and the much reduced elasto-optic 

efficiency at higher frequencies. 

To integrate acousto-optics, a new paradigm was introduced in the seventies 

which integrated surface acoustic wave (SAW) transducers with planar optical 

waveguides [27], [41]. In contrast to bulk acoustic waves, surface acoustic waves 

propagate on the surface of piezoelectric materials in acoustic modes confined within a 

depth on the order of the acoustic wavelength [42], [43]. SAW thus can have very high 

energy confinement and overlap with the optical modes of the planar waveguides to 

achieve efficient A/O modulation in a compact device. However, the highest operation 

frequency of such SAW based integrated A/O devices that have been achieved was still 

below one GHz so far [42]–[46]. 
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With significant advances in nanofabrication, inter-digital acoustic transducers 

can now be readily fabricated with sub-micron linewidth to generate surface acoustic 

waves with ultrahigh frequency up to tens of GHz [47]–[52]. At the same time, 

nanophotonic waveguides and cavities with very high quality factors have been 

developed to confine light in sub-wavelength scale with extremely high optical power 

density [53], [54]. Combining above two advances, acousto-optics can enter an 

unprecedented regime in which the acoustic wavelength (Ʌ=ca/fa; ca: sound velocity; fa: 

acoustic frequency) can be reduced to much less than the optical wavelength λ/n (n: 

refractive index). In this sub-optical wavelength regime, nearly ideal mode overlapping 

and phase matching conditions between light and sound waves can be reached in a highly 

confined system to attain efficient acousto-optic interaction and induce strong nonlinear 

effects such as Brillouin scattering. Indeed, gigahertz surface acoustic waves have 

recently been used to modulate the emission of GaAs quantum dots embedded in a 

photonic crystal nanocavity with the modulation frequency reaching a record of 1.7 GHz 

[55]. The acoustic wavelength (~1.8 μm) generated in that device, however, is still many 

times the optical wavelength (~0.25 µm in GaAs). Here we demonstrate acoustic 

modulation of photonic cavities with surface acoustic wave of frequency up to 10.6 GHz. 

In this microwave X-band frequency range, the acoustic wavelength is reduced to less 

than the optical wavelength (~0.75 μm), for the first time to the best of our knowledge, 

reaching the sub-optical wavelength regime of integrated acousto-optics. 
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3.2. SAW-Optical Resonator Integrated Device Design 

The proposed devices integrate both surface acoustic wave and photonic devices 

on 330 nm polycrystalline aluminum nitride (AlN) films sputtered on silicon wafers with 

3 µm thick thermal oxide layers. Given its strong piezoelectricity, high sound velocity 

and high refractive index, AlN is an ideal active material for both the excitation of 

acoustic waves and the making of optical waveguides [56]–[58]. In the highly integrated 

acousto-optic devices, the wavelength Ʌ of ultrahigh frequency acoustic waves can be 

substantially smaller than the size of the optical mode in the waveguides. In this regime, 

the spatial overlap between the acoustic wave and the optical mode is critical to the 

efficiency of acousto-optic modulation and is more sophisticated than that in 

conventional A/O devices. Figure 3.1 (a) schematically illustrates the relative scales of 

the acoustic wave and the optical mode in such a regime. The acoustic wave generates a 

propagating strain field, tensile and compressive periodically, which modulates the phase 

of the optical mode by changing the refractive index through a combination of elasto-

optic and electro-optical effects. As a result, the resonance frequency of the resonator is 

modulated which can be approximated by using the perturbation theory as [59]: 
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where Δn is the elasto-optic change of the refractive index tensor  
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with pij and Sj representing the contracted effective elasto-optic coefficient tensor and the 

strain field tensor, respectively [60].  
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Figure 3.1 Acousto-optic modal overlap. 

a. Schematics illustrating the relative scale and the interaction between the surface acoustic wave 

and the optical mode of the integrated waveguide made of AlN on a SiO2
 
cladding layer. 

Overlaid on the facet of the waveguide is simulated optical mode. b. Numerical simulation 

results of the field distribution of the optical mode, the surface acoustic mode and their overlap 

as defined in the text for two representative situations when Ʌ=2W and Ʌ=W/2 .  

Taking into account the polycrystalline nature of the AlN film and its contracted 

elasto-optic coefficient tensor, equation 3.1 can be reduced to a scalar expression which 

is proportional to an overlap factor Γ representing the spatial overlap between the strain 

field of the acoustic wave and the electrical field of the waveguide mode:   
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3.3 

This overlap factor Γ determines the acousto-optic modulation efficiency. 

Simulation shows that Γ strongly depends on the acoustic wavelength Λ as it is reduced 

to be less than the waveguide width W. Figure 3.1(b) illustrates the simulated field 

distribution of the optical mode, the acoustic mode and their spatial overlap, which is 

integrated as in equation 3.3 to give Γ in two representative situations when Ʌ=2W and 
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Ʌ=W/2, respectively. The simulation predicts that optimal overlap is achieved when the 

acoustic wavelength Ʌ is close to twice of the lateral size of the optical mode. In contrast, 

when the acoustic wavelength almost equals the mode size, the modulation by tensile and 

compressive strain will nearly cancel each other, leading to vanishing modulation. The 

situation varies periodically as Λ is continuously reduced for a given waveguide size. In 

the following we experimentally verify these relations in devices with varying acoustic 

wavelength Ʌ and optical waveguide width W. 

Figure 3.2 shows optical and scanning electron microscopy images of a typical 

device, which features an inter-digital transducer (IDT) made of gold and an optical 

racetrack resonator made of AlN single-mode rib waveguide. Among the devices studied, 

the width of the waveguide is varied from 0.8 to 1.2 µm and its height is kept at 200 nm.  

 

Figure 3.2 An integrated surface acousto-optic system. 
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a. Optical microscope image of a typical device, featuring a racetrack resonator made of AlN rib 

waveguide and an inter-digital transducer (IDT). The aperture size of the IDT is A and the 

distance between the front and back straight segments of the racetrack is ΔL as shown by the 

labels. b. Scanning electron microscope image of the electrode fingers of an IDT with a period D 

of 400 nm. The width of the fingers is 100 nm.  

The IDTs have period D in the range of 0.4 to 1.6 µm, which corresponds to the 

wavelength (Ʌ) of the acoustic wave they excite. Figure 3.2(b) shows a zoom-in image of 

an IDT with D=0.4 µm; the width of each electrode finger is D/4=100 nm. The IDTs are 

placed to launch acoustic waves propagating in the direction transverse to the straight 

waveguide segments of the racetrack (Figure 3.2a), which are designed to have the same 

length as the aperture (A) of the IDTs in order to achieve maximal acousto-optic 

interaction. 

 

Figure 3.3 Transmission spectrum of the optical resonator. 
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 The optical resonances of the racetrack resonator can be observed in the transmission 

spectrum measured from the feeding waveguide as shown in Figure 3.3. The best 

intrinsic optical quality factor with waveguide width of 0.8 µm is 8×10
4
. 

3.3. SAW Transducer Characterization 

We first characterized the SAW devices by conducting microwave reflection 

measurements. The SAW IDT was contacted with a microwave coplanar probe and the 

reflection coefficient S11 of the device was measured with a network analyzer. In Figure 

3.4a, we show a series of S11 parameters versus frequency measured from IDTs with 

Ʌ=1.6, 0.9, 0.7 and 0.5 µm. Acoustic modes with frequency up to 12 GHz into the 

microwave X-band can be observed in the reflection spectra as prominent dips. 

Numerical simulation confirms that these are the Rayleigh modes of different orders with 

the mode number n up to 12. They are labeled as Rn in Figure 3.4a. It can be noted that 

for a given Λ, only a selective set of modes are excited and as Λ reduces, low order 

modes start to disappear and higher order modes begin to dominate. Simulation confirms 

that these are the allowable modes restricted by the boundary conditions of the 

AlN/SiO2/Si multilayers. 
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Figure 3.4 Surface acoustic wave characteristics. 

a. Measured spectra of S11 reflection coefficient of IDTs with different wavelengths. The excited 

acoustic modes appear as dips in the spectra, which are labeled with the corresponding Rayleigh 

mode orders. b. Dispersion relation between the phase velocities of different Rayleigh modes 

and the wavenumber. Lines are simulated results and symbols are experimentally determined 

values.  

The multilayer structure and the relatively thin AlN layer, as is necessary for 

making the photonic devices, also leads to strong dispersion of the acoustic waves 

because the modes extend over the layers with different sound velocities. Therefore, the 

dispersion relation between the phase velocities and the wavenumber of the acoustic 

waves is very important to the design of these acoustic devices. We experimentally 

determined the phase velocity of different modes from their frequency as p a au k , 

where a  is the angular frequency and ak     is the wavenumber of the acoustic 

modes. The results are displayed in Figure 3.4b along with the dispersion curves 
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calculated with numerical simulation. The experimental and the theoretical results show 

reasonable agreement with discrepancies attributed to the finite simulation space and the 

mass loading effect of the IDT electrodes. Because of their different mode profiles, 

different orders of Rayleigh modes show very distinct dispersion properties. As can be 

seen in Figure 3.4b, with reducing wavenumber the phase velocities of the low order 

modes approach the sound velocity of SiO2 (cSiO2= 3400 m/s) because the acoustic modes 

largely reside in the SiO2 layer. In contrast, the phase velocities of the high order modes 

approach the sound velocity of AlN (cAlN=6000 m/s) because the acoustic mode is more 

confined in the AlN layer. 

 

Figure 3.5 Measured electromechanical coupling efficiency.  

a. Electromechanical coupling coefficient k
2
 determined from the measured S11 reflection 

spectrum of the R1 modes of IDTs with various wavelengths. b. Electromechanical coupling 

coefficients of different modes of two IDT devices with Λ=1.6µm (red symbols) and 0.85µm 

(blue symbols). 

Another important parameter of acoustic transducers is the electromechanical 

coupling coefficient k
2
, which is defined as the ratio of the mechanical power of the 

acoustic wave and the input electrical power, and thus characterizes the transducers’ 
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energy efficiency. In Fig. 2c, k
2
 of the fundamental Rayleigh mode (R1) is plotted versus 

wavelength Λ, showing that at wavelength above 1 μm k
2

 is around 0.4%, which is 

comparable with values of SAW devices made in similar thin films [61], [62]. However, 

when Λ is reduced to below 1 μm, k
2
 decreases dramatically, making the fundamental 

mode more difficult to be excited as observed in Figure 3.5a. On the other hand, in Figure 

3.5d the measured k
2
 of different mode orders are compared for two fixed wavelengths 

(1.6 μM and 0.85 μm). The result reveals that at very short wavelength k
2
 recovers for 

higher mode orders and becomes comparable with that of the fundamental mode at long 

wavelengths. The above results suggest that the high order modes are the dominant 

modes at the limit of short acoustic wavelengths (where a 1k h  , h is the AlN film 

thickness) and advantageous in excitation efficiency and reaching ultrahigh frequency. In 

the following, we demonstrate ultrahigh frequency acousto-optic modulation of photonic 

resonators using these high order acoustic modes. 

3.4. SAW Optical Resonator Modulation Experiment 

To measure the acousto-optic modulation, a tunable laser is coupled into the 

feeding waveguide and the racetrack resonator through integrated grating couplers and 

the transmission out of the device is monitored with a high-speed photodetector 

connected to the port 2 of the network analyzer. With this configuration, the measured 

spectra of the transmission coefficient S21 reflect the frequency response of acousto-optic 

modulation in the system. To convert the acousto-optic phase modulation to the 

amplitude response of the transmitted optical signal, the input laser is detuned from the 

optical resonance to implement the slope detection scheme. In Figure 3.6 the results 
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obtained from the same set of devices as in Figure 3.4a are displayed. The width of the 

optical waveguide W is fixed at 0.8 μm in these devices. In the spectra of S21, peaks 

induced by the acoustic modes with frequencies that match those in the S11 spectra of 

Figure 3.4a can be observed.  

 

Figure 3.6 Ultrahigh frequency acoustic modulation of optical resonators. 

 Measured spectra of S21 transmission coefficient of the integrated acousto-optic devices that are 

the same as in Fig. 2a. Modulation of the photonic resonances shows as peaks in the spectra 

which are labeled with the corresponding Rayleigh mode orders. The width of the waveguide is 

constantly 0.8 μm in these devices.  

The highest modulation frequency reaches 10.6 GHz for the 7
th

 Rayleigh mode 

with acoustic wavelength Λ=0.5 μm. This demonstrated acousto-optic modulation 
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frequency is almost an order of magnitude higher than the previously reported result [53]. 

More importantly, our results represent the first demonstration of acousto-optic 

modulation in integrated photonic devices using acoustic waves with wavelength 

significantly smaller that the optical wavelength (~0.75 μm here).  

 

Figure 3.7 Acousto-optic modulation for different laser detuning and SAW power. 

a. Acousto-optic modulation response versus laser detuning relative to the optical resonance for 

the R6 mode in the Λ=0.9 μm device. The response shows a line shape of the derivation of a 

Lorentzian resonance, indicating that the acoustic wave modulates the phase of the optical mode. 

b. Modulated optical signal power versus the square root of the input power and linear fittings 

for the R4, R5 and R6 modes of the Λ=0.9 μm device. The linear dependence indicates that the 

modulation is proportional to the amplitude of the acoustic wave. 

The modulation amplitude was also measured with varying laser detuning relative 

to the optical resonance frequency. The result for the R6 mode of Λ=0.9 μm device is 

displayed in Figure 3.7a, showing that the optical S21 follows the derivative of a 

Lorentzian optical resonance lineshape, as expected from the phase modulation nature of 

the acousto-optic interaction. In addition, because the phase shift induced by the acousto-

optic modulation is expected to be proportional to the amplitude of the acoustic wave, the 
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modulation amplitude should be linearly dependent on the square root of the input 

electrical power. This linear relation is clearly shown in Figure 3.7b, measured from three 

representative acoustic modes (R3, R4, R5) of the Λ=0.9 µm device. The actual input 

power P is calculated by taking into account the reflection coefficient of the IDT and the 

modulated optical power is calculated from the S21 coefficient after calibrating the gain 

and losses of all the optical and electrical elements in the setup. 

3.5. Optomechanical Coupling Analysis 

Comparing Figure 3.4a and Figure 3.6, it can be observed that the electrical 

reflection and the optical transmission measurements yield different relative amplitudes 

for different acoustic modes. For example, the R11 mode of the Λ=0.5 µm device is 

strong in the electrical S11 spectrum but suppressed in the optical S21 spectrum. It 

indicates that even though this mode can be efficiently excited, it does not modulate the 

optical mode effectively as compared with, for example, the R9 mode of the same device. 

This effect is attributed to the different acousto-optic overlap factors Γ for different 

modes, as well as their different electromechanical coupling efficiencies k
2
. Γ is strongly 

dependent on both the acoustic wavelength Λ and the perpendicular mode profile of the 

acoustic mode (Figure 3.1b) for a given optical waveguide size. As Λ is reduced to below 

the optical wavelength, the strain field across the optical mode can no longer be 

approximated as uniform but rather is spatially periodic as illustrated in Figure 3.1.  
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Figure 3.8 Optomechanical coupling rate and acousto-optic modal overlap.  

a. Measured optomechanical coupling coefficient Gom and theoretically calculated overlap factor 

Γ of the acoustic and the optical modes after normalization by the electromechanical coupling 

coefficient k
2
, for the R2 and R6 modes of devices with varying acoustic wavelength Λ. Note the 

experimental (symbols) and the theoretical results (lines) use different scales but qualitatively 

they agree very well. b. Measured Gom (red symbols) and theoretically calculated Γ/k
2
 (blue 

symbols) of all the acoustic mode for the device with Λ=0.9 μm.  

Therefore to evaluate the optomechanical modulation of the optical resonance, Γ 

has to be calculated for each given acoustic wavelength and optical waveguide size. To 

be consistent with other types of optomechanical systems, we define the opto-mechanical 

coupling coefficient omG z    as the ratio of the optical resonance frequency shift to 

the displacement amplitude (Δz) of the acoustic wave. Gom describes the efficiency of 

acousto-optic modulation in a specific device and can be determined experimentally. The 
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representative results of Gom for the second (R2) and the sixth (R6) Rayleigh modes 

measured from eighteen devices with different Λ and waveguide widths (W=0.8µm, 

1.05µm and 1.2µm) are shown as symbols in Figure 3.8a. For comparison, the calculated 

overlap factors divided by k
2 

to compensate for the different electromechanical coupling 

efficiencies are also plotted after being normalized. Qualitative agreement between the 

theory and the experiment can be observed. The results show that Gom reaches maximal 

value when W is smaller than the acoustic wavelength Λ and the effective width of the 

optical mode is close to Γ/2. In contrast, as W increases above Λ, Gom first decreases and 

then oscillates when the overlap integral changes periodically. Thus, to achieve efficient 

acousto-optical modulation, the optical waveguide width needs to be optimally designed 

to utilize a specific acoustic mode. In addition to the lateral modal overlap, the acousto-

optic overlap in the vertical direction, which depends strongly on the mode orders, also 

plays an important role. In Figure 3.8b, we show the measured Gom of different acoustic 

modes in a Λ=0.9µm, W=0.8 µm device along with theoretical results. The experimental 

results agrees well with the theoretical prediction to show that at this particular 

wavelength, the fundamental and the third order modes are the most efficient in acousto-

optical modulation but the third order mode can modulate at higher frequency with 

similar efficiency. As shown in Figure 3.5b, when the acoustic wavelength is further 

reduced, the higher order modes can be more efficient and thus more desirable for 

ultrahigh frequency modulation. 
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3.6. Broadband SAW Modulation of Optical Resonator 

An important application of SAW devices is for front-end bandpass filters in 

wireless communication systems which often requires a wide passband width [27]. A 

wideband SAW transducer can be achieved with a slanted IDT design in which the period 

of IDT electrodes is varied linearly to generate SAW wave with frequencies spanning 

between the frequencies that correspond to the periods at the two ends of the IDT [63], 

[64]. To demonstrate broadband acousto-optic modulation, we designed a slanted IDT 

with a center period of 4µm (corresponding center frequency: 0.9 GHz) and 20% 

bandwidth. The acousto-optic modulation response of the device is shown in Fig. 5a. The 

modulation result demonstrates a -3dB bandwidth of 130 MHz and a side-lobe rejection 

ratio of over 30dB.  

 

Figure 3.9 Broadband acousto-optic modulation. 

a. Frequency response of the optical signal to broadband acoustic modulation generated by a 

slanted IDT with a center period of 4 μm. The -3 dB bandwidth of the modulation is 130 MHz 
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and the stopband rejection ratio is higher than 30 dB (upper-right inset). Strong ripples seen in 

the passband can be attributed to the delay of the acoustic wave at the front and back waveguide 

segments of the racetrack resonator (upper-left and lower-right insets) the interference of the 

modulation. b. The frequencies of the peaks in the passband ripples increase linearly with the 

peak number. Linear fitting yields the phase velocity of 3400 m/s for the fundamental Rayleigh 

mode, in agreement with previous results. c. From the extinction ratio of the ripple, the 

propagation loss of the acoustic wave can be estimated. The result suggests a loss of 6 dB/mm, 

which should be considered as an upper bound of the loss. 

In the passband, however, strong passband ripples can be observed. These ripples 

are attributed to the phase delay between the modulation at the back and front straight 

segments of the racetrack due to the propagation of acoustic wave. As illustrated in 

Figure 3.9a, the peak modulation amplitude occurs when the phase delay

p2 f L u    , where ΔL=300 μm is the distance between the waveguides, up is the 

phase velocity, equals 2Nπ (N, an integer) and thus the modulations at the two waveguide 

segments are in phase. Therefore, the frequencies at the peaks of the passband ripples are 

related to the phase velocity of the acoustic wave as
N pf Nu L  . Linear fitting of the 

measurement result as shown in Figure 3.9b yields a phase velocity value of 3400 km/s, 

which agrees well with the result for the R1 mode of the same acoustic wavelength 

(Figure 3.4b). In addition to phase velocity, the broadband result can also reveal the 

propagation loss of the acoustic wave. Similar to other types of delay line 

interferometers, the extinction ratio η, defined as the ratio of the maximum and the 

minimum of the ripples, is related to the amplitude propagation loss α by

   exp( ) 1 / 1L       . The result of α determined with this method is shown in 

Figure 3.9c. An average value of 6 dB/mm is obtained, which should be considered as an 
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upper bound estimation of the propagation loss because effects such as the reflection of 

the acoustic wave by the waveguide are not considered in the calculation. With this 

apparently high value of linear loss [65], [66], the total acoustic loss, however, is 

insignificant considering that the footprint of photonic devices typically spans only a few 

tens of micrometers. Although the interference effect can be utilized to enhance acousto-

optic modulation at a specific frequency, the large passband ripples are undesirable for 

signal processing applications. They can be easily removed by including an acoustic 

absorber in the center of the racetrack resonator to allow only the front waveguide 

segment to be modulated. Further optimization of the slanted IDT design can be done to 

improve its passband width, shape factor and stopband suppression so the device may be 

applied as an efficient broadband filter in radio-frequency photonics systems. Broadband 

IDT using Fourier synthesized design can also be used to generate sharp SAW pulses in a 

scheme which recently has been proposed as an ultrafast way to modulate quantum dots 

in photonic nanocavities for quantum photonics [67]. 

3.7. Summary 

In conclusion, acousto-optic modulation of photonic resonators with surface 

acoustic wave at frequencies above 10 GHz has been demonstrated. The acousto-optic 

system is completely integrated on piezoelectric AlN film deposited on silicon based 

substrate so it is potentially compatible with the silicon photonics platform. With the 

achieved ultrahigh acoustic frequency, an unprecedented sub-optical wavelength regime 

of acousto-optics is reached. In this regime, the efficiency of light-sound interaction 

depends strongly on the modal and phase matching between the acoustic and optical 
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modes, and can be optimized with proper device design to achieve optimal modulation 

efficiency and ultrahigh modulation frequency. On this highly integrated acousto-optic 

platform, we expect that a wide range of novel device applications may be developed, 

including ultrafast optical modulators, non-reciprocal photonic devices based on Brillouin 

scattering [68]–[70] and side-band resolved cavity optomechanics utilizing actively 

excited travelling acoustic waves [71]–[73]. 

3.8. Methods 

3.8.1. Device Fabrication  

The integrated surface acousto-optic devices were fabricated on 330nm thick c-

axis oriented polycrystalline piezoelectric AlN thin film sputtered (by OEM Group, AZ) 

on silicon wafers with a 3µm thermally grown oxide layer. The photonics layer was 

patterned with electron beam lithography (Vistec EBPG-5000+) using ZEP-520 resist 

and etched with Cl2 based reactive ion etching. The AlN rib waveguides were etched 

200nm deep with 130nm thick slabs. The slab allows the acoustic wave to propagate 

across the waveguide with reduced reflection and transmission loss. The IDTs to excite 

SAW were patterned with electron beam lithography using ZEP-520 resist followed by 

deposition of 40nm thick chrome/gold film and a liftoff process. 

3.8.2. Measurement Methods 

The racetrack resonator was characterized by measuring the transmission using a 

tunable diode laser (Agilent 81940A). The SAW IDTs were characterized with a PNA 

vector network analyzer (Agilent E8362B) via a microwave probe and measuring the 
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corresponding S11 reflection spectrum. Frequency response in both magnitude and phase 

were recorded in order to determine the electromechanical coupling efficiency of the 

devices. This measurement was performed on a spectrum of SAW devices of varying 

wavelengths to determine the dispersion relation of the devices. Before every 

measurement, a calibration substrate (GGB Inc.) was used to calibrate and null off the 

impedance of the cables and the microwave probes. Acousto-optic modulation was 

measured with the slope detection scheme with the laser wavelength detuned from the 

optical resonance. The optical signal from the device was first amplified by an erbium 

doped fiber amplifier (EDFA) and then filtered with a tunable optical filter to remove 

amplified spontaneous emission noise induced by the EDFA. Finally the signal was sent 

to a high speed photoreceiver (12 GHz bandwidth, New Focus 1554A). The 

photoreciever output was amplified using a low noise amplifier and then connected to the 

vector network analyzer to measure the optical S21 frequency response when the network 

analyzer source frequency was swept. 

3.8.3. Electromechanical Coupling Coefficient Extraction 

To extract the electromechanical coupling coefficient from the S11 spectra of the 

SAW devices, we used the equivalent circuit model discussed in chapter 2 of this thesis.  

 After measuring the complex impedance of the IDT using the network analyzer, 

we subtracted the real component values that lie well outside the SAW resonance 

linewidth. This subtracted frequency independent resistance corresponds to the parasitic 

resistance, Rp. The inverse of the remaining impedance gives the IDT admittance, Ya(f), 

whose real part is the IDT radiation conductance and its imaginary part comprising the 
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radiation susceptance and the susceptance contribution of the IDT electrodes’ static 

capacitance. Since the radiation susceptance should vanish at the resonant SAW 

frequency, the susceptance value at this frequency gives the static capacitance of the IDT 

electrodes. This value, together with the radiation conductance value at the resonance 

SAW frequency, can be used to calculate the electromechanical coupling coefficient. 

Such analysis is done for R1 modes of IDTs of different SAW wavelengths and the 

results are shown in Figure 3.5a.  

As an example, we presented the analysis we did on an R1 mode of a 1.6µm IDT, 

the S11 spectra of which is shown in Figure 3.4a. We calculated k
2
 and Ct to be 0.27% and 

2.81pF, respectively.  

 

Figure 3.10 Radiation conductance and susceptance of 1.6μm period IDT. 

We used these extracted values to calculate the radiation conductance and susceptance of 

the IDT. Figure 3.10 shows a comparison of the calculated and measured values. In the 
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calculated plot of the radiation conductance, the sinc function behavior is a signature of 

the finite size of the IDT transducer. 

3.8.4. Acousto-Optic Overlap Factor Definition and Calculation: 

 

We consider a TE waveguide mode with its dominant electric field pointing in the 

x-direction. The wave propagates along the y-axis and the z-axis pointing out of the plane 

along the c-axis of the AlN polycrystalline film. A travelling SAW wave modulates the 

dielectric constant of the material it propagates in through the elasto-optic effect directly, 

and electro-optic effect indirectly. The contribution of the indirect electro-optic effect can 

be lumped into the elasto-optic effect by defining an effective elasto-optic coefficient as 

[74] 
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where lk is k
th

 component of the unit vector along the direction of SAW wave 

propagation, and rij represents the electro-optic coefficient, which can be written in the 

contracted form for crystalline material with 6mm symmetry as: 
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with coefficiecnts r13=0.67pm/V, r33=-0.29pm/V, and r510 in AlN [75]. For a SAW 

wave propagating along the x-axis (transverse to the optical waveguide), the only nonzero 
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electro-optic contributions comes from r51. But, this value is quite small and can be 

ignored, leaving the elasto-optic coefficient unchanged.  

Invoking the definition of index ellipsoid and using the contracted form of the elasto-

optic coefficient, we can write the change in refractive index as: 
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where pij is the elasto-optic coefficient tensor, and Sj is the strain field tensor. A simple 

differentiation reduces the above expression to: 
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For a hexagonal crystal system like AlN, the elasto-optic coefficient tensor takes the form 
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with values p11=0.1, p33=0.107, p12=0.027, p13=0.019, p44=0.032, and p66=

0.037 for AlN thin films [76]. Since the film is polycrystalline, we can approximate the 

in-plane elasto-optic coefficients as the average of the a- and b-direction coefficients of 

the crystal:  11 12 11 12 / 2 0.063p p p p      . Ignoring the shear components of the 

strain field tensor (S4, S5, S6), which are much weaker than the normal components, one 

can write the elasto-optic refractive index change as: 
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where S1 and S3 correspond to the normal strain fields in the x- and z-directions 

respectively. This change in refractive index induces a change in mode frequency of the 

optical resonator. Since the SAW-induced refractive index change is very small (n/n 

<<1), one can use perturbation theory to estimate this change in frequency to the first 

order in n as [59]: 
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where E1 is the dominant electric field of the TE mode waveguide. This implies that the 

change in mode frequency is proportional to an overlap integral of the SAW strain field 

with the waveguide mode electric field, which can be written as: 
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This overlap factor can be calculated to optimize the geometry of a waveguide for 

maximum SAW-optics interaction. 

 

3.8.5. Optomechanical Coupling Coefficient Extraction 

Analogous to optomechanical systems, the strength of acousto-optic interaction in an 

optical cavity can be quantified by an optomechanical coupling rate (Gom). We define this 

coupling rate as: 
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,omG A     3.11 

where  is the change in resonance frequency of the optical cavity due to acousto-optic 

modulation, and <A> is the mean amplitude of the SAW displacement field. This 

displacement field amplitude is a measure of the acoustic energy, which depends on the 

electromechanical coupling coefficient and the microwave power input to the IDT.  

 

The acoustic elastic energy density is given as: 
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where Si is the strain field tensor component and Cij is an element of the elastic module 

tensor which can be written in its reduced form as [77]
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with element values C11=410 GPa, C12=149 GPa, C13=99 GPa, C33=389 GPa, and 

C44=125 GPa for AlN. The strain field vector of the surface acoustic wave propagating 

along the z-axis can be expressed as:   1 3 50 0 0S S S S , where S1 and S3 are 

the normal strain fields along the x and z-directions, respectively, and S5 is the shear 

strain field. Ignoring the relatively weak shear component of the strain field and taking 
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into account the fact that S1 and S3 are 90
o
 out of phase (where cross-terms vanish upon 

averaging over a SAW wavelength), the energy density reduces to:  

 
 2 2 2

11 1 33 3 33 3
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2
U C S C S C S    3.13 

where in the last step we took the upper bound of the energy density for the case of 

simplicity. The z-component strain field can be expressed as: 
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where the out-of-the-plane displacement uz with amplitude A is assumed to decay 

exponentially at a rate of 1/Λ into the substrate for surface waves. Thus, the energy 

averaged over a SAW wavelength  can be written as:  

 2
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which integrates to  
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33
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,

4
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where W is the SAW beam width and <A> represents ‘average’ amplitude of the SAW 

displacement field. The electromechanical coupling coefficient k
2 

and the IDT reflection 

coefficient S11 relate the SAW wave power, PSAW, to the microwave power input to the 

IDT, Pin, as: 
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where fo is the SAW resonance frequency. Substituting the energy E expression into this 

power equation gives the approximate relation of the SAW displacement field amplitude 

with the microwave power input to the IDT as: 
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From the measurement data analysis, we determined that the frequency modulation has a 

linear relationship with the square root of the microwave power input to the IDT. The 

slope of this linear plot, coupling coefficient quantified with respect to microwave input 

voltage, can be converted into the optomechanical coupling rate, Gom, using the equation 

derived above.  

3.8.6. SAW Mode Calculation 

We employed a finite element method to calculate the eigenfrequencies of the IDT 

structure. The periodicity of the IDT allowed the use of only one unit cell with periodic 

boundary conditions set at the ends of the unit cell. Appropriate material parameters and 

boundary conditions were imposed and the geometry was solved for an optimally meshed 

IDT structure. All the possible eigen modes allowed by the geometry were calculated, 

and this led to the mapping of the SAW dispersion curve as shown in Fig. 2b of the main 

paper. The calculated strain field distribution was used in a post-processing recipe to 

calculate the acousto-optic overlap factor. Representative results are shown in Figure 3.8. 

In Table 3-1 and Table 3-2, we showed the eigen mode profiles calculated for 1.6µm and 

0.5µm wavelength IDTs. The plots are shown for the out of plane displacement field.  

 



 

 51 

 

 

Table 3-1 Simulated SAW mode profiles for 1.6 μm IDT. 

 

 

Table 3-2 Simulated SAW mode profiles for 0.5 μm IDT. 
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The 1.6 µm IDT supports only five modes, while the 0.5µm IDT has 15 modes. This is in 

line with the fact that the SAW amplitude decays exponentially into the substrate and 

hence limiting the number of R-modes of large wavelength IDTs to fewer than those of 

smaller wavelength IDTs. The AlN and silicon dioxide film thickness determines the 

possible number of modes supported for a particular wavelength IDT.  

3.8.7. Modulation Measurement Setup 

The measurement scheme is shown in Figure 3.11. A microwave signal from port-1 of 

the vector network analyzer was input to the IDT to excite the SAW. Laser light with 

wavelength set half the linewidth off the optical resonance was sent to the input grating 

couple. The resonator’s transmitted light was collected from the output grating coupler 

and split into 0.1 & 0.9 ratio using a fiber coupler. The 10% output was used to monitor 

and optimize the fiber arrays position with respect to the grating couplers. The 90% 

output was sent to an erbium doped fiber amplifier (EDFA). The amplified light signal 

was sent to a tunable optical filter to remove any amplified spontaneous emission noise 

induced by the EDFA. Finally the light signal was sent to a high-speed photoreceiver for 

detection. The electrical signal from the detector was fed back to port-2 of the vector 

network analyzer and the optical S21 spectrum was measured by sweeping the network 

analyzer frequency. 
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Figure 3.11 Acousto-optic modulation measurement schematics. 

Modulation measurement schematics. VNA: Vector Network Analyzer, EDFA: Erbium-Doped 

Fiber Amplifier, OTF: Optical Tunable Filter, LS-PD: Low speed Photo Detector, HS-PD: High-

speed Photo Detector, LNA: Low Noise Amplifier, FC-Fiber Coupler. 
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Chapter 4. Nanophotonic Cavity Optomechanics with Propagating 

Phonons in Microwave Ku Band [24] 

 Strong coherent interactions between colocalized optical and mechanical 

eigenmodes of various cavity optomechanical systems have been explored intensively 

toward quantum information processing using both photons and phonons. In contrast to 

localized modes, propagating mechanical waves are another form of phonons that can be 

guided and manipulated like photons in engineered phononic structures. Here, we 

demonstrate sideband-resolved coupling between multiple photonic nanocavities and 

propagating surface acoustic waves up to 12 GHz. Coherent and strong photon–phonon 

interaction is manifested with electro-optomechanically induced transparency, 

absorption, and amplification, and phase-coherent interaction in multiple cavities. Inside 

an echo chamber, it is shown that a phonon pulse can interact with an embedded 

nanocavity multiple times. Our device provides a scalable platform to optomechanically 

couple phonons and photons for microwave photonics and quantum photonics. 

4.1. Introduction 

Strong coherent interactions between co-localized optical and mechanical 

eigenmodes of various cavity optomechanical systems have been intensively explored 

toward quantum information processing using both photons and phonons [71], [73], [78]–

[80]. To achieve this, optomechanically induced transparency [18], [19], [81], backaction 

cooling [82], [83] and light squeezing [84], [85] have been demonstrated. To this end, 

optomechanical interaction between localized mechanical modes and confined optical 
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modes of the cavity system is exploited to obtain strong photon-phonon coupling. In 

contrast to localized motion, however, the more ubiquitous form of phonons is various 

types of mechanical waves that freely propagate in the bulk or on the surface of solids. 

Propagating mechanical waves can interact with light strongly through elasto-optic 

effects and have been utilized in various acousto-optic devices [35], [60]. In optical fibers 

[38], [86]–[88] and more recently in integrated waveguides [69], [89]–[92], mechanical 

waves can also be optically stimulated and lead to strong Brillouin scattering between 

phase-matched optical modes. Much like photons, these mechanical waves, or itinerant 

phonons, can be confined and guided in planar phononic waveguides to propagate over 

long distances so that their coupling with photonic modes are highly scalable [93]–[95]. 

Furthermore, phononic crystals and cavities can also be implemented to confine and store 

phonons to achieve extended lifetime [96]–[98]. The quantum nature of those itinerant 

mechanical states has recently been revealed [99]. 

While both propagating and localized mechanical modes can be optically 

stimulated, they can be more efficiently excited electromechanically so that the amplitude 

or number of phonons can be pumped to a very high level without the need of a strong 

pump laser. Such an approach has been employed in electro-optomechanical systems that 

can directly couple microwave signals with optical signals [55], [100], [101]. Mechanical 

waves can also be excited with electromechanical transducers in monolithic devices. 

Representative types of mechanical waves include bulk acoustic waves (BAW), Rayleigh 

surface acoustic waves (SAW), Lamb waves and flexural plate waves. Rayleigh SAW are 

particularly interesting because the displacement is confined on the surface of the 
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substrate and it can be conveniently excited with planar transducers. Acoustic wave 

devices have long been applied for wireless communication and signal processing 

applications [27], [102]. In quantum physics, single quanta of SAW wave has been 

detected with single electron transistors and superconducting qubits, manifesting that 

propagating phonon can be a viable quantum information carrier [99], [103]. In 

photonics, we previously showed that microwave frequency SAW wave can efficiently 

modulate photonic waveguide modes [23]. In this work, we present a new type of cavity 

optomechanical system consisting of high-Q photonic crystal nanocavities integrated 

with SAW transducers working at frequency above 12 GHz, entering the microwave Ku-

band. At this unprecedentedly high frequency, optomechanical interaction in the new 

system reaches the sideband resolved regime and enables optomechanically induced 

transparency and absorption. To establish the propagating feature of mechanical waves, 

we demonstrate phase-coherent optomechanical modulation of multiple nanocavities and 

that an acoustic pulse travels insides an echo chamber for multiple rounds to interact with 

an embedded nanocavity. 

4.2. Device Design and Characterization 

Both the photonic crystal nanocavities and the SAW transducers are integrated on 

330 nm thick aluminum nitride (AlN) film, which provides strong piezoelectricity for 

efficient excitation of SAW and high refractive index for optical confinement. As 

illustrated in Figure 4.1, the nanocavity is formed in a nanobeam inscribed with one 

dimensional photonic crystal shallow etched in the AlN layer. The nanocavity can be 

coupled with a waveguide either on the side or at the ends. An interdigital transducer 
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(IDT) is configured to launch surface acoustic wave propagating in the transverse 

direction to the nanobeam. The aperture of the IDT (100 μm) is designed to be much 

larger than the mode size of the nanocavity with 24 μm full-width at the half-maximum 

(FWHM) of the Gaussian intensity profile, as seen in Figure 4.1b.  

 

Figure 4.1 Planar integrated photonic crystal nanocavity and microwave frequency 

SAW wave transducer on AlN film. 

a) 3D illustration of the device configuration, featuring the interdigital transducer and the excited 

SAW wave propagating in the transverse direction to the nanobeam photonic crystal nanocavity. 

b) Optical microscope image of a device. The nanocavity is side-coupled to a waveguide 

connected with two grating couplers. c) Scanning electron microscope image of the nanobeam 

cavity (green) and the IDT (yellow). The linewidth of the IDT figures is 112.5 nm. 

Therefore the nanocavity undergoes approximately uniform deformation when the 

acoustic wave passes. The wavelength of the acoustic wave that is excited is determined 

by the period of the IDT transducer while the frequencies of the modes are strongly 

dependent on their dispersion properties in the multilayer substrate. The scanning 

electron microscope image in Figure 4.1c shows the IDT electrodes with period of 450 

nm and linewidth of 112.5 nm. To achieve high optical quality factor and strong 
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optomechanical interaction, we optimized the photonic crystal nanocavity design such 

that the electric field of the fundamental dielectric mode [104] is well confined inside the 

AlN structures with an effective mode index of neff ≈ 1.54. (The design of the photonic 

crystal nanocavity is discussed in the methods part of this chapter)  

To characterize the photonic nanocavity, light from tunable laser is sent to the 

input grating coupler, and the transmitted light is collected from the output grating 

coupler and send to a photodetector. The photodetector response is measured while 

sweeping the laser light wavelength sent to the nanocavity. Figure 4.2a displays measured 

transmission spectrum of the nanocavity side coupled with a waveguide, showing the 

fundamental and the first order cavity modes as dips. The quality factor of the waveguide 

loaded fundamental mode is 5×10
4
, corresponding to a linewidth of =(2π)∙3.88 GHz 

(Figure 4.2b).  

 

Figure 4.2 Photonic nanocavity and SAW wave tarnsducer device characteristics. 
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a. Transmission spectrum measured from the nanocavity showing the fundamental (at 1529.7 

nm) and the first order (at 1538.3 nm) resonance modes. b. Zoom-in of the fundamental 

resonance of the nanocavity, showing a linewidth of 3.88 GHz. c. Spectrum of de-embedded and 

normalized reflection coefficient S11 of the SAW IDT. High order Rayleigh modes from R11 to 

R16 can be observed as resonance dips. Inset: Simulated displacement field of R14 mode, 

showing the displacement is more confined in the top AlN layer. d. Zoom-in of the normalized 

S11 spectrum of R14 mode plotted in linear scale, showing a linewidth of 38.9 MHz. 

To characterize the SAW modes, reflection coefficient (S11) of the IDT was 

measured with a vector network analyzer (VNA) and plotted in Figure 4.2c. When an 

acoustic wave is excited, the reflection spectrum also shows a negative peak as the 

microwave signal is converted to outgoing waves so less reflected. Prominent resonance 

peaks corresponding to high order Rayleigh modes, as marked in Fig. 1f, can be observed 

in the reflection spectrum. These high order modes are more interesting than the low 

order modes because mechanical energy is more confined in the AlN layer rather than the 

SiO2 so that their overlap with the cavity optical mode is more significant, inducing 

stronger optomechanical coupling [23]. The inset of Figure 4.2c shows the simulated 

mode profile of Rayleigh mode R14, with more than 20% mechanical energy confined in 

the AlN layer. Its frequency is 14=(2π)∙12.1 GHz, entering the microwave Ku band. The 

linewidth of the mode resonance is Γ14=(2π)∙38.9 MHz (Figure 4.2d). We note that one 

feature of our platform is that the electromechanical transducer is separated from the 

photonic cavity, allowing the mechanical frequency to be freely engineered and the 

photonic cavity to be optimized independently. (More simulation results of the SAW 

modes are included in the Methods section of this chapter.) 
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4.3. Sideband-resolved Optomechanical Coupling  

To characterize the optomechanical coupling between the nanocavity and the 

SAW, a laser source, with a variable detuning from the fundamental cavity mode, was 

sent into the input waveguide with 22 μW power. The transmitted optical power was 

measured with a high-speed photodetector which was connected to the VNA and the 

overall system transmission coefficient S21 was measured as a function of the excitation 

frequency at the IDT. The broadband optical S21 spectrum is shown in Figure 4.3a.  

 

Figure 4.3 Optomechanical modulation of the nanocavity by SAW wave in sideband 

resolve regime. 
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a. Spectrum of system transmission coefficient S21 (red line) on a linear scale, measured using 

optical detection with the nanocavity and electromechanical excitation of the SAW. Rayleigh 

modes (R4-R10) not visible in the reflection spectrum (grey line) can be detected with high 

sensitivity by the nanocavity. b. Zoom-in of the reflection and transmission spectra of R14 mode 

(inside the yellow box in panel a). c. Amplitude (peak value) of the oscillating optical power at 

the S21 peak of R14 mode when laser detuning relative to the cavity resonance is varied. The 

data (red symbols) are fitted with theoretical model (blue line) of cavity optomechanical system 

in the sideband resolved regime. 

 

 

It can be seen that in addition to the Rayleigh modes (R11R16) observable in 

S11, optical S21 also detects additional modes (R4R10) that are not visible in the S11 

spectrum. Comparison of the two spectra demonstrates that the high-Q nanocavity 

provides optical detection of acoustic waves with broader bandwidth and higher 

sensitivity. The amplitude of the S21 peaks are proportional to the modal overlaps of the 

Rayleigh modes with the cavity mode. Figure 4.3b shows zoom-in of the S11 and S21 of 

mode R14. Since the frequency of the mechanical mode (12=(2π)∙12.1 GHz) is 

considerably greater than the dissipation rate of the nanocavity mode =(2π)∙3.88 GHz, 

their optomechanical coupling is in the sideband resolved regime, a prerequisite condition 

for phenomena such as induced transparency and strong coupling. Figure 4.3c shows the 

S21 peak amplitude of mode R14 as a function of varying laser-cavity detuning, 

displaying the characteristic lineshape of sideband resolved cavity optomechanical 

coupling. Fitting the results with theoretical model and calibrating the transducing factors 
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of the system provide the optomechanical coupling coefficient of the system, G=(2π)∙53 

GHz/nm, or expressed in the power of SAW, (2π)∙23 MHz/μW
1/2

.  

4.4.  Electro-optomechanically Induced Transparency, Absorption, and 

Amplification by a SAW 

Coherent interaction between cavity photons and propagating phonons generates 

Stokes and anti-Stokes photons, which can interfere with probe photons constructively 

(destructively) to induce optical transparency (absorption). This three-wave nonlinear 

process is illustrated in the diagram of Figure 4.4a. Different from optically stimulated 

phonons in conventional cavity optomechanics and stimulated Brillouin scattering (SBS), 

here the phonons are electromechanically excited non-locally and propagating.  

 

Figure 4.4 Three wave mixing process between control and probe light, and SAW. 

a. Diagram illustrating the three-wave mixing process of control (ωc), probe (ωp) and SAW 

(ΩSAW). The cavity resonance frequency is ω0 with a decay rate of κ. b. Homodyne measurement 

scheme used in the experiment. The probe light is derived from the control light when it is 

modulated at frequency ωp, which is scanned to obtain the transmission spectrum. (NA: network 

analyzer; PS: power splitter; PD: photodetector; EOM: electro-optic modulator; TGA: tunable 

gain amplifier; : phase shifter; BPF: band-pass filter.) 
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We investigate coherent photon-phonon interaction in our system using the setup 

depicted in Figure 4.4b. Briefly, a laser is detuned from the cavity resonance by exactly 

the SAW mode frequency (SAW) to provide the control light at frequency ωc, and 

modulated with an electro-optic modulator to generate sidebands with the upper one at 

frequency ωp=ωc+Δp used as the probe light. With this scheme, the transmission 

spectrum of the cavity can be measured by varying the modulation frequency to scan Δp 

and detecting the beating signal between the transmitted probe light and the control light. 

The result is displayed as the grey symbols in Figure 4.5a showing a transmission dip 

which can be understood as cavity absorption. When the modulation signal is also sent to 

drive the IDT, a SAW wave of the same frequency is excited and propagates to the 

nanocavity to couple with the control light. This optomechanical coupling leads to three-

wave mixing between the control, the probe and the SAW wave. Depending on the SAW 

phase which can be controlled with a phase shifter, the interference of waves leads to 

transparency or absorption.  
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Figure 4.5 Optomechanically induced transparency and absorption. 

a. Transmission spectrum of the probe light when the SAW is off (grey symbols) and on (red, 

blue symbols). Cavity absorption is shown as the dip in the grey region. When the SAW wave 

induced anti-Stokes light is in-phase with the probe, constructive interference leads to 

transparency and gain as shown by the peak above unity transmission (the blue region). When 

the anti-Stokes light is π out-of-phase with the probe, destructive interference enhances cavity 

absorption (the grey region), leading to high extinction of the probe. b. Gain of the system in the 

transparency region when the SAW power is increasing (orange: 0.33 μW, olive: 0.66 μW, 

purple: 1.3 μW, green: 2.6 μW, red: 5.2 μW). c. Transmitted probe light when the phase shift  

is set at 0 (red), π/2(green), π(blue), 3π/2 (purple). When the phase is at π/2 and 3π/2, the 

lineshapes imitate that of Fano resonances. d. The dependence of the system gain on the SAW 

power. The red symbols are experimental data while the black curve is the theoretical fitting. 

When the interference is constructive (destructive), a transparency (absorption) 

window is observed within the cavity resonance, seen as the red peak (blue dip) in Figure 
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4.5a. Because in this homodyne measurement scheme the mechanical frequency and the 

probe detuning are synchronized, the transparency (absorption) window width agrees 

with the SAW IDT bandwidth (Figure 4.2d). Fixing the control light power, the SAW 

wave can be excited to a high amplitude to compensate the cavity loss and even amplify 

the probe light with a considerable gain, as shown in Figure 4.5b. When the gain is high 

so the cavity absorption is negligible, it is proportional to the SAW power (or number of 

propagating phonons), as shown in Figure 4.5d. In addition to transparency or absorption, 

the three-wave mixing process is controlled by the phase of the SAW wave relative to the 

probe. Columns in Figure 4.5c show the situations when the phase shift  is set to 0, /2, 

 and 3/2, respectively, so that the interference is tuned from constructive to destructive 

and displays Fano-resonance-like lineshape in between. We note that in our system SAW 

electro-optomechanically induces transparency and absorption [100], [101], which is 

different from OMIT where mechanical motion is stimulated optically [18], [19]. 

4.5. Coherent SAW Interaction with Multiple Photonic cavities 

Besides the phenomena observable in sideband resolved cavity optomechanics, an 

important feature of our new platform is that the propagating mechanical wave can 

interact with multiple cavities in a coherent fashion. This scalability will be important, for 

example, to wavelength multiplexed coupling and conversion between microwave and 

optical photons. We demonstrate scalability by placing three nanocavities in the path of 

the SAW wave as shown in Figure 4.6a.  
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Figure 4.6 SAW wave coupling with multiple cavities and its diffraction. 

a. Optical image of a device with three nanocavities in the path of SAW wave propagation. The 

photonic cavities are end-coupled with the waveguides and the SAW operates at a lower 

frequency of 1.75 GHz. Overlaid on the image is the calculated amplitude distribution of the 

diffraction pattern of the SAW wave. b. The calculated displacement amplitude along the center 

line of the SAW beam, showing non-monotonic variation along the propagation direction. 

Symbols are S21 magnitude measured from the three nanocavities. Dashed line is 
1/2re r

asymptote of far-field amplitude of the wave for comparison, where α is the material loss 

assumed to be (1.5mm)
-1

. c. S21 spectra measured from the three nanocavities at a distance of 0, 

0.5 and 1.5 mm to the IDT. d. Group delay of the three cavities’ responses to the SAW wave as a 

function of their distance to the IDT. The inverse of the slope gives group velocity of 4.0 km/s. 

These cavities are end-coupled with the waveguides and SAW transducers operate 

at a lower frequency of 1.75 GHz. As the beam of SAW wave propagates, it also 

undergoes diffraction that can be described by integrating Lamb’s point source solution 
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along all the IDT finger pairs [105], each of which is treated as an effective line source. 

Overlaid in Figure 4.6a is the calculated displacement field amplitude of the propagating 

SAW wave, showing its diffraction pattern. Counter-intuitively, as shown in Fig. 4b, the 

displacement amplitude of the SAW wave changes non-monotonically along the central 

line of the IDT where the nanocavities lie. This is confirmed in the optical S21 spectra 

measured from the three cavities, as shown in Figure 4.6c, in which the farthest cavity 

(1.5 mm from the IDT) shows almost equally strong modulation as the second cavity (0.5 

mm from the IDT). On the other hand, the phases of the optomechanical modulation of 

the three cavities are coherent with incremental time delays due to the propagating of the 

SAW wave. The phase delay and the distance of the three cavities to the IDT transducers 

are plotted in Figure 4.6d. The slope in the plot indicates the group velocity of the SAW 

wave to be 4.0 km/s. The demonstrated coupling between multiple cavities and SAW 

wave with well understood diffraction can be utilized to implement multiplexed 

microwave signal processing in the optical domain. 

4.6.  SAW Interaction with a Photonic Cavity in an Acoustic Echo Chamber 

Finally, propagating phonons can be guided and confined in a fashion much like 

photons, with phononic structures such as one or two dimensional phononic crystals. 

Here we use acoustic Bragg reflectors (grating lines) to build a planar phononic cavity, or 

acoustic echo chamber, inside which a photonic nanocavity is inserted to investigate 

photon-phonon interaction. An optical image of the device is displayed in Figure 4.7a.  
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Figure 4.7 Photonic cavity inside a phononic cavity or acoustic echo chamber. 

a. Optical image of the device. The distance between the IDT and the Bragg reflector is D. b. S21 

spectra of devices with varying length D of the phononic cavities (red, green blue lines), 

compared with a device without the Bragg reflector (black line). The spectra show peaks 

corresponding to the resonances of the phononic cavity with decreasing peak spacing (or free 

spectral range) when the cavity length is increased. 

Figure 4.6b shows the optical S21 spectra measured with the nanocavity inside 

phononic cavities of different lengths D=0.3, 0.6 and 0.9 mm. Similar to an optical 

Fabry-Perot cavity, the spacing between the peaks, or the free-spectral range, , 

decreases with increasing cavity length as given by c/(D+d), where T is the 

round-trip time, c is the group velocity of the SAW wave and d is the effective extra 

cavity length due to the Bragg reflectors. The nanocavity provides highly sensitive and 

broadband detection of acoustic wave travelling inside the chamber.  
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Figure 4.8 Time domain characterization of nano cavity-phonon pulse interaction. 

a. Time-domain echo measurement of an acoustic pulse travelling inside phononic cavities of 

varying length D. Light colored traces are 20 times magnification of the dark colored traces. The 

acoustic pulse is excited by a 40 ns long burst of microwave at 1.75 GHz (orange). Up to four 

echoes of the pulse can be detected by the nanocavity. b. and c. The arrival time (b) and 

amplitude (c) of the detected echoes as a function of the apparent travel distance of the acoustic 

pulse. Red dashed lines are guides to eye assuming constant group velocity of 4.0 km/s (b) and 

exponential loss (c). The data deviate from the linear propagation due to extra delay (~0.1 μs) 

and loss (~8 dB) at the Bragg reflector of finite length. 

By performing time domain measurement, we show that the nanocavity can 

“hear” multiple echoes of an acoustic pulse bouncing inside the chamber, as displayed in 
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Figure 4.8a. The acoustic pulse is first excited by a 40 ns microwave burst sent to the IDT 

(orange). Due to the electrical and optical delay, after ~160ns, the pulse was detected by 

the nanocavity for the first time. The pulse then propagates back and forth between the 

reflector and the IDT. It passes and is detected by the nanocavity for four times, is most 

obvious in the top panel, before its amplitude decays below the noise floor. From the 

arrival time and signal amplitude of multiple echoes, shown in Figure 4.8b and c, we 

observe that, other than linear propagation delay and loss, an extra delay of 100 ns 

(corresponding to d=200 m) and loss of 8 dB occur during each round trip. Those are 

attributed to the Bragg reflector of finite length and can be optimized with more advanced 

design of low-loss phononic reflectors. 

4.7. Summary 

In conclusion, we have demonstrated a planar cavity optomechanical platform on 

which propagating acoustic waves can be generated, confined, and guided to interact with 

photonic cavities integrated in the same layer of AlN. By using high-resolution electron-

beam lithography, IDTs can be patterned to excite acoustic waves at frequencies into the 

microwave Ku band. We expect it to be straightforward to further increase the frequency 

by using more advanced nanofabrication techniques such as nanoimprint lithography. In 

addition to high frequency, an important feature of a propagating mechanical wave is its 

scalability—multiple photonic cavities can be coupled. In contrast to other cavity 

optomechanical systems that include a mechanical resonator, the SAW in our current 

system is freely propagating and is not confined in a high- cavity. As a result, prominent 

optomechanical backaction effects such as optical spring, cooling, and amplification 
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cannot be achieved with such an open SAW system. However, high-  acoustic cavities 

can be obtained if the acoustic loss can be reduced by removing substrate leakage, 

reducing diffraction via acoustic waveguides [97], [106], and suppressing intrinsic 

material loss at cryogenic temperatures [107]. More recently, a SAW cavity with a 

quality factor of up to 10
5
 has been demonstrated at a cryogenic temperature [98]. 

Therefore, it is promising to achieve photon–phonon interaction in the regime of strong 

coupling on a SAW-based platform as a scalable modality of quantum optomechanics. 

4.8. Methods 

4.8.1. Device Fabrication  

The devices were fabricated from a c-axis oriented, 330 nm thick piezoelectric 

aluminum nitride thin film sputtered (OEM Group, AZ) on a silicon wafer with a 3 m 

buried silicon dioxide layer. The photonics layer was first patterned by electron beam 

lithography (Vistec EBPG-5000+) using ZEP-520A resist followed by chlorine based 

reactive ion etching. The AlN layer was etched down by 200 nm, leaving 130 nm thick 

AlN slab for the SAW wave to propagate without significant reflection and loss. The 

SAW IDT electrodes and contact pads were fabricated by electron beam lithography, 

followed by a 35 nm Ti/Au deposition and a liftoff process.  

4.8.2. Measurement Setup  

An external cavity tunable semiconductor laser was used as the laser source with 

its output power stabilized using a feedback loop. A 20 GHz electro-optic power 

modulator (EOM) was used to generate the probe sidebands for the observation of 
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optomechanically induced transparency and absorption. The laser (and the probe 

sidebands, if present) was further conditioned with a fiber polarization controller (FPC) 

and a variable optical attenuator (VOA) before being coupled into and out of the photonic 

crystal nanocavity via the on-chip grating couplers and waveguides. The output laser 

from the nanocavity was amplified with an erbium doped fiber amplifier (EDFA), filtered 

with an optical tunable band-pass filter (OTF) and measured with a high-speed 

photodetector (PD, New Focus 1474-A).  

In frequency domain measurement, a vector network analyzer (VNA) (Agilent 

E8362B) was used to measure frequency response of the system. For S11 measurement, 

the VNA Port 1 was directly connected to the on-chip IDT through a microwave probe. 

For S21 measurements, the RF power output from VNA Port 1 was split into two paths 

with an RF power splitter. One path was connected to the on-chip IDT through the RF 

probe. The other path was connected to the EOM to generate the optical probe sidebands. 

Both paths were properly conditioned with RF amplifiers, tunable attenuators and/or 

tunable delay lines as phase shifters. The output from the PD was amplified before being 

sent into the VNA Port 2. In time domain measurements, RF bursts were generated by 

gating a continuous wave (CW) RF source with a pulse generator and a high-speed RF 

switch. The RF source and the pulse generator were properly synchronized to minimize 

phase jitter, which was crucial to ensure excellent identicalness of all the RF bursts. The 

generated RF bursts were sent to the on-chip IDT through the RF probe. The output of 

the PD was amplified and measured with an oscilloscope which was synchronously 



 

 73 

triggered by the pulse generator. To achieve high signal to noise ratio, the device 

responses shown in Figure 4.8 were averaged for 2 seconds. 

4.8.3. Photonic Crystal Nanocavity Design 

In order to reduce loss of the propagating acoustic wave, the photonic crystal 

nanocavity is shallow etched, leaving an AlN slab. Therefore, the radiative loss channels 

for the shallow-etched photonic crystal nanocavity include radiation into the air, the 

substrate and the slab mode supported by the surrounding remaining AlN film. To 

achieve a high optical quality factor, the radiative loss should be minimized by 

maximizing the effective index contrast between the fundamental nanocavity mode (nc0) 

and the AlN slab mode (nslab), because nslab is higher than the refractive indices of the 

substrate (nsub) and the air. 

 

Figure 4.9 Photonic crystal nanocavity fundamental dielectric mode Ey profile. 

The vertical dashed line is the center of the nanocavity. The Ey profile is symmetric with respect 

to the center.  
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To achieve strong optomechanical interaction, the overlap between the electric field 

distribution of the fundamental nanocavity mode and the mechanical strain field of the 

propagating SAW modes should be maximized. This indicates that the nanocavity should 

support dielectric modes [108] and nc0 should be maximized so that electric field is well 

confined inside the AlN structures.  

The optimized nanocavity designs (subject to fabrication considerations) and 

coupling schemes are summarized as the follows. The cavity and the coupling waveguide 

are etched 200 nm deep into a 330 nm thick AlN film on top of a 3 µm thick silicon 

dioxide layer. The etched AlN sidewall is tilted by 15°, so all the dimensions here on 

refer to those at half the etching depth. The cavity lattice constant and width are 500 nm 

(corresponding to nc0 ≈ 1.54) and 800 nm, respectively. The rectangular hole in each unit 

cell is 600 nm long (in the transverse direction of the cavity), while the hole width varies 

gradually from 242 nm at the cavity center to 108 nm across 90 unit cells away from the 

cavity center, and then remains 108 nm from there to the two ends of the cavity [108]. 

The coupling waveguide is 800 nm wide. For the cavity side-coupled to the waveguide, 

the total cavity length is 120 µm (240 unit cells) and the minimum coupling gap is 1.6 

µm, resulting in high loaded and intrinsic quality factors suitable for sideband resolved 

optomechanical experiments. For the cavity embedded inside the waveguide (i.e. end 

coupled), the total cavity length is reduced to 100 µm (200 unit cells) to facilitate the 

coupling to the waveguide, resulting in enhanced on-resonance transmission and 

moderate loaded quality factor suitable for sideband unresolved optomechanical 

transduction. The simulated mode profiles are shown in Figure 4.9. 
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4.8.4. SAW IDT Eigen Mode Calculation 

We employed a finite element method simulation to calculate the eigenmodes of 

the SAW IDT. The calculation was done using the piezo-plane strain model of the 

commercial FEM software, COMSOL Multiphysics. Due to the periodicity of the IDTs, 

only a unit cell, containing a pair of fingers, was simulated. A periodic boundary 

condition was imposed on the ends of the unit cell. The bottom boundary was set fixed, 

while the top boundary was allowed to displace freely. The calculation used 

experimentally reported material parameters [109]. The structure was meshed using 

appropriate parameters to increase the accuracy of the simulation.  

 

Table 4-1 Summary of the SAW IDT eigen modes. 

 IDT Period = 3 μm IDT Period = 0.45 μm 

Rayleigh Mode Number R1 R2 R3 R1 R6 R9 R14 

Eigen Frequency (GHz) 1.22 1.48 1.74 8.39 9.20 10.11 11.76 

Out of Plane  

Displacement  

Field Profile 

 

 

 

Top Layer:  

AlN (330 nm) 

 

Middle Layer:  

SiO2 (3 μm)  

 

Bottom Layer:  

Si 
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This calculation was done for the 3 µm and 0.45 µm IDTs that were implemented in the 

experiment. The calculation showed that in the AlN/SiO2/Si multilayers, the 3 µm IDT 

can excite three Rayleigh modes, whereas the 0.45 µm IDT can excite as many as sixteen 

Rayleigh modes. The eigenfrequencies of these modes agree well with the measured S11 

spectra of the IDTs (Figure 4.2c). The simulation results are summarized in Table 4-1. 

4.8.5. Calculation of the SAW Power 

 

Figure 4.10 Estimation of the SAW power from S11 spectrum. 

The resonance dip at 12.1 GHz is the R14 mode of the 0.45 μm period IDT.  

The power of SAW wave that is electromechanically excited can be calculated 

from the S11 measurement of the IDT and the input RF power. Figure 4.10 shows the 

measured spectrum of |S11|
2
 centered at the frequency of the R14 mode of the 0.45 µm 

period IDT. At any frequency , the total power dissipated at the IDT is  
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where Pin is the total input RF power, PSAW (ηSAW) is the power (electromechanical 

coupling efficiency) of the SAW traveling through the photonic crystal nanocavity. The 

factor of 2 accounts for the fact that the IDTs launch SAW in both directions. PR (ηR) is 

the power loss (power loss ratio) at the IDT due to various mechanisms (e.g. Joule 

heating and electromagnetic radiation loss) other than conversion to SAW. Generally, ηR 

is slowly varying with respect to frequency, while ηSAW is negligibly small outside the 

narrow resonance dips. Therefore, on the resonance frequency (Ω14) of the R14 mode, 

ηR(Ω14) can be estimated from the interpolation of the adjacent |S11|
2
 data points outside 

the resonance dip as shown in Figure 4.10. In this case, |S11(Ω14)|
2
 = 2.34×10

−3
, ηSAW(Ω14) 

= 5.3×10
−4

 and ηR(Ω14) = 0.9965. 

The excitation of SAW is generally determined by the overlap integral between 

the stress field of the SAW mode and the stress field induced by the voltage actually 

present on the specific IDT design [23]. The propagation loss of the SAW and the 

efficiency of the RF power delivery from the RF source to the IDT also play important 

roles in determining the actual excitation of the SAW. Therefore, in our system where 

piezoelectric material (AlN) is only a thin layer on top of other non-piezoelectric 

materials (SiO2 and Si), the SAW modes whose stress field (or almost equivalently, the 
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mechanical energy) distribution is more confined in the AlN layer generally can be more 

strongly excited.  

It is worth noting that, although R15 seems to be the most strongly excited SAW 

mode, as shown in Figure 4.10, we used R14 for the experiments because R14 provides 

the overall strongest modulation of the photonic cavity among all the SAW modes near 

12 GHz, as shown in Figure 4.3a. 

4.8.6. Optomechanical Coupling Coefficient Definition 

The strength of optomechanical interactions in the optical cavity can be quantified 

using an optomechanical coupling coefficient, G, which is conventionally defined as the 

shift of the angular resonance frequency per unit displacement. This definition, however, 

requires that an effective SAW mode amplitude be defined, such that  

 
     effcos cost t GA t     

 
4.3 

where (t) is the SAW induced sinusoidally time-varying shift of the optical cavity 

angular resonance frequency, δ is the amplitude of (t), Ω is the SAW mode angular 

frequency and Aeff is the effective SAW mode displacement amplitude. Generally, Aeff 

can be arbitrarily defined as long as for any given SAW mode,  

 

eff SAWA P
 4.4 

where PSAW is the traveling power of the SAW mode. In this work we define Aeff as  
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where Ax (Az) is the displacement amplitude along the longitudinal (transverse, surface 

normal) direction of SAW wave. We note in Rayleigh modes, the particle motion in the 

substrate is in an elliptical trajectory. The right hand side of Eq. 4.5. is evaluated in the 

AlN layer at the depth where it reaches its maximum.  

The power of the SAW mode is related to the SAW mechanical energy E by  
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where E is the total mechanical (including potential and kinetic) energy contained in one 

period  of the SAW wave and it is proportional to the IDT aperture W.  is a 

proportional factor relating A
2

eff to the total energy of SAW and defined as  
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where U is the total mechanical (including potential and kinetic) energy density 

distribution of a particular mode excited to amplitude Aeff. The value of γ for a given 

SAW mode is calculated from FEM simulation results and the aperture size used in the 

experiments.  

Therefore, the expression of Aeff for a given SAW power is  
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Consequently,  
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Alternatively, a more general and convenient way to quantify the interaction between an 

optical cavity and a traveling SAW mode is 

 

SAW eff ,G P G A      4.10 

where 

 

eff SAW .A P   4.11 

The coefficient G' defined in Eq. 4.10 can be determined and used experimentally 

without the need to solve the SAW mode profile and the ambiguous definition of SAW 

amplitude. The optomechanical coupling coefficients G and G' are related by  

 
.

2
G G W




  4.12 

4.8.7. Theoretical Analysis of the Optomechanical Modulation in the Sideband 

Resolved Regime 

Similar to conventional optomechanical systems [82], the SAW modulated photonic 

crystal nanocavity transmission spectrum can be derived using temporal coupled mode 

theory analysis [110]–[112].  

The system can be modeled as a single mode cavity side-coupled to a continuous 

waveguide. There are three ports in the system: the input and output waveguides, and the 

cavity loss channel. Under the modulation of the SAW wave, the intra-cavity field 

amplitude, a, evolves with time as  
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where ω0 and τ are the center frequency and the lifetime of the resonance mode, 

respectively, 1/τe is the total decay rate due to the coupling to both the input and output 

waveguides. The amplitude a is normalized such that |a|
2
 corresponds to the energy inside 

the resonator. The resonance mode is excited (detected) by the incoming (outgoing) wave 

sin (sout) from the input (output) waveguide, which is normalized in such a way that |sin|
2
 

(|sout|
2
) corresponds to the input (output) power. The quantities in the expression 

δcos(Ωt) has been defined in Eq. 4.3. Without any loss of generality, we assume that sin 

is the phase reference, namely, sin is real and positive,  
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The SAW modulation induces sidebands. One can write the intra-cavity field amplitude 

as a Fourier superposition of these sidebands as  
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Substituting Eq. 4.15 into Eq. 4.13 and rearranging, we get  
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In the sideband resolved limit, only the first order sidebands will have significant 

amplitude in addition to the carrier amplitude. Comparing terms proportional to e
jωt

, and 

taking into account the fact that |a0|
2
 >> |a±1|

2
, we get  
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which is the carrier component of the intra-cavity field amplitude. Δ = ω − ω0 is the 

cavity detuning. Doing the same for terms proportional to e
j(ω±Ω)t

, we get the sideband 

amplitudes as  
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which implies that (note that sin is assumed to be real and positive) 
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The amplitude and power of the outgoing wave in the output waveguide are, respectively,  
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where  
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Taking into account the fact that |ɑ0|
2
 >> |ɑ±1|

2
 and retaining the dominant terms, |sout|

2
 

reduces to  
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Lumping together the quadrature components, the total output power takes the expression  
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where 1/τi is the intrinsic decay rate of the cavity. In the under-coupled regime 

where τe << τ ≈ τi, θ ≈ 0, the above expressions for C and φ can be further simplified to  
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 4.31 

The first term of the right hand side of Eq. 4.27 is the cavity transmission spectrum 

without SAW modulation, and the second term (the cosine term) is the oscillating power 

at the SAW frequency due to the beating between the carrier and the two sidebands. The 

coefficient B of the second term in Eq. 4.27 is used to fit the experimental data in Figure 

4.3.  

4.8.8. Determination of Optomechanical Coupling Coefficient in the Sideband 

Resolved Regime 

In order to determine G and G' from the experimental data shown in Figure 4.3 in 

the main text, we first calculate the amplitude of the oscillating optical power (B) in the 

output waveguide of the device, using the calibrated lumped RF optical gain of our 

experimental setup. The lumped gain takes into account the gain and loss of all the 

experimental equipment from the output grating coupler of the device to the RF 

amplifiers between the photo detector and the network analyzer. Then the full expression 

for B, including Eq. 4.28 and Eq. 4.29 are used to fit the experimental data with δω as the 

only free parameter. Meanwhile, the power and effective amplitude of the SAW used in 

the experiment is estimated using Eq. 4.1. Subsequently Eq. 4.3 and Eq. 4.10 are used to 

determine G and G'. The important device parameters used for data processing are 

summarized in Supplementary Table 4-2. 
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Table 4-2 Summary of the device parameters for sideband resolved optomechanical 

experiments. 

Photonic Crystal 

Nanocavity 

Resonance Wavelength 1529.7 nm 

Linewidth (2/τ) (2π)∙3.88 GHz 

Extinction Ratio 1.64 

Loaded Q 5.1×10
4
 

Intrinsic Q 6.5×10
4
 

Total Lifetime τ 82 ps 

Intrinsic Lifetime τi 105 ps 

External Lifetime τe 375 ps 

Optical Power 
Input Waveguide (DC, On-Chip) 22 μW 

Output Waveguide (RF, On-Chip) Data in Fig. 2c 

SAW Excitation for 

R14 

(IDT Period = 0.45 μm) 

Conversion Efficiency ηSAW 5.3×10
−4

 

Power PSAW 0.88 μW 

Aperture W 100 μm 

Peak Frequency 12.12 GHz 

Coefficient γ
**

 5.7×10
12

 N/m
2
 

Effective Displacement Amplitude 0.40 pm 

Optomechanical 

Interaction 

Amplitude of Optical Resonance 

Frequency Oscillation δω 
(2π)∙21 MHz 

Coupling Coefficient G (2π)∙53 GHz/nm 

Coupling Coefficient G' (2π)∙23 MHz∙(μW)
−1/2

 
**

 From FEM simulation.  
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Chapter 5. Acousto-optic Modulation of a Photonic Crystal Nanocavity 

with Lamb Waves in Microwave K Band [25] 

Integrating nanoscale electromechanical transducers and nanophotonic devices 

potentially can enable acousto-optic devices to reach unprecedented high frequencies and 

modulation efficiency. Here, we demonstrate acousto-optic modulation of a photonic 

crystal nanocavity using Lamb waves with frequency up to 19 GHz, reaching the 

microwave K band. The devices are fabricated in suspended aluminum nitride membrane. 

Excitation of acoustic waves is achieved with interdigital transducers with period as small 

as 300 nm. Confining both acoustic wave and optical wave within the thickness of the 

membrane leads to improved acousto-optic modulation efficiency in these devices than 

that obtained in previous surface acoustic wave devices. Our system demonstrates a 

scalable optomechanical platform where strong acousto-optic coupling between cavity-

confined photons and high frequency traveling phonons can be explored.  

5.1. Introduction 

Exploitating of light-sound interactions in various types of media has led to a 

plethora of important optical technologies ranging from acousto-optic devices for optical 

communication [35] to photo-acoustic imaging in biomedicine [113]. Particularly, in the 

widely used acousto-optic devices, electromechanically excited acoustic waves in crystals 

are used to deflect, modulate and frequency-shift light to achieve optical signal 

processing [114]. Despite affording unique optical functionalities, conventional acousto-

optic devices built on bulk crystals provide operation bandwidth only in the sub-gigahertz 
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range, which is insufficient for the need of modern optical communication, and 

consequently has not been as widely employed as electro-optic devices [115]. With 

advances of integrated photonics and nanofabrication technology, it is now more feasible 

to miniaturize and integrate acousto-optic devices to augment their speed and 

performance so they can assume indispensable roles in integrated photonic systems for 

chip-scale optical communication [43]. Moreover, in addition to electromechanical 

excitation, acoustic waves or localized mechanical vibrations can also be optically 

stimulated through optomechanical forces including radiation pressure, gradient force and 

electrostriction. Such optomechanical effects recently have been extensively investigated 

in various optomechanical systems with dimensional scales ranging from meters to 

nanometers [1], [78]. Therefore, with these recent developments, acousto-optics is 

entering a new era with plenty of research opportunities [55], [23], [116], [117]. In the 

realm of nonlinear optics, stimulated Brillouin scattering (SBS) is also mediated by 

optomechanical and acousto-optic effects and recently has been demonstrated in various 

on-chip devices [69], [118], [119]. 

To enable strong and efficient acousto-optic interaction, one strategy is to 

simultaneously confine light and sound to optimize the spatial overlap of their modes. 

While three dimensional optical waveguides and cavities can be readily designed and 

fabricated, acoustic waves can be more conveniently excited electromechanically and 

confined in thin films which provide two dimensional confinement. In contrast to 

optically excitation, exciting acoustic waves electrically decouples the design of the 

photonic and phononic devices, giving more flexibility in device design and fabrication. 
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And importantly, it avoids the need of high power optical pump which would otherwise 

affect the photonic system by inducing unwanted nonlinearities. Types of acoustic waves 

that are commonly employed for radio-frequency and microwave signal processing 

applications include bulk acoustic waves (BAW), surface acoustic waves (SAW), and in 

free-standing thin plates, Lamb waves (LW) and flexural plate waves (FPW) [120]. 

Among these, SAW and Lamb waves can be excited with periodically arranged planar 

electrodes named inter-digital transducers (IDTs), and thus are more suitable for 

integration with planar photonic systems [31], [121]. The generated acoustic wave has a 

well-defined wavelength and frequency. The wavelength is determined by the IDT period 

(Ʌ), while the frequency depends on the wavelength and the sound velocity of the 

materials that constitute the structure in which acoustic wave propagates. Therefore, to 

achieve acoustic wave devices operating at ultrahigh frequency, the period of the IDT 

needs to be very small [52] and the materials with ultrahigh sound velocity, such as 

diamond[122], need to be used as the substrate. 

To combine acoustic and photonic devices, the material platform needs to afford 

both piezoelectricity for excitation of acoustic waves and high refractive index contrast to 

enable optical confinement. Previously, we and other groups have used piezoelectric 

aluminum nitride (AlN) film deposited on silicon wafers with a layer of silicon dioxide 

(SiO2) [57], [23]. Since AlN has a relatively high refractive index of about 2.1, photonic 

waveguides and cavities can be fabricated in AlN with the SiO2 layer as the cladding. At 

the same time, acoustic waves can be exited in the AlN layer. On this platform, we have 

demonstrated SAW wave with frequency up to 12 GHz and its acousto-optic modulation 
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of optical ring resonators and photonic crystal nanocavities [23], [24]. However, an 

important drawback of above devices based on SAW is that the SiO2 layer has a lower 

sound velocity than both the top AlN layer and the bottom silicon substrate. As a result, 

the excited acoustic waves in the AlN layer tend to leak into and be guided in the SiO2 

layer whereas the optical modes are highly confined in the top AlN layer because of its 

high refractive index. Consequently, the modal overlap between the optical and acoustic 

modes is low, leading to relatively weak acousto-optic coupling efficiency. To 

circumvent this problem, in this work, we implement integrated acousto-optic devices on 

a suspended AlN membrane. When the membrane thickness is less than or comparable to 

the acoustic wave, the generated acoustic wave will propagate as a Lamb wave mode 

with very high acoustic velocity. The removal of the substrate enforces the optical mode 

and the acoustic wave to maximally overlap within the thickness of the membrane. With 

this approach, we demonstrate acousto-optic modulation of a photonic crystal nanocavity 

at frequency up to 19 GHz with improved modulation efficiency. 

5.2. Device Design and Fabrication 

The device consists of a photonic crystal nanobeam cavity and an IDT as shown 

in Figure 5.1a. The nanocavity is designed to support the fundamental dielectric mode to 

enhance the acousto-optic interaction in AlN [108]. The nanobeam is 800 nm wide and 

46.8 μm long, inscribed with a nanocavity formed by an array of 600 nm wide 

rectangular holes arranged with a lattice constant of 520 nm. The length of the holes is 

varied adiabatically from 221 nm in the cavity center to 127 nm at the start of the mirror 

section of the nanocavity. An 800 nm wide waveguide is placed 1.0 µm away from the 
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nanobeam to couple light into and out of the cavity. Input and output of light to/from the 

waveguide are through a pair of grating couplers. Two sets of IDTs with periods of 2.0 

and 0.3 µm (corresponding to electrode linewidth of 500 nm and 75 nm), with 150 and 

250 pairs of electrode fingers, respectively, are fabricated. The IDTs are placed to launch 

acoustic waves propagating in the direction transverse to the nanobeam and their 

apertures are designed to be the same as the nanocavity length of 46.8 μm to maximize 

acousto-optic overlap.  

 

Figure 5.1 Photonic crystal nanocavity integrated width Lamb wave transducer on 

aluminum nitride membrane. 

a. Optical microscope image of a fabricated device including IDT, photonic waveguide and 

nanocavity on a suspended AlN membrane (gray yellow regions). The unsuspended area of AlN 

is purple. b. Zoomed in optical image of the area around the photonic crystal nanobeam cavity 

and IDT electrodes. The dark green region is the 130 nm AlN slab. Inset: scanning electron 

microscope image of the photonic crystal cavity. Scale bar: 1 µm. c. Cross-sectional view of the 

device structure along the white dashed line in (b). (d) Close up SEM image of the 0.3 μm LW 

transducer electrodes. 



 

 91 

The devices were fabricated on an AlN (330 nm)/Si substrate. Figure 5.1(a) and 

(b) show optical microscope images of a device with 2.0 µm period IDT. The photonic 

structure was first patterned in the AlN layer using electron beam lithography (EBL) and 

plasma etching processes. The 330 nm thick AlN layer was etched by 200 nm in depth, 

leaving a 130 nm slab to facilitate acoustic wave propagation and reduce acoustic 

reflection. Subsequently, the IDT electrodes were patterned using EBL and electron beam 

evaporation of 50 nm thick aluminum followed by a liftoff process. Another step of EBL 

and plasma etching was done to open windows (dark rectangular holes in Fig. 1(a)) for 

releasing the membrane. Finally, a XeF2 dry etching process was used to release the 

membrane. A cross-sectional view illustrating the structure of the IDT, the waveguide 

and the nanocavity on the suspended membrane is shown in Figure 5.1c. 

5.3. Device Characterization 

The nanocavity side-coupled to the waveguide was characterized by measuring its 

transmission spectrum using a tunable laser. The result is shown in Figure 5.2, displaying 

several resonance modes of the nanocavity. We focus on the fundamental resonance 

mode (a symmetric mode) at 1543.94 nm with a loaded quality factor of 6.3×10
3
 

(corresponding to linewidth of 31 GHz) and an extinction ratio of over 25 dB (inset, 

Figure 5.2). The corresponding intrinsic quality factor is 1.1×10
5
. 

 



 

 92 

 

Figure 5.2 Transmission specrum of the photonic nanocavity. 

The inset displays a zoom-in view of the fundamental resonance mode, showing a linewidth of 

31 GHz. 

5.3.1. Lamb Wave Transducer Characterization 

The IDT transducers were characterized by measuring the spectrum of reflection 

coefficient S11 using a vector network analyzer (VNA, Agilent E8362B). The VNA Port 1 

was directly connected to the IDT through a microwave probe. As shown in Figure 5.3a 

and b, for the device with 2.0 μm period IDT, four prominent acoustic modes with 

frequencies of 1.35 GHz, 5.40 GHz, 10.12 GHz, and 14.46 GHz, respectively, can be 

observed; for the device with 0.3 µm period IDT, two modes with frequencies of 16.37 

GHz and 19.20 GHz, respectively, can be observed. The resonance frequencies agree 

well with the eigenfrequencies calculated for a 330 nm thick AlN membrane using finite 

element method (FEM) simulation package. The calculation yielded two fundamental 

Lamb wave modes (A0 and S0) and many higher order modes (A1, S1, A2, S2, etc.). The 

nomenclature of the modes is based on the symmetry of the displacement field profile 

and the number of nodes, with respect to a plane dissecting and in the plane of the 
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membrane. The simulated displacement profile and strain field distribution of each mode 

are shown in Figure 5.3c.  

 

Figure 5.3 Lamb wave transducer characterization. 

a. and b. Measured spectra of the reflection coefficient S11 of two devices with IDT periods of 

2.0 μm and 0.3 µm, respectively. c. Simulated Lamb wave modes for both devices. The 

deformation of the shape indicate the displacement and the color map illustrate the strain field. 

Red (blue) color indicates positive (negative) strain. The black box illustrates the cross-section 

of the nanocavity (800 nm330 nm). “A” and “S” stand for “antisymmetric” and “symmetric”. 

The coordinate system is marked and consistent with that used in Fig. 1. d. The dispersion 

relation of Lamb wave in 330 nm thick AlN membrane. The solid lines are calculated results and 

the symbols depict experimentally measured values. 

Within the measurable frequency range limited by the maximum frequency (20 

GHz) of our VNA, the A0, S0, A1 and S1 modes can be observed in the device with 2.0 

μm period IDT, whereas only the A0 and S0 modes can be observed in the device with 
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0.3 µm period IDT. Compared with the SAW wave generated with the same 2.0 μm 

period IDT but on unsuspended AlN layer on the SiO2 (3 μm)/Si substrate, the frequency 

of Lamb wave on suspended membrane is almost an order of magnitude higher because 

the acoustic wave only propagates in AlN which has a high sound velocity. In addition, 

because the displacement and strain fields (hence the mechanical energy) of the Lamb 

wave are confined in the membrane that is completely decoupled from the substrate, the 

propagation loss is expected to be much less than SAW which has high loss to the 

substrate. Accurate measurement of propagation loss should be performed with acoustic 

delay line devices with various lengths but is out of the scope of this letter. 

To study the frequency-wavelength dispersion relation of the Lamb wave in the 

AlN membrane, IDTs with a wide range of periods were fabricated, measured and 

simulated, as shown by the results in Figure 5.3d. Excellent agreement was obtained 

between experiment and theory. It can be observed that, for IDT periods much longer 

than the AlN film thickness (330 nm), the S0 mode has a much higher frequency (more 

than double) than that of the A0 mode. But as the IDT period deceases to a value 

comparable or less than the thickness of the membrane, the A0 and S0 mode frequencies 

both approach a value expected for a Rayleigh-type surface wave. Therefore, to support a 

Lamb wave of very high frequency, the membrane thickness can be further reduced and 

the S0 Lamb mode has the advantage of higher frequency than the A0 mode. 

5.3.2. Lamb Wave Photonic Crystal Nanocavity Modulation 

To characterize the acousto-optic interaction between the Lamb wave and the 

optical mode of the nanocavity, the probe laser was blue-detuned to the nanocavity’s 
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fundamental resonance mode. The output optical signal was amplified with an erbium 

doped fiber amplifier (EDFA) and then filtered with a tunable optical filter to suppress 

amplified spontaneous emission noise introduced by the EDFA. The amplified and 

filtered optical signal was then sent to a high speed photoreceiver and the output 

electrical signal was returned to the VNA Port 2. The VNA Port 1 remained connected to 

the IDT. In this measurement configuration, the response of the nanocavity resonance to 

the acousto-optic modulation induced by the Lamb wave was characterized by measuring 

the spectrum of the system’s transmission coefficient S21, which was obtained by 

sweeping the frequency of the VNA output signal from Port 1 to the IDT. During the 

measurement, the VNA output power was fixed at 10 µW (-20 dBm) to minimize heating 

of the membrane, which can cause frequency shift of the nanocavity’s resonance. The 

measured transmission spectra for the two devices are shown in Figure 5.4. The S11 

spectra are also plotted for comparison. As can be seen from the plots, the acousto-optic 

response spectra show peaks at frequencies matching those of the Lamb wave modes 

measured in the S11 spectra. Comparing the amplitudes of the peaks reveals the different 

acousto-optic modulation strength of the various acoustic modes. Specifically, for the 

device with 2.0 μm period IDT, it can be observed that the higher order modes A1 and S1 

induce much weaker (almost 30 times weaker) modulation than the fundamental modes 

A0 and S0. For the device with 0.3 μm period IDT, only the modulation of A0 and S0 

modes was measured within the 20 GHz bandwidth of the VNA. 
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Figure 5.4 . Measured responses of the nanocavity to acousto-optic modulation 

induced by the Lamb wave. 

The system’s transmission coefficient S21 (blue traces, left axes), for the devices with IDT period 

of, a. 2.0 µm, and, b. 0.3 μm. In (a), the spectrum in the dashed box is scaled up by 30 times for 

clarity. The spectra of S11 (red traces, right axes) are also plotted for comparison. Inset of (b) is a 

zoom-in of the S0 mode at 19.20 GHz, of the device with 0.3 µm IDT. 

The acoustic wave modulates the nanocavity’s resonance mode mainly through 

elasto-optic effect, in which the strain field of the acoustic wave dynamically changes the 

material’s refractive index. Therefore, the variation of the acousto-optic modulation 
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strength among the various Lamb wave modes is related to the different modal overlap 

between their strain field distribution and the electric field distribution of the 

nanocavity’s resonance mode. More detailed theory of the acousto-optic modal overlap 

can be found in our previous work [23]. In addition, the varying excitation efficiency and 

propagation loss of the different acoustic modes also play a role in the overall efficiency. 

For example, as shown in Figure 5.3c, the A-modes have a strain field distribution that is 

antisymmetric with respect to a lateral plane dissecting the membrane, resulting in 

cancellation of elasto-optic effect when its overlap with the optical mode integrated over 

the thickness of the membrane. This is in contrast to the S-modes where the symmetric 

strain field distribution results in enhanced elasto-optic overlap integral with the optical 

mode, and thus enhanced acousto-optic modulation. On top of that, the S-modes have 

relatively higher excitation efficiency by the IDT than the A-modes, as can be seen from 

the S11 spectra (S-modes have deeper dips than A-modes). This trend, however, is 

counteracted by the fact that the S-modes have higher frequencies than the A-modes and 

hence higher propagation loss. The dramatically reduced modulation strength of the 

higher order modes (A1 and S1) is attributed to their high propagation loss, since 

propagation loss of acoustic waves scales approximately as the square of the frequency 

[123]. Among Lamb waves of different wavelengths (0.3 and 2.0 μm), the modulation 

strength is highly dependent on the ratio of the acoustic wavelength to the width of the 

nanocavity, which is fixed at 0.8 µm in our devices. Acousto-optical modal overlap is 

non-vanishing if the acoustic wavelength is more than twice the nanocavity width, which 

is the case for the device with 2.0 µm period IDT. For the device with 0.3 μm period IDT, 
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the acousto-optic modulation is much weaker due to the vanishing modal overlap for it is 

integrated over the nanocavity’s width of several acoustic wavelengths, as shown in 

Figure 5.3c. In addition to the main peaks corresponding to the well-defined acoustic 

modes, in the optical S21 spectra shown in Figure 5.4, there are several unidentified peaks 

and many ripples. We currently attribute them to the reflection of the acoustic wave at the 

complicated boundary of the suspended membrane (see Figure 5.1a) and the interference 

it has caused. By introducing efficient absorbing structures around the devices, undesired 

reflection of acoustic waves can be reduced and those spurious peaks can be eliminated. 

5.3.3.  Lamb Wave Photonic Crystal Cavity Optomechanical Coupling Efficiency 

We quantify the devices’ overall acousto-optic modulation efficiency (G) by 

performing a calibrated modulation measurement [23]. The efficiency is defined as the 

change in the optical cavity’s resonance frequency per square root of the microwave 

power sent to the IDT: 

 

RFG P 
 

5.1 

where  is the change in resonance frequency of the optical nanocavity due to acousto-

optic modulation, and PRF is the microwave power sent to the Lamb wave transducer. The 

change in resonance frequency is extracted from the modulation S21 spectrum taking into 

account the slope of the optical cavity resonance at the probe laser wavelength. The 

results are summarized in Table 5-1.  
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Table 5-1 Measured acousto-optic modulation efficiency G. 

 

 

 

For the device with 2.0 μm period IDT, the fundamental modes A0 and S0 have 

an order of magnitude higher efficiency than the higher order modes A1 and S1. The S0 

mode, with its combined high efficiency and high frequency, thus is more ideal for cavity 

optomechanical experiments. Although much weaker than its fundamental counterpart, 

the S1 mode is also interesting for its ultra-high frequency. For the device with 0.3 μm 

period IDT, the modulation efficiency for both A0 and S0 modes is much lower than that 

of the 2.0 µm period IDT. This is expected as the Lamb wavelength is a small fraction 

(almost a third) of the nanocavity’s width, leading to a very small acousto-optic modal 

overlap integral. This problem can be solved by designing a nanocavity with a very small 

effective mode width, such as the dumbbell slot cavity design [124]. Previously, on 

unsuspended AlN on oxidized SiO2 substrate, we have demonstrated SAW modulation of 

photonic nanocavity at 12.12 GHz with efficiency of 16.7 MHz∙mW
-1/2

 [24]. For 

comparison, in the current scheme, for the S0 mode at 5.28 GHz, the modulation 

efficiency is improved by two orders of magnitude, for the S1 mode at 14.14 GHz, the 

modulation efficiency is two times as high. This highlights the importance of the 

suspended platform in enhancing acousto-optic interaction and achieving high frequency 

Mode 

Ʌ = 2.0 m Ʌ = 0.3 m 

f [GHz] 
G/2 

[MHz/mW
1/2

] 
f [GHz] 

G/2 

[MHz/mW
1/2

] 

A0 1.35 760 16.39 6.35 

S0 5.28 1570 19.20 7.4 

A1 10.14 26   

S1 14.21 37   
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modulation. Similar work on SAW modulation of photonic crystal cavity was reported 

with modulation efficiency as high as 12.6 GHz/mW
1/2

 but at much lower frequency of 

1.7 GHz [55].  

5.4. Summary 

In summary, we have demonstrated an optomechanical system on a suspended 

AlN membrane on which very high frequency acoustic transducers and photonic crystal 

nanocavities are integrated. The system overcomes the limitation of the unsuspended AlN 

platform where the acoustic wave leaks into the substrate layer without contributing to 

the acousto-optic interaction. The platform is promising for studying interaction between 

cavity confined photons and propagating phonons of microwave frequency. In additional, 

the strong and high frequency acoustic waves realized in this platform can provide 

spatially-coherent time-domain modulation to induce non-reciprocity and break time-

reversal symmetry in photonic systems [70], [125]. At this high acoustic frequency, this 

system can also be applied for microwave photonics technology where optical and 

microwave channels of communication can be linked and interchanged [126].  
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Chapter 6. Conclusion 

The motivation of the doctoral research was introduced in line with the research trend in 

the field of cavity optomechanics.  

Basic physics and generation mechanisms of surface acoustic waves is discussed. 

Implementation issues like design and modeling techniques, fabrication processes, and 

characterization schemes are discussed. Measurement results from a typical device that 

illustrates the surface acoustic wave transduction and propagation properties is presented. 

Acousto-optic modulation of optical racetrack resonator with surface acoustic 

wave at frequencies above 10 GHz is demonstrated.  With the achieved ultrahigh acoustic 

frequency, an unprecedented sub-optical wavelength regime of acousto-optics is reached. 

The dependence of the optomechanical coupling strength on modal and phase matching 

between the acoustic and optical modes is investigated. Design rules to improve the 

optomechanical coupling strength is presented. 

Optomechanical coupling in the sideband resolved regime is achieved by 

integrating the high frequency surface acoustic wave transducers with photonic crystal 

nanocavity. This device was used to demonstrate optomechanically induced transparency 

and absorption. The scalability of the system is demonstrated by realizing coherent 

interaction of the surface acoustic wave with multiple photonic cavities. On the same 

platform, a photonic nanocavity placed inside an acoustic echo-chamber was used to 

demonstrate photonic cavity interaction with acoustic pulse.  

The optomechanical coupling strength was further improved by implementing the 

surface acoustic wave photonic cavity integrated system on suspended aluminum nitride 
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membrane. The system overcomes the limitation of the unsuspended aluminum nitride 

platform where the acoustic wave leaks into the oxidized silicon substrate without 

contributing to the optomechanical interaction. Optomecahnical coupling strength an 

order of magnitude better than the unscescpended platform is achieved. Ultra small 

period transducers and the acoustic dispersion property of the membrane was utilized to 

push the generated acoustic wave frequency to over 19 GHz.  

To conclude this thesis, I highlight three main features of our SAW/Lamb wave based 

optomechanical system and its merits compared to traditional optomechanical systems. 

First, the photonic and mechanical systems design is uncoupled giving flexibility 

to optimize the components independently for improved performance. For example, state 

of the art nanofabrication techniques can be used to fabricate small period IDTs that can 

generate ultrahigh frequency acoustic waves. This enables reaching deep sideband 

resolved  optmechanical coupling regime where interesting dynamical processes of 

photon-phonon interaction can be explored. From application point of view, such system 

can be used as a link for optical and very high frequency microwave domain signals. 

Secondly, the propagating nature of the mechanical modes allows coherent 

interaction of the phonons  with spatially separated multiple nanocavities. This highlights 

scalability of our system. 

Third, the acoustic wave induced spatial and temporal optical modulation can be 

utilized to realize nonreciprocal photonic structures using the principles of Brillioun 

scattering and indirect interband photonic transitions. This is an ongoing effort in our 

research group. 
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