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Abstract 

 
We have used 3-D coupled field structural finite element models to study the acoustic wave propagation characteristics 

of diamond/AlN/LiNbO3 multi-layered piezoelectric surface acoustic wave devices for applications in chemical and 

biological sensing. These devices were studied as a method to increase device frequency and sensitivity, and maintain 

standard fabrication procedures. Although recent experimental investigations have realized GHz frequency devices 

based on such multilayered substrates, very little is known about the acoustic wave propagation characteristics in these 

devices. Identifying the optimum configuration and thickness of the various layers involved still represents a challenge 

which is addressed in this work. 

 
1. Introduction 
 
Surface acoustic wave (SAW) devices that operate at high GHz frequencies, present low insertion loss, and retain 

superior performance are critical for chemical & biological sensing as well as for communications applications. 

The operating frequency of SAW devices is directly proportional to the substrate’s acoustic wave velocity and 

inversely proportional to the spatial periodicity of the interdigital transducers (IDTs). This makes the fabrication 

of GHz frequency devices based on bare substrates such as LiNbO3 difficult as it requires submicron or 

nanometric IDTs, which are difficult to achieve using standard lithographic techniques.  

 

Most of the recent research has focused on advanced SAW filters and sensors based on multilayered 

structures which could allow for operational frequencies in the GHz frequency range1. The operating frequency of 

SAW devices is directly proportional to the substrate’s acoustic wave velocity; hence the highest acoustic wave 

velocity material (diamond) is needed for fabrication of GHz frequency devices. The aluminum nitride 

piezoelectric layer also has a very high acoustic wave velocity and a fairly large piezoelectric coupling coefficient 

along its c-axis, in comparison to other piezoelectric materials. Hence, the highest frequency SAW devices can be 

expected on diamond substrates with an aluminum nitride piezoelectric layer. This would make it possible to 

realize GHz frequency devices with standard transducer configurations. Although recent experimental 

investigations have realized GHz frequency devices based on such multilayered substrates, very little is known 

about the acoustic wave propagation characteristics in these devices. Identifying the optimum configuration (Fig. 

1) and thickness of the various layers involved still represents a challenge2.  



 
 
Figure 1. Examples of configurations (a) IDT/LiNbO3/AlN/diamond (b) LiNbO3/IDT/AlN/diamond and (c) 
LiNbO3/AlN/IDT/diamond. 

 

The models commonly used to simulate the mechanical and electrical behavior of piezoelectric 

transducers, to study acoustic wave propagation, generally introduce simplifying assumptions that are often 

invalid for actual designs3. The geometries of practical transducers are often two (2-D) or three dimensional (3-

D)4, 5. Simulations of piezoelectric media require the complete set of fundamental equations relating mechanical 

and electrical quantities to be solved. Finite difference or finite element schemes are sufficient to handle the 

differential equations6-11. The finite element method has been preferred because it allows handling of complex 

geometries and multilayered composite structures. Our previous investigations also indicate the feasibility of the 

finite element models to study acoustic wave propagation in piezoelectric devices9-11. 

 

In the present work, we use 3-D coupled field structural finite element models to study the acoustic wave 

propagation characteristics in these multilayered piezoelectric SAW devices based on diamond for potential 

applications in chemical and biological sensing. The displacement and voltage waveforms obtained for varying 

thicknesses of diamond, AlN and LiNbO3 substrates are analyzed to understand acoustic wave propagation 

characteristics in multilayered substrates. The feasibility of achieving GHz frequency devices using SAW devices 

based on diamond layer is investigated in this work. 

 

2. Theory 
 
The propagation of acoustic waves in piezoelectric materials is governed by the mechanical equations of motion 

and Maxwell’s equations for electrical behavior12-14. The constitutive equations of piezoelectric media in linear 

range coupling the two are given by:  
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In the above equations, Tij represent the components of stress, E
ijklc the elastic constant for constant electric field, 

Skl the strain, Ek the electric field intensity, Di the electric displacement, t
kije the piezoelectric constant, and S

ikε the 

permittivity for constant strain. The acoustic wave propagation velocity is five orders of magnitude smaller than 

that of electromagnetic waves. Therefore, the quasistatic assumptions help reduce Maxwell’s equation to 
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The equation of motion in the absence of internal body forces is given as 
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where ρ is the density and ui represent the components of displacement. Substituting and rearranging the above set 

of equations leads to a system of four coupled wave equations for the electric potential and the three component 

of displacement in piezoelectric materials which are solved for the piezoelectric substrate or the solid domain:   
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These coupled wave equations can be discretized and solved for generating displacement profiles and voltages at 

each element/node using the finite element method15. 

3. Computational details 
 

A. Model parameters 

A coupled field finite element structural model is utilized to study the acoustic wave propagation in 

diamond/AlN/IDT/LiNbO3 layered SAW devices. The 3-D FE model describes two-port structures based on 

configurations depicted in Fig. 1. The simulated device consists of three finger pairs in each port. The fingers are 

considered as mass-less electrodes to ignore the second-order effects arising from electrode mass, thereby 



simplifying computation. The periodicity of the finger pairs i.e. λ is 40 microns and the aperture width is 200 

microns. The transmitting and receiving IDT’s are spaced 130 microns or 3.25λ apart. The simulated SAW device 

dimensions are 20 λ in propagation length and 12.5 λ wide. The thickness of the diamond film was kept constant 

at 1 λ, whereas AlN thickness was taken as λ/8. By varying the thickness of LiNbO3 from 1 λ to 10 λ, the relative 

ratios of the thickness of the three films were varied and the propagation characteristics of the acoustic wave as 

well as the dispersion relationship in the multi-layered substrate configuration shown in Fig. 1 (b) were studied. 

The simulated models have a total of approx. 250,000 nodes and are solved for four degrees of freedom (three 

displacements and voltage). The model was created to have the highest densities throughout the surface and 

middle of the substrate. The simulated voltage and displacement profiles obtained at the output IDT’s are used to 

measure wave attenuation and velocity changes and thereby optimize the thickness of the waveguide, i.e. the 

diamond and AlN layer. 

B. Structure excitation 

Two types of analysis are carried out for each of the three devices, i.e., pure LiNbO3 and 

diamond/AlN/IDT/LiNbO3 with thickness ratios 1:0.125:10 and 1:0.125:1. 

(1) An impulse input of 10 V over 1 ns is applied to study the frequency response of the device. 

(2) AC analysis with a 5 V peak-peak input and 100 MHz frequency to study the wave propagation characteristics 

in the multilayered substrates. 

4. Results and discussion 
 

A. Impulse response analysis 

By applying an impulse function as an input, the frequency response can be calculated [5]. For the impulse 

response analysis, it is important that we scan a sufficient range of frequencies up to the GHz range. Hence, the 

structure was simulated for a total of 200 ns, with a time step of 0.5 ns. The time step of sampling utilized, i.e., 0.5 

ns, determines the highest frequency which can be obtained when we perform our frequency response analysis. 

The highest frequency which can be sampled is 
95.0*2

1
−e

 which corresponds to 1.0 GHz. The total time of 200 

ns similarly determines the lowest frequency which can be sampled.  The lowest frequency which can be sampled 

is 
9200*2

1
−e

 which corresponds to 2.5 MHz. The center frequency of the device is properly sampled using the 

above chosen time step and simulation time. 

The calculated frequency response for an input impulse (1 ns) of 10 V applied on a pure LiNbO3 substrate is 

shown in Fig. 2. Since the propagation velocity on a LiNbO3 substrate is around 3,500 m/s, the center frequency 

of the SAW device is ~100 MHz for an IDT finger spacing of 10 micrometers. When the simulations are 



performed for the multilayered substrates, the frequency response obtained is very different from that for a pure 

LiNbO3 substrate. In particular, for both the multilayered substrates, there are acoustic modes which propagate at 

velocities higher than that possible on a pure LiNbO3 substrate. 

 

Figure 2. Simulated frequency response for a SAW device based on a pure LiNbO3 substrate. The center frequency of the 
device corresponds to approx. 100 MHz. 
 

 
 
Figure 3. Simulated frequency response for a multilayered SAW device based on diamond/AlN/IDT/LiNbO3 configuration. The 
thickness ratio of diamond/AlN/IDT/LiNbO3 is 1:0.125:1. The simulated frequency of the device shows peaks corresponding to 
approx. 120, 180 and 220 MHz. The center frequency of the device is approx. 100 MHz. The acoustic wave modes 
corresponding to the higher frequencies have similar insertion losses. 
 
 
The excitation of a multilayered piezoelectric substrate results in generation of multiple wave modes as seen in 

Figs. 3 and 4. For all the wave modes, the simulation results indicate a decrease in phase velocity with increasing 

LiNbO3 film thickness. When the thickness ratio of diamond/AlN/IDT/LiNbO3 is 1:0.125:10, it can be seen that 

three Rayleigh waves are excited within the structure with phase velocities of 3,500 m/s for the zeroth mode, 

8,300 m/s for the first mode and 12,300 m/s for the phase velocity of the second mode, approaching the Rayleigh 
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wave of pure diamond. For the optimized substrate thicknesses, it is thus possible to have the third Rayleigh mode 

as the dominant mode thereby allowing the wave to propagate entirely in the diamond substrate. It can also be 

seen that when the thickness ratio of diamond/AlN/IDT/LiNbO3 is 1:0.125:1, the insertion loss of the device is 

reduced for all the three modes when compared to diamond/AlN/IDT/LiNbO3 thickness ratio of 1:0.125:10. 
 

 
 
Figure 4. Simulated frequency response for a SAW device based on a diamond/AlN/IDT/LiNbO3 configuration. The thickness 
ratio of diamond/AlN/IDT/LiNbO3 is 1:0.125:10. The simulated frequency of the device shows peaks corresponding to approx. 
100, 200 and 320 MHz. The acoustic wave modes corresponding to the three frequencies have similar insertion losses. 
 
 

B. AC response analysis 
 

The application of an AC electrical signal on the input transducer fingers results in generation of a mechanical 

wave which then propagates towards the output transducer fingers. The coupled field finite element model 

developed in the present study is able to capture the generation and propagation of SAWs on multilayered 

piezoelectric substrate as shown in Figs. 5-8. 
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Figure 5. The displacement contours along the substrate depth obtained at t=75 ns in a multilayered SAW device based on 
diamond/AlN/IDT/LiNbO3 with a finger periodicity of 40 µm and for the 10V applied input AC voltage. The thickness ratio of 
diamond/AlN/IDT/LiNbO3 is 1:0.125:10. The scale bar shown above represents the displacement amplitudes of SAW in meters. It can be 
seen that the wave propagated primarily in the LiNbO3 substrate. 
 

 
 
Figure 6. The displacement contours obtained at t=75 ns in a multilayered SAW device based on diamond/AlN/IDT/LiNbO3 
with a finger periodicity of 40 µm and for the 10 V applied input AC voltage. The thickness ratio of diamond/AlN/IDT/LiNbO3 is 
1:0.125:10. The scale bar shown above represents the displacement amplitudes of SAW in meters. 

Our simulated displacement profiles along the longitudinal, surface normal and shear horizontal directions 

indicate that Rayleigh waves propagate in the multilayered configurations. Analysis of the particle displacement 

profiles along the depth of multilayered diamond/AlN/IDT/LiNbO3 substrates at different locations along the 

SAW delay path was also carried out to investigate the acoustic energy confinement in multilayered SAW devices 

for the simulated device design parameters. 

For diamond/AlN/IDT/LiNbO3 thickness ratio of 1:0.125:10; we find that the acoustic energy is primarily 

confined in the LiNbO3 layer as shown in Fig. 5, and hence the acoustic wave propagates along surface of the 

LiNbO3 substrate (Fig. 6). At these thickness ratios, we find that the acoustic velocity attained is not very high 

(approx. 4,100 m/s) and hence this configuration cannot be utilized to attain the GHz frequencies for the 



simulated IDT periodicity. On the other hand, when the thickness ratios of diamond/AlN/IDT/LiNbO3 is changed 

to 1:0.125:1 by reducing the LiNbO3 thickness, the acoustic energy is confined primarily in the diamond and AlN 

layers as shown in Fig. 7. At higher simulation times, the wave is also partly radiated into the LiNbO3 layer in the 

form of bulk waves, thereby increasing the insertion loss of the device.  

 
 
Figure 7. The displacement contours along the substrate depth obtained at t=30 ns in a multilayered SAW device based on 
diamond/AlN/IDT/LiNbO3 with a finger periodicity of 40 µm and for the 10 V applied input AC voltage. The thickness ratio of 
diamond/AlN/IDT/LiNbO3 is 1:0.125:1. The scale bar shown above represents the displacement amplitudes of SAW in meters. It can be 
seen that the wave propagated primarily in the diamond substrate. 
 

We find that the acoustic wave modes propagating in the diamond film (Fig. 8) attains very high velocities close 

to 12,300 m/s, thereby indicating the possibility of fabricating GHz frequency devices. Simulations of additional 

devices with varying LiNbO3 thickness in the range 1 to 10 λ to obtain optimum normalized thicknesses are in 

progress in order to confirm the high potential of the new diamond/AlN/IDT/LiNbO3 structures for high-

performance and high-frequency SAW devices. Efforts are also underway to utilize the optimized configurations 

in fluid-solid interaction FE model to investigate the influence of fluid loading on Rayleigh wave propagation in 

multi-layered SAW devices and evaluate their potential use in chemical and biosensing applications. 

 



 

Figure 8. The displacement contours along the substrate depth obtained at t=30 ns in a multilayered SAW device based on 
diamond/AlN/IDT/LiNbO3 with a finger periodicity of 40 µm and for the 10 V applied input AC voltage. The thickness ratio of 
diamond/AlN/IDT/LiNbO3 is 1:0.125:1. The scale bar shown above represents the displacement amplitudes of SAW in meters. 

 

5. Limitations of Finite Element Simulations 

A fine mesh generation is required for accurate modeling of a SAW device. The modeling of acoustic wave 

propagation in multilayered substrates requires at least 20 first order elements per wavelength in each of the 

different substrates. Hence, much higher node densities are required to model a device approaching practical 

dimensions. Also, the simulations are time consuming.  Simulation time will increase with increasing mesh 

density. Another major setback arises from acoustic wave reflection from the edges if the simulations are carried 

out for sufficiently longer times. One of the ways to overcome this limitation would be employment of damping 

elements at the ends of the substrate. While longer simulation times are necessary to attain a stable state, too long 

a simulation time results in wave reflections causing instabilities to set in. A simulation time of 200 ns was found 

to be optimum for the substrate dimensions considered in the present study.    

6. Conclusions 

We have simulated the acoustic wave propagation in high frequency devices based on multilayered diamond 

based substrates. We find that the acoustic wave propagation is dictated by relative thickness of the various 

substrates. Upon varying the thickness ratio of diamond: AlN: LiNbO3 from 1:0.125:1 to 1:0.125:10, our 

simulation results indicate that the wave propagation shifts preferentially from propagation in LiNbO3 to that in 

diamond. Frequency response analyses of these multilayered substrates indicate the possibility of fabricating a 

GHz frequency device for substrate thickness ratios when the acoustic wave propagates primarily in the diamond 

substrate. When the thickness of the diamond layer is smaller compared to that of LiNbO3 substrate, then device 

frequency is as high as 320 MHz. This latter result illustrates the greatest advantage of using diamond as an 

acoustic substrate. It allows the fabrication of SAW devices operating in the gigahertz frequency range using 



standard optical lithography. Efforts are underway to simulate more thickness in the range 1 to 10 λ to optimize 

the substrate thickness to develop higher frequency devices near the GHz range with lesser insertion loss. 

Nomenclature: 

T – Vector of Mechanical stresses 
 
S – Vector of Mechanical strains 
 
E – Vector of Electric field 
 
D – Vector of Dielectric displacement 
 
cE – Mechanical stiffness matrix for constant electric field E. 
 
εs– Permittivity matrix for constant mechanical strain 
 
e – Piezoelectric matrix 
 
φ –Electric potential function 

 
u - Displacement 

 
ρ – Substrate density 

 
t – Time 
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