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Abstract: The propagation of the Lamb-like modes along a diamond/AIN thin supported structure
was simulated in order to exploit the intrinsic zero group velocity (ZGV) features to design high
frequency electroacoustic resonators. As the ZGV points are associated with an intrinsic energy
localization under the metal electrodes, acoustic micro-resonators can be designed that employ
only one interdigital transducer (IDT) and no reflectors, thus reducing both the device size and the
technological complexity. The ZGV resonant conditions in the diamond/AIN composite plate, i.e.
the frequencies where the mode group velocity vanishes while the phase velocity remains finite,
were investigated in the frequency range from few hundreds of MHz up to 3500 MHz. Thin film
bulk acoustic resonators (TFBARs) based on c-AIN and on 45° c-axis tilted AIN film on diamond
suspended membrane was simulated that operate in longitudinal and shear mode: the former is a
thickness-extensional mode, while the latter is a thickness-in plane-shear mode that is suitable for
liquid sensing applications. A smart structure was modelled that provides several integrated
functions including sensing in gaseous and liquid environment, and stable frequency source.
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1. Introduction

Increased devices operating frequency and reduced size are actual challenges in the field of
electroacoustic devices development. Piezoelectric resonators showing small size and high Q at GHz
frequency range can be fabricated by exploiting the diamond and piezoelectric AIN film technology.
The main objective of this paper consists in the modelling study of the Lamb modes propagation in
the thin suspended composite membranes including an AIN layer 3.6 pum thick on top of a diamond
suspended membrane 10 um thick. Disperse software was used to calculate the phase and group
velocity dispersion curves of the Lamb modes in diamond/AIN structures. The zero group velocity
(ZGV) resonant conditions, i.e. the frequencies where the mode group velocity vanishes while the
phase velocity remains finite, were found. Exact numerical calculations were performed to estimate
the electroacoustic coupling efficiency, K? of the ZGV points. By means of FEM analysis, the
propagation of acoustic Lamb waves in the AIN/diamond layered structure has been investigated
and the elastic displacement fields within the composite plate were calculated. The ZGV points of a
Lamb mode device are associated with an intrinsic energy localization under the metal electrodes:
this fact enables the design of acoustic micro-resonators employing only one interdigital transducer
(IDT) and no reflectors, thus reducing both the device size and the technological complexity [1]. At
the ZGV points, the mode energy is locally trapped in the source area thus these modes are expected
to be highly sensitive to the plate thickness and mechanical properties changes. Thin film bulk
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acoustic resonators (TFBARs) based on c-axis oriented and 45° c-axis tilted AIN film on diamond
was simulated that are based on the propagation of longitudinally and in plane-shear horizontally
polarized modes respectively; the former is suitable for sensing in gaseous environment while the
latter is suitable for liquid sensing applications. This paper provides a simulation study of a
monolithically integrated smart system suitable for applications in the frequency control and
sensing fields. Since the resonators are fabricated using standard microelectronics techniques, and in
particular the thin piezoelectric film technology, further addition of integrated circuits on the same
silicon wafer can provide the design and fabrication of "smart" devices: the resonator can work as a
frequency control element [2] as well as gas sensor; furthermore, other devices can be implemented
on the same silicon wafer to conduct signal processing, calibration, and output buffering.

2. Lamb modes in diamond/AIN composite plate

The propagation of quasi-Lamb waves along a diamond/AIN thin suspended composite
membrane is here investigated. The membrane consists of a piezoelectric AIN layer, 3.6 um thick, on
top of a diamond layer 10 um thick. The quasi-Lamb waves propagation can be excited and detected
by use of interdigitated transducers (IDTs), as for the surface acoustic waves (SAWs). The
wavelength of the acoustic wave, A, is set by the pitch of the IDT. In the present simulations, the IDTs
metallization ratio is supposed to be equal to 1. Figure 1 shows the schematic of the device including
the array of electrodes on top of the piezoelectric AIN layer.
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Figure 1. Schematic of the quasi-Lamb mode device on diamond/AIN suspended membrane
with a thick Si rigid frame.

This device can be obtained by standard technological processes, such as the backside
Si/diamond/AIN micro-machining process for the fabrication of suspended membranes. In this case
the diamond layer plays the role of a back-etching stop layer, allowing the release of a diamond/AIN
suspended membrane. The phase and group velocity dispersion curves of the Lamb-like modes
travelling along the diamond/AIN composite plate were calculated and plotted in figures 2a and b vs
the frequency f= vpr/A.
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Figure 2. (a) The phase and (b) the group velocity dispersion curves of AIN/diamond composite
plate.
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The diamond and AIN material constants used to perform the phase and group velocity
dispersion curved by the Disperse software [3] are listed in table 1 [4]; both materials are assumed to
be lossless. The distinction between symmetric and antisymmetric Lamb modes in figures 2a and 2b
is somewhat artificial for a composite plate as the symmetry with respect to the mid plane of the
plate is loss in the plate under study. Thus the dispersion curves can be only generically
distinguished by a number in the order in which the modes appear along the frequency axis [5].

Table 1. The AIN mass density and stiffened elastic constants; the diamond elastic constants
and mass density.

AIN Diamond

ci1 =409.21 cii=1153.12 GPa
ci2=167.21

ci3 =124.04

c33 =436.63 c12= 86.44 GPa
cu=161.01 p =3512 kg/m?
co6 = 121

p = 3260 kg/m3

Some branches of the group velocity dispersion curves, corresponding to the “backward-wave”
propagation, occur in the negative-slope region where group velocity and phase velocity have
opposite signs. For negative group velocities, the direction of propagation of wave energy and that
of wave phase are opposite. Some Lamb wave resonances, referred to as the ZGV resonances, occur
at the frequency values at which some high order modes exhibit null group velocity and finite phase
velocity. FEM analysis was performed using COMSOL Multiphysics to explore the field shape of the
ZGV points in the composite waveguide. Initially, the plate-guided modes were identified by
frequency-response analysis of a 2D composite plate with the IDT assumed to have 5 finger pairs, as
shown in figure 1. For simplicity, the presence of the silicon frame was not accounted in the
simulations and the total length of composite plate is 20-A. Traction free boundary conditions were
selected for the top and bottom sides of the composite plate, while continuity boundary condition
were selected for the right and left end sides of the waveguide. The geometrical parameters of the
ZGV structures used in the simulation are given in Table 2.

Table 2. The geometrical parameters of the ZGV structures used in the COMSOL simulation.

Geometrical parameters used in the COMSOL simulation

IDT Al electrode thickness 100 nm

AIN layer thickness 3.6 pm
diamond layer thickness 10 pm
wavelength 53 um; 35 um

As an example, figures 3a and b show the field profile of the ZGV points referred to the modes 3 and
6 (hereafter named ZGV3 and ZGV6). The total displacements of these modes were determined by
an eigenfrequency 2D FEM analysis with applied boundary conditions: the colour density is
representative of the relative particle displacement. As it can be seen, the acoustic field of the ZGV3
and ZGV6 modes are localized in the active region of dimension approximately equal to 5

wavelengths.
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Figure 3. (a) The total displacement of the ZGV3 and (b) ZGV6 mode.

The real and the imaginary part of the ZGVRs impedance were calculated and the results are shown in figures

4a and b. The electroacoustic coupling efficiency (K?) and the Q factor were calculated from the formula:

2 —
K? = %% and Q = 3 fr , being f,, £, f; and 0 the series, parallel, and resonant frequencies, and the -3dB
| -3dB

bandwidth. K> = 0.17% and Q = 1462 for ZGV3, K* = 0.27% and Q =844 for ZGV6.
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Figure 4. (a) The real and the imaginary part of the ZGV3 impedance vs frequency curves; (b) the real
and the imaginary part of the ZGV6 impedance vs frequency curves.

3. Diamond/AIN-based TFBARs
A thin film bulk acoustic resonator (TFBAR) was supposed to be monolithically implemented
on the same AIN/diamond suspended membrane consisting of a pair of metal electrodes (Pt 0.1 um
thick, and 350 pm x 350 um area) sandwiching the piezoelectric thin film, with AIN and diamond
layers 3.6 and 10 um thick. The TFBAR is based on the propagation of longitudinal bulk acoustic
waves (LBAWs) along the composite plate as the AIN layer is supposed to be c-axis oriented normal
to the diamond surface normal. These devices are utilized in telecommunications field, as well as for

sensors operating in air but not in liquid as the LBAWSs, as opposed to the shear horizontal bulk
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waves (SHBAWs), are very much damped by acoustic emission into the liquid. TFBARs based on the
propagation of mixed LBAWs and SHBAWSs can be obtained with AIN film showing c-axis tilted by
an angle S with respect to the film normal [6]. A mixed shear and longitudinal excitation can be
obtained for specific 9 values as the K2 of both the longitudinal and shear modes is affected by 9. A
Matlab routine was written to numerically calculate the velocity v and K? of the LBAW, SHBAW and
SVBAW (shear vertical BAW) propagating along AIN substrate for different c-axis tilt angle 9, and

the results are shown in figure 5a and b.
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Figure 5. (a The phase velocity and b) the K? of LBAWs and SHBAWSs propagating along AIN vs the

c-axis tilt angle 9.

A 9 ranging from 20° to 45° provides sufficiently high values of the K2 of the shear mode; a single
pure shear mode propagates at 9 = 46.1° and 90°, and a pure longitudinal mode propagates at 9=0°
and 67.1°; at about 19°, the longitudinal and shear BAWs have the same K2 (about 3.8%). Compared
with the longitudinal wave K?, the SHBAW has higher coupling (up to 6.5%) thus it provides a better
choice for the design of higher bandwidth filter. Thus an easy discrimination of the two modes can
be obtained by choosing 9 = 45° as only the shear mode is electrically coupled.

FEM has been performed by Comsol Multiphyics software to model the admittance Y vs
frequency curves and to investigate the resonators K? (the AIN mechanical loss was accounted for).
Figure 6a shows the absolute value of the admittance vs frequency curves of the first two
longitudinal resonances of the FBAR based on c-AIN/diamond: the peaks correspond to fp = 650 and
1350 MHz, and K2 = 3.71 and 1.54%, respectively. Figure 6b shows the absolute value of the
admittance Y vs frequency curves for the first two shear resonances of the FBAR based on 45°-tilted
AlN/diamond: the peaks correspond to fp = 345 and 633 MHz, and K2 =2.08 and 1.91%, respectively.

The two insets in figure 6 also show the longitudinal and shear modes displacement field.
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Figure 6. (a the absolute value of the admittance vs frequency curves showing the first two
longitudinal resonances in Pt/c-AIN/Pt/diamond; the insets show the modes displacement. (b) the
absolute value of the admittance vs frequency curve showing the first two shear resonances in
Pt/45°-AIN/Pt/diamond; the insets show the modes displacement.

4. Conclusion

A monolithically integrated smart structure was modelled on Si/diamond/AIN wafer that includes ZGV
resonators and thin film bulk acoustic wave resonators that can be fabricated using standard microelectronics
techniques. This structure provides several integrated functions including sensing in gaseous and liquid
environment, and stable frequency source.

Acknowledgments: This study has received funding from the European Union’s Horizon 2020 Research and
Innovation Programme under the Marie Sklodowska-Curie Grant Agreement No. 642688.

Author Contributions: C. Caliendo conceived the research and wrote the paper; M. Hamidullah performed all
the FEM calculations; C. Caliendo performed the Disperse and Matlab calculations.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yantchev, V.; Arapan, L.; Ivanov, L; Uzunov, L; Katardjiev, L; Plessky, V. Parametric Study of Thin-film
Zero-Group Velocity Resonators (ZGVR), 2012 IEEE International Ultrasonics Symposium Proceedings,
307-310, 10.1109/ULTSYM.2012.0075.

2. Lin Chih-Ming, Temperature-Compensated and High-Q Piezoelectric Aluminum Nitride Lamb Wave
Resonators for Timing and Frequency Control Applications, University of California, Berkeley, ProQuest
Dissertations Publishing, 2013, 3593905, http://www.escholarship.org/uc/item/9539m6rf.

3. M. Lowe and B. Pavlakovic, Disperse Software, v. 2.0.20a-compiled Oct. 10 2013, Copyright 1996-2013
(licensed by Imperial College Consultant, serial number F21122C).

4.  Landolt-Bornstein, Numerical Data and Functional Relationships in Science and Technology, Group III:
Crystal and Solid State Physics, (Springer-Verlag Berlin, Heidelberg-New York, 1979), Vol. 11.

5. Caliendo, C.; Muhammad, Hamidullah, Zero-Group-Velocity acoustic waveguides for high-frequency resonators,
2017, Journal of Physics D: Applied Physics, 10.1088/1361-6463/aa900f.

6.  Zalazar, M.; Guarnieri, F. Diamond-Based Thin Film Bulk Acoustic Wave Resonator for Biomedical Applications,
2013 J. Phys.: Conf. Ser. 477 012009, 10.1088/1742-6596/477/1/012009.

@ © 2017 by the authors. Submitted for possible open access publication under the
terms and conditions of the Creative Commons Attribution (CC BY) license
BY

(http://creativecommons.org/licenses/by/4.0/).




