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Abstract:

 The anisotropic materials as the acoustic wave propagating medium introduce the dependence of the phase velocity on the wave propagation direction, as opposed to the isotropic counterparts; in addition, the profile of the particle displacement components can be quite different, depending on the crystal type and propagation direction. The propagation of surface and bulk acoustic waves (SAWs and BAWs) along the (001), (111) and (110) planes of cubic SiC crystals have been studied. For specific propagation directions in these planes, slight variations in the velocity of the elastic surface waves are found. It was observed that Rayleigh-type, generalized and pseudo-surface waves can propagate at specific directions, thus confirming how the anisotropic behavior of the bare SiC substrate modifies the existence and the field profile of the SAW that propagates at its free surface. Finally, the SAW propagation along AlN/SiC-based multilayered structures is studied for the three SiC planes, different AlN piezoelectric layer thicknesses and electrical boundary conditions.
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1. Introduction


Bulk acoustic waves (BAWs) propagating along an anisotropic medium show characteristics different as compared to the isotropic case. For higher symmetry crystals, if the wave propagation direction coincides with the principal axis direction, then three pure modes propagate having their polarization vectors parallel to the reference system axis: the longitudinal, shear horizontal and shear vertical bulk acoustic waves (LBAW, SHBAW and SVBAW). Nevertheless, for an arbitrary propagation direction, the polarization vector of the three bulk waves is neither necessarily parallel nor normal to the slowness vector: the quasi longitudinal and the two quasi shear waves show three displacement vector components. Surface acoustic waves (SAWs) propagating in isotropic media are elliptically polarized in the sagittal plane (the plane perpendicular to the free surface and containing the propagation vector): their phase velocity is unaffected by the propagation direction, and, consequently, the phase and group velocities coincide. On the contrary, the properties of the SAWs propagating along an anisotropic medium are mainly constrained by the crystallographic orientation of the free surface and by the direction of propagation. The SAWs show, in general, three displacement components, and the phase velocity depends on the propagation direction and does not coincide with the group velocity. Moreover, for specific propagation directions, the SAW, in its more general definition, does not exist and unconventional surface waves propagate, such as leaky or pseudo SAWs (PSAWs). Therefore, the anisotropic behavior of the medium affects the BAW characteristics, and considerably modifies the existence and the structure of the SAW that propagates at its free surface.



In the present paper, the propagation of BAWs and SAWs along the (001), (111) and (110) surfaces of bare SiC cubic crystals (3C-SiC) is studied. Specific directions were found suitable for the propagation of slow and fast Rayleigh-like waves, generalized SAWs, and pseudo-SAWs. Moreover, the SAW propagation along 3C-SiC/c-AlN-based multilayered structures is studied for propagation directions suitable for SAW device applications; different piezoelectric layer thicknesses and electrical boundary conditions were examined. This specific combination of materials was chosen for its suitability for applications in wireless communications and harsh environment sensing fields [1,2,3,4,5], such as extremes of pressure, temperature, shock, radiation and chemical attack. The piezoelectric AlN overlay material has excellent piezoelectric properties, low conductivity, and behaves elastically isotropic for surface waves propagating over the basal plane, provided that the AlN c-axis is perpendicular to the SiC substrate surface. The application of the largely-explored piezoelectric AlN film technology, together with the early-developed 3C-SiC film technology [6,7], have just produced some remarkable results [8,9,10], but, since the SiC technology is far from being mature, many more benefits will be attempted. Bulk SiC production is still in progress while SiC film on Si substrates are commercially available even if for limited thickness range. In 3C-SiC/c-AlN-based electroacoustic devices, the SiC anisotropy strongly affects the characteristics of the acoustic waves propagation rather than the c-AlN that is isotropic in the c plane. Hence the propagation characteristics are influenced by the SiC thickness, cut and propagation direction. AlN, which shows the highest SAW velocity between the piezoelectric materials that can be grown in thin film form, has been successfully used in SAW devices operating to gigahertz frequencies. Thus, AlN, in combination with a fast substrate material such as SiC, creates new and exciting opportunities for miniaturizing, reducing power consumption, and improving the performance and functionality of many devices including sensors, actuators, radio frequency micro-electro-mechanical systems (RF MEMS) and optical arrays. Such 3C-SiC/c-AlN devices are robust, providing improved chemical stability, thermal stability, reproducibility and sensitivity compared to conventional polycrystalline piezoelectric MEMS.




2. BAW and SAW Propagation in 3C-SiC


A mathematical model was built based on the partial differential equations system derived from the fundamental equations of motion in an elastic, lossless, homogeneous, anisotropic medium [11]. By solving the system of equations, the velocity of the bulk waves propagating along an arbitrary direction was obtained. Because of the anisotropy of the 3C-SiC, the eigenvalues and eigenvectors of the Christoffel’s equation were affected by the arbitrary choice of the wave propagation direction. Thus, the phase velocities and the amplitudes of three acoustic modes were obtained for each propagation direction: one wave with longitudinal (or quasi-longitudinal) polarization and two waves with transverse (or quasi-shear vertical and quasi-shear horizontal) polarization [12]. A computer program was developed with Matlab software to determine the acoustic properties of the BAWs propagating along an arbitrary direction of an unbounded, homogeneous, lossless, linearly elastic anisotropic medium. The material constants of 3C-SiC substrates were those indicated in [13]. The theoretical analysis of SAWs characteristics in 3C-SiC was accomplished by solving the continuum equations of motion, the strain-mechanical displacement relations, and the appropriate boundary conditions (traction free boundary conditions at the surface of the half space).



2.1. The (001) Plane of 3C-SiC


The phase velocity of the surface and bulk acoustic waves propagating in the (001) plane of 3C-SiC was calculated for different propagation directions, as shown in Figure 1.


Figure 1. The angular dispersion of the BAWs and SAWs propagating in the (001) plane of 3C-SiC.
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The SAWs and BAWs have the propagation vector lying in the (001) plane of SiC, in the direction indicated by the abscissa of the graph shown in Figure 1. At 0° from the <100> direction, as well as at 90°, the velocity of the two shear bulk waves coincides. The SVBAW is a pure mode polarized along the normal to the (001) plane for every propagation direction in the plane; the SHBAW and LBAW, except at 0°, 45° and 90°, are quasi-longitudinal and quasi-shear horizontal. With increasing the angle from the <100> direction, the SHBAW velocity decreases and becomes comparable to the velocity of the SAW, while the SVBAW velocity remains constant. For angles off x-axis greater than 45°, the SHBAW velocity increases and again coincides with the SVBAW velocity at 90°. The velocity of the LBAW increases for angles from 0° to 45°, and decreases for angles greater than 45° up to 90°.



At 0° and for few angles neighboring with this direction, the shear bulk wave satisfies the traction free boundary conditions: the wave travels at velocity v = 8181 m/s (the blue stars in Figure 1), and the particle displacement is in the sagittal plane, but it is not a surface wave since the wave amplitude does not decay with depth [12], as shown in Figure 2.


Figure 2. The normalized particle displacement components of the BAW that satisfies the traction free boundary conditions for the <100> direction in 3C-SiC(001) at velocity v = 8181 m/s.
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At 0° from the <100> direction, the SAW travelling at v = 6510 m/s is a Rayleigh-like wave: the two particle displacement components, the longitudinal and vertical components U1 and U3, show a damped oscillatory nature with depth [12], as shown in Figure 3. The Rayleigh-like mode polarization is elliptical with the ellipse lying in the sagittal plane and having the principal axis perpendicular to the free surface: U1 and U3, are in phase quadrature with each other, and the power flux is collinear with the propagation vector.


Figure 3. The particle displacement components of the Rayleigh-like wave propagating along the x- axis in 3C-SiC(001).
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As the propagation vector is rotated from the <100> direction, the Rayleigh-like wave evolves to a generalized surface wave (GSAW) with three particle displacement components U1, U2 and U3. When the propagation vector approaches approximately 33° off the <100> direction, the GSAW velocity becomes comparable to that of the quasi-SHBAW and the U2 component increases rapidly: from here on, the GSAW becomes leaky and degenerates in a bulk shear wave. At 45° off the <100> direction, there are two eigensolutions to the traction free boundary condition at the (001) plane of 3C-SiC. One solution is a Rayleigh-like wave travelling at velocity v = 7060 m/s higher than that of the slowest shear bulk wave (5785 m/s); this upper solution has the same characteristics of the Rayleigh-like wave solution at 0° and they both show a zero power flow angle (PFA) since the group and the phase velocity are collinear [12]. The lower solution at v = 5785 m/s is a wave with a dominant U2 displacement component almost independent on the depth. Figure 4 shows the displacement components depth profile of the upper solution.


Figure 4. Variation of the normalized vertical and longitudinal displacement components with depth for the Rayleigh-like wave propagating along the <110> direction of the (001) plane of 3C-SiC at velocity v = 7060 m/s.
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For angles neighboring with the upper solution, except at 45°, a generalized surface wave propagates having three displacement components that become appreciable at greater and greater depths, and hence the wave radiates energy into the bulk. These waves are called “pseudo SAW” (PSAW) [12]. As an example, Figure 5a shows the normalized particle displacement components of the PSAW propagating at 49° off the <100> axis: while the U1 and U3 components decay with the depth, the U2 component does not decay and is responsible for the acoustic energy radiated into the bulk of the substrate. Figure 5b shows the PSAWs velocity and propagation loss per wavelength along the propagation direction vs. the angle off the <100> direction: as it can be seen, the propagation loss is zero at 45° off <100> where a SAW propagates, while it increases when the wave vector is rotated from the <110> direction.


Figure 5. (a) Variation of the normalized shear and longitudinal displacement components with depth for the PSAW propagating at 49° off the <100> directions of the (001) plane of SiC; (b) the PSAWs velocity and propagation loss vs. the angle off the <100> direction of the (001) plane of SiC.
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2.2. The (111) Plane of 3C-SiC


The SAWs and BAWs angular velocity dispersion curves in the (111) plane of 3C-SiC are shown in Figure 6; the curves have mirror symmetry about the 30° direction and hexagonal symmetry on this surface. At 0° from <110> direction, the three BAWs have equal phase and group velocity, as well at 60°, with zero PFA. The LBAW is pure while the two shear waves are quasi-SHBAW and quasi-SVBAW. With increasing the angle, the three BAWs become quasi-longitudinal and quasi-shear: their displacement components are mixed and their PFA is not zero. At 60° off, the <110> direction the LBAW is pure as for 0°; the SHBAW is pure at 30° and 90°, but its phase velocity differs from the group velocity, unlike at 0°. The SVBAW is not a pure mode for any angle, but its phase velocity equals the group velocity at 0° and 60°.


Figure 6. The angular dispersion curves of the SAWs and BAWs propagating along the (111) plane of 3C-SiC.
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For SAW propagating along 0° (the <110> direction, that is normal to a plane of mirror symmetry) the surface displacement ellipse has its minor axis parallel to the direction of propagation while the other principal axis is not perpendicular to the free surface. The plane of the ellipse is rotated some 26° out of the sagittal plane on the free surface. The SAW velocity (5695 m/s) is only about 1.6% below the lowest BAW velocity (5785 m/s) in the same direction and has three displacement components. The penetration of this solution into the bulk of the material is larger than most solutions that are leaky at h/λ = 1: at one wavelength depth, the present solution shows U1/U1surface = 0.037, U2/U1surface = 0.79 and U3/U1surface = 1.1, as shown in Figure 7a.


Figure 7. Variation of the normalized shear and longitudinal displacement components with depth for the SAW propagating along the <110> direction (a) and 30° off the <110> direction (b) of the (111) plane of 3C-SiC.
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Between 0° and 30°, the surface acoustic wave is a GSAW with three displacement components. At 30° in the (111) plane, the surface displacement ellipse lies in the sagittal plane as for a Rayleigh-like wave (U2 = 0 and U1 and U3 have oscillatory damped behavior, as shown in Figure 7b), but the ellipse major axis is not vertical (the angle between U1 and U3 is not 90° but 105° from the U1 direction, i.e., the propagation direction).



Between 0° and 30°, PSAW propagates at higher velocity than that of the SAW, having three displacement components that are not confined to the vicinity of the surface: the penetration depth of this waves increases gradually with increasing the propagation angle off the <110>, and the PSAW radiates energy into the bulk. Figure 8a–d show the field profile of the PSAW travelling at 0°, 10°, 20° and 25° off the <110> direction, at velocity equal to 8161.75, 7972.96, 7523.64 and 7370.43, and with propagation loss equal to 0.017, 0.26, 0.54 and 1.08 dB per wavelength, respectively. As it can be seen, with increasing the angle from the <110> direction, the penetration into the bulk gradually increases. At 30° (as well as at 90°), the pseudo SAW degenerates in a SHBAW having only one displacement component (U2).


Figure 8. The field profile of the pseudo SAW travelling at: 0°(a); 10 (b); 20° (c) and 25° (d) off the <110> direction of the (111) plane of 3C-SiC.
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2.3. The (110) Plane of 3C-SiC


Figure 9 shows the phase velocity angular dispersion curves of the BAWs and SAWs propagating in the (110) plane of 3C-SiC. At 0° from the <001> direction in the (110) plane, as well as at 180°, the two bulk shear waves travel at the same velocity (8577 m/s): at this specific direction, the phase and group velocities of the three BAWs coincide. With increasing the angle off the <001> direction, the longitudinal wave becomes quasi-longitudinal and becomes again a pure mode at approx. 51° up to 90° off <100>. The quasi-SHBAW, having approximately mirror symmetry about 45°, has its particle displacement components in the (110) plane at all angles, and is a pure mode in the range from ~51° to 58° and at 90°, whereas the SVBAW has its displacement component perpendicular to this plane at all angles.


Figure 9. The phase velocity angular dispersion curves of the BAWs and SAWs propagating in the (110) plane of 3C-SiC.
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Along the <001> direction of the (110) plane, a Rayleigh-like mode propagates with two displacement components U1 and U3 vanishing with depth in an oscillatory way, as shown in Figure 10a. Along the <110> direction, a simple Rayleigh wave propagates [12] with two displacement components U1 and U3, slowly damping into the bulk, as shown in Figure 10b.


Figure 10. Variation of the normalized shear and longitudinal displacement components with depth of the Rayleigh-like wave propagating along <001>(110)SiC (a) and of the simple Rayleigh wave propagating along <110>(110)SiC (b).
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For propagation directions between <001> and <110>, a GSAW propagates with three displacement components U1, U2 and U3. The U2 component amplitude increases from 0° to 45° off <001> because of the approaching of the GSAW and SHBAW velocities, while it decreases from 45° to 90° with the increasing of the velocity difference between the GSAW and SHBAW. The U2 component vs. the SiC normalized depth is shown in Figure 11, for different propagation directions in the (110) plane.


Figure 11. Variation of the normalized shear horizontal displacement component vs. the SiC depth, being the angle off the <001> axis the running parameter.
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No degeneration of SAW into a BAW at any angle was observed, and no pseudo surface-branch appeared. It is worth noting that the SHBAW satisfies the traction free boundary conditions for both the <001> and <110> directions, even though these solutions do not represent a surface wave.





3. Acoustic Wave Propagation in 3C-SiC/c-AlN


In a film/substrate structure, the acoustic wave propagation properties become dispersive with respect to the thickness of the layer. As a result, in the SiC/AlN multilayer structure, the SAW propagation properties would be dispersive with respect to the AlN film thickness normalized to the wavelength. Moreover, the phase velocity dispersion curves of SAW propagating along different directions in different planes of the SiC substrate covered by an AlN layer are not identical due to the cubic crystal system of the SiC half-space.



The phase velocity dispersion curves of SAW propagating along the (001), (111) and (110) planes of 3C-SiC substrate covered by a piezoelectric c-AlN layer was investigated for different propagation directions and electrical boundary conditions. The electromechanical coupling constant K2 = 2·[(vf – vm)/vf], the percentage difference of the velocity between a free surface (vf) and surface coated with an infinitesimally thin perfect conductor (vm), is used as direct estimate of surface-wave coupling to interdigital transducers [14,15]. The SAW devices with four types of transducer configurations on the SiC/AlN multilayer structure are studied: the typologies called SFT (substrate/film/transducer) and SMFT (substrate/metal/film/transducer) represent a pair of transmitting and receiving interdigital transducers (IDTs) on the top AlN surface combined with and without a metallized interface in the SiC/AlN structure; the typologies called STF (substrate/transducers/film) and STFM (substrate/transducer/film/metal) represent a pair of IDTs in the SiC/AlN interface joined with a unmetalized and a metalized top AlN surface. In the theoretical calculation, the AlN thin film is treated as a hexagonal crystal system, and the SiC substrate is treated as a cubic crystal system whose thickness is assumed to be infinite. The velocity calculations were performed under the hypothesis of lossless materials, assuming the single crystal AlN and 3C-SiC material constants available in the literature [16,17].



3.1. Surface Acoustic Waves in 3C-SiC(001)/c-AlN


When the 3C-SiC half-space is covered by a thin c-axis oriented AlN layer, the surface wave velocity along the (001) plane of the SiC/AlN becomes dispersive. Both the SiC(001)<100>/c-AlN and SiC(001)<110>/c-AlN substrate are a combination of slow film on a fast substrate as the SAW velocity of AlN is lower than that of the substrate. Since the SVBAW in the film is slower than the SVBAW in the substrate, there exist higher Rayleigh-type modes having a low frequency cut off at which the phase velocity is equal to the substrate SVBAW velocity; with increasing the layer thickness, the velocity of these higher order modes asymptotically reaches the SVBAW velocity in the layer. Figure 12 shows the dispersion curves of the first Rayleigh-like mode (with two displacement components, U1 and U3) propagating along the <100> and <110> propagation directions. For vanishingly AlN thin layer thickness (h/λ << 1), the Rayleigh-like mode velocity equals the Rayleigh-like mode velocity in the bare SiC substrate. When the layer thickness becomes large compared to the wavelength (h/λ > 1), the wave velocity decreases and asymptotically reaches the SAW velocity appropriate to a free surface of the layer material (5607 m/s).


Figure 12. The phase velocity dispersion curves of the Rayleigh-like waves propagating along 3C-SiC(001)<100>/c-AlN and 3C-SiC(001)<110>/c-AlN structures.
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Figure 13a,b show the K2 dispersion curves of the four coupling configurations for the SAW propagating along the <100> and <110> directions of 3C-SiC(001)/AlN.


Figure 13. The K2 dispersion curves of the Rayleigh-like waves propagating along the <100> (a) and <110> (b) directions of the four 3C-SiC(001)/AlN-based coupling configurations.
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As it can be seen from Figure 13, the K2 dispersion curves are strongly affected by the electrical boundary conditions that influence the potential depth profile. For acoustic waves propagating along layered structures, the achievable K2 can be larger than that of AlN (0.3%) considered as a semi-infinite substrate, due to an increased acoustic energy confinement. Between the four coupling structures, the STFM and STF structures exhibit the highest K2 value for an AlN normalized thickness equal to about 0.5.




3.2. Surface Acoustic Waves in 3C-SiC(111)/c-AlN


For propagation of SAW at 0° and 30° off the <110> axis, the 3C-SiC/AlN configuration is a slow on fast configuration as the SAW velocity in SiC is higher than that in c-AlN. Figure 14 shows the velocity and K2 dispersion curves of SiC(111)/AlN for propagation along the <110> axis. No higher order modes propagate since the quasi-SVBAW velocity in SiC (5784 m/s) is much lower than that of the SVBAW in the AlN (6089 m/s).


Figure 14. The phase velocity (a) and K2 (b) dispersion curves for SAW propagating along the <110> direction of the (111) SiC/AlN substrate.
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Figure 15 shows the velocity and K2 dispersion curves of SiC(111)/AlN for propagation along 30° off <110> axis. The structure sustains the propagation of higher order modes since the quasi-SVBAW velocity in SiC (6597 m/s) is much lower than that of the SVBAW in the AlN (6089 m/s).


Figure 15. The phase velocity (a) and K2 (b) dispersion curves for SAW propagating along 30° off the <110> direction of the (111) SiC/AlN substrate.
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3.3. Surface Acoustic Waves in 3C-SiC(110)/c-AlN


The phase velocity and K2 dispersion curves for the fundamental SAW propagating along the <001>(110)SiC/AlN vs. the AlN normalized thickness h/λ are shown in Figure 16a,b.


Figure 16. The phase velocity (a) and K2 (b) dispersion curves for SAW propagating along the <001> direction of the (110) SiC/AlN substrate.



[image: Crystals 06 00025 g016 1024]






Such configuration sustains the propagation of higher order modes since the SVBAW velocity of the substrate is higher than that of the AlN layer. The phase velocity and K2 dispersion curves for the SAW propagating along <110>(110) SiC/AlN vs. the normalized AlN thickness h/λ are shown in Figure 17a,b.


Figure 17. The phase velocity (a) and K2 (b) dispersion curves for SAW propagating along the <110> direction of the (110) SiC/AlN substrate.
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In this case, no higher order modes exist since the SVBAW velocity in AlN is much higher than that in SiC.





4. Conclusions


The SAW propagation properties through the 3C-SiC/AlN composite structure were theoretically analyzed for different SiC planes, AlN layer thicknesses, acoustic wave propagation directions and electrical boundary conditions. The calculations performed demonstrate the potential of AlN thin films grown on epitaxial 3C-SiC layers to create layered SAW devices with high phase velocity and large electromechanical coupling coefficient. The simulation results show that SAW propagating along the <110> direction of the (001) plane has the highest phase velocity among the other directions studied: for AlN thickness of about 0.1·λ, the velocity is about 7000 m/s, with a K2 ~0.4% for the SMFT configuration; while for an AlN thickness of about 0.5·λ, the K2 is about 1.2% and the velocity is about 6000 m/s for the STF configuration. The results conclude that the 3C–SiC/AlN multilayer structure possesses high surface wave velocity and satisfactorily large coupling coefficient, which enables high-frequency layered SAW devices applicable to telecommunications and sensing fields applications.
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