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On the surface capped by an AlN-GaN bilayer, the particle displacements of surface acoustic waves
共SAWs兲 are localized in the short-wavelength regime in the buried GaN layer instead of the
overlaying AlN layer as a consequence of the significantly faster propagation of sound in AlN than
in GaN. We numerically explore this relocation effect for Al2O3共0001兲 substrates, which are the
commonly used substrate for group-III nitrides. We show that the critical wavelength for the
relocation effect can be manipulated in a wide range by varying the thickness of the AlN layer owing
to the moderate sound velocity in Al2O3. We also investigate the influences of the polarization
mixing on the dispersion of SAWs. The SAW dispersion in the layered system is interpreted in terms
of the anticrossing of relevant acoustic modes. © 2007 American Institute of Physics.
关DOI: 10.1063/1.2740358兴
The stiffness and durability of AlN make it one of the
useful materials for high-frequency surface-acoustic-wave
共SAW兲 devices.1–5 The large piezoelectric coupling6–8 in AlN
and GaN is promising also in developing new functionalities
based on the modulation of the optical and electrical properties of GaN by the SAW-induced piezoelectric fields. In designing such functional devices, a beneficial phenomenon
was predicted numerically.9,10 That is, the particle displacements of SAWs in a layered system containing a GaN layer
covered by an 共Al,Ga兲N layer are enlarged in the GaN layer.
The effect originates from the expulsion of acoustic waves
from the fast-velocity 共Al,Ga兲N layer to the slow-velocity
GaN layer. Due to the large velocity mismatch between AlN
and GaN, the amplitude enhancement can be significant to
the extent that even the fundamental SAW mode is almost
completely localized in the buried layer. The resultant concentration of the SAW-induced piezoelectric fields in the
GaN layer, which is typically the active layer in existing
devices, is attractive for achieving high modulation efficiencies using SAWs. We point out that the sound velocity of a
material having a large bandgap is generally large and, therefore, the SAW confinement effect can be exploited in a variety of material systems.
The relocation of SAWs from the top layer to a buried
layer was initially predicted for an epitaxial
AlN/ GaN/ LiAlO3 system,9 in which the GaN layer is oriented to exhibit the nonpolar M-plane surface. As LiAlO3,
whose crystal structure is tetragonal, is rather an unconventional substrate, the phenomenon was later examined for an
AlN/ GaN/ SiC system.10 The latter system was chosen as it
possesses homogeneous hexagonal crystal structure and
C-plane surface orientation. The relocation effect can, therefore, be confirmed to originate from the mismatch in the
sound velocity but not in the crystal properties. However, as
the sound velocity in SiC is even larger than that in AlN, the
SAWs were found to be repelled strongly from the substrate,
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thereby considerably diminishing the relocation effect. The
latter investigation revealed, in addition, peculiar mode slips
in the dispersion of higher-lying SAW modes.10
Material substrates which are capable of supporting
high-velocity acoustic propagation have attracted attention
for the purpose of device application. Most popular highvelocity substrates, e.g., diamond, SiC, and Si, are, however,
nonpiezoelectric, hindering them from effective incorporation in acoustically driven signal processing. Piezoelectric
capping layers deposited on top of the high-velocity substrates allow for direct electrical excitation of acousto-elastic
modes. For this reason, layered systems have been investigated intensively for some time. Interestingly, these systems
also exhibit a variety of wave propagation phenomena that
do not exist in bulk substrates, examples of which we mentioned above. Additionally, crystalline anisotropy and
electro-acoustic coupling due to piezoelectricity increase the
complexity of the system significantly.
In this paper, we examine the SAW relocation effect in
an AlN/ GaN/ Al2O3共0001兲 system. Al2O3 is the most common substrate employed for the epitaxial growth of group-III
nitrides. A comparison of the numerical results for the three
cases of different substrates enables us to identify the origin
of distinct features in the SAW dispersion. We show that,
owing to the moderate SAW velocity in Al2O3, the relocation
effect can be tailored to a large extent by varying the layer
thicknesses. A prominent characteristic of the present system
from the viewpoint of the acoustic propagation is that the
trigonal crystal structure of Al2O3 mixes the sagittal and
transversal polarizations of SAWs, except for specific propagation directions.11 We interpret the SAW dispersion in terms
of the anticrossing of various acoustic modes and reveal the
role of the polarization mixture. The anticrossing explains
also the peculiar feature of higher-lying SAW modes observed for the AlN/ GaN/ SiC system.
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FIG. 1. Schematic of layered system. A 共0001兲-oriented hexagonal
AlN/ GaN bilayer is placed on a trigonal Al2O3共0001兲 substrate. The crystal
orientation relationship is indicated on the right-hand side. The thickness of
the AlN and GaN layers is dAlN and dGaN, respectively.

In order to clarify the essential characteristics of the
SAW relocation effect when the substrate is Al2O3, we consider the simplest system illustrated in Fig. 1. We investigate
the SAW propagation in 共0001兲-oriented AlN and GaN layers
stacked on a Al2O3共0001兲 substrate. The thicknesses of the
GaN and AlN layers are dGaN and dAlN, respectively. Although the elastic properties in the C-plane of hexagonal
crystals are isotropic, the SAW properties in this layered system are no longer isotropic due to the trigonal crystal structure of Al2O3. We assume the usual crystal orientation relationship between the AlN/ GaN bilayer and the Al2O3
substrate: The 关1100兴 and 关1120兴 directions in one component is parallel to the 关1120兴 and 关1100兴 directions in the
other, respectively.
We evaluate the SAW dispersion by numerically solving
the coupled equations
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Here, ui are the particle displacements measured along the
three Cartesian axes xi 共x1 = x, x2 = y, and x3 = z兲. The elastic
stiffness tensor cijkl has six independent elastic constants c11,
c12, c13, c33, c44, and c66 共in Voigt two-index notation兲 for the
hexagonal crystals 共AlN and GaN兲. For the trigonal crystal
共Al2O3兲, c14 is additionally an independent elastic constant.
Note that the nonzero value of c14 gives rise to the polarization mixture of the SAWs propagating on a C-plane.11 We
have taken into account the piezoelectric coupling, and so
the anisotropic Laplace’s equation for the potential ⌽ is
inter-coupled to the elastic wave equations for ui by the piezoelectric tensor eijk. The density of the medium is  and ij
is the dielectric permittivity.
In Fig. 2, we compare the dispersions of the fundamental
SAW mode when the layer thicknesses are systematically
varied. The direction of the SAW propagation is set to be
along high-symmetry directions, i.e., along the 关1120兴 direction of Al2O3 in Fig. 2共a兲 and along the 关1100兴 direction of
Al2O3 in Fig. 2共b兲. The Al2O3 substrate generally mixes the
sagittal and transversal polarizations of SAWs. The mixing
is, however, absent if the SAW propagation is exactly along
the 关1100兴 direction of Al2O3.
The dispersion is similar for the two propagation directions. Here, the ratio of the layer thicknesses dAlN / dGaN is

FIG. 2. 共Color online兲 Dispersion of the fundamental SAW mode having a
wavelength SAW in AlN/ GaN/ Al2O3共0001兲 structures. The direction of the
SAW propagation is along the 共a兲 关1120兴 and 共b兲 关1100兴 directions of Al2O3.
The ratio of the thicknesses of the AlN and GaN layers dAlN / dGaN is 100, 50,
20, 10, 5, 2, 1, 0.5, 0.2, 0.1, 0.05, 0.02, 0.01, and 0 for the solid curves from
top to bottom. The horizontal dotted and dashed lines indicate the velocities
of, respectively, the SAW and the bulk transverse wave having the polarization normal to the surface in AlN, GaN, and Al2O3. The dashed curve is the
dispersion of the interface mode, for which the AlN layer is assumed to be
semi-infinitely thick. The details in the short-wavelength regime are shown
in the insets.

varied from 100 to 0 for the curves from top to bottom in
each panel. The bottom curve thus corresponds to a
GaN/ Al2O3 structure, for which the SAW velocity vSAW decreases monotonically from that in Al2O3 to that in GaN with
decreasing SAW. When the GaN/ Al2O3 structure is capped
by an AlN layer, i.e., dAlN / dGaN ⬎ 0, the SAW dispersion exhibits a transition from the aforementioned dispersion in the
GaN/ Al2O3 structure to the dispersion indicated by the
dashed curve. The transition takes place at larger SAW for
larger dAlN / dGaN. The dashed curve is the dispersion of the
fundamental interface mode, which has been calculated by
assuming that a GaN layer is sandwiched by semi-infinite
AlN and Al2O3, i.e., dAlN → ⬁.
For a nonzero value of dAlN, vSAW in the limit of SAW
→ 0 is given by the velocity vT1 of the bulk transverse wave
having polarization normal to the surface in GaN rather than
vSAW in AlN. Ordinarily, vSAW in a three-component system
is given by that in the substrate in the limit of SAW → ⬁ and
by that in the top layer in the limit of SAW → 0. The middle
layer inserted between the substrate and the top layer modifies vSAW in the medium wavelength regime. The SAW dispersion often develops, as a consequence, a peak or dip in
this regime if the sound propagation in the middle layer is
faster or slower than that in the rest of the system, respectively. The unusual saturation velocity for SAW → 0 in the
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FIG. 3. 共Color online兲 Dispersion of the lowest four modes having a wavelength of SAW in an AlN/ GaN/ Al2O3共0001兲 structure. The thickness of the
AlN layer is identical to that of the GaN layer dGaN. The propagation direction is along Al2O3关1120兴. The solid and dotted curves indicate the regions
in which the polarization is predominantly sagittal 共Rayleigh-type兲 and
transversal 共Love-type兲, respectively. The top and bottom horizontal dashed
lines indicate the bulk transverse velocity having the polarization normal to
the surface and the SAW velocity in Al2O3, respectively. For the two sets of
points marked “a”–“f,” the particle displacements are plotted in Figs. 4 and
5. The anticrossing around dGaN / SAW = 2 is shown with expanded scales in
the inset.

AlN/ GaN/ Al2O3 system originates from the fact that confining the particle displacements of the SAWs in the lowvelocity buried GaN layer is energetically favorable to the
conventional localization of the displacements at the immediate vicinity of the surface due to the extremely high velocity in the top AlN layer.9,10 This SAW relocation from the top
AlN layer to the buried GaN layer, which corresponds to the
marked transition to the interface mode in Fig. 2, occurs in
the short-wavelength regime when the SAWs can fit into the
“acoustic well.” This condition is roughly given by SAW
⬍ dGaN, but is clearly influenced by dAlN, as one finds in Fig.
2.
The velocity of the interface mode is given by vT1 in
Al2O3 in the limit of the long wavelength. For the SAW
propagation along the 关1120兴 direction of Al2O3共0001兲,
vSAW in AlN is larger than vT1 in Al2O3. In contrast, one
finds that vT1 in Al2O3 is larger than vSAW in AlN when the
propagation is along the 关1100兴 direction of Al2O3共0001兲.
Reflecting this velocity relationship, the upper bound of the
velocity of the fundamental mode is given by vT1 in Al2O3 in
Fig. 2共a兲 but by vSAW in AlN in Fig. 2共b兲.
In Fig. 3, we show the dispersion of the bottom four
modes for dAlN = dGaN when the propagation is along the
关1120兴 direction of Al2O3. We have found that the polarization is interchanged for the third and fourth modes while
SAW is varied. The solid and dotted curves indicate the regions in which the dominant polarization is sagittal and
transversal, respectively. The polarization alteration suggests
that the dispersion curves of the first excited Rayleigh-type
mode and the second Love-type mode cross each other at
dGaN / SAW ⬇ 0.75 and 2 if the modes were decoupled.12 Due
to the polarization mixing caused by the Al2O3 substrate, the
mode degeneracies result in anticrossings of the dispersion
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FIG. 4. 共Color online兲 Depth profile of the displacement of particles of the
medium at the points marked “a”–”f” of the third and fourth modes around
dGaN / SAW = 2 in Fig. 3. The dashed, dotted, and solid curves correspond to
the longitudinal displacement u1 and transversal displacements u2 and u3 in
the in-plane and depth directions, respectively. The bars indicate the location
of the heterointerfaces.

curves. 共The anticrossing at dGaN / SAW ⬇ 2 is shown with
expanded scales in the inset of Fig. 3.兲 We show in Fig. 4 the
depth profile of the particle displacements at the points
marked “a”–“f” around dGaN / SAW = 2 for the third and
fourth modes in Fig. 3. The sagittal and transversal displacements are indeed comparable in amplitude at the anticrossing
point marked “c” and “d.” Similar behavior is found also for
the anticrossing at dGaN / SAW ⬇ 0.75 共not shown兲.
The dominant polarization remains unchanged for the
bottom two modes. However, the polarization mixing is
found to be enhanced when the two dispersion curves come
close to each other. Figure 5 shows the depth profile of the
particle displacements at the points marked “a”–“f” around
dGaN / SAW = 0.5 of the bottom two modes in Fig. 3. The
polarization mixing is maximized around the points marked
“c” and “d.” Such an enhancement of the polarization mixing
is in accordance with the experimental observation11 of the

FIG. 5. 共Color online兲 Depth profile of the displacement of particles of the
medium at the points marked “a”–“f” of the lowest two modes around
dGaN / SAW = 0.5 in Fig. 3. The dashed, dotted, and solid curves correspond
to the longitudinal displacement u1 and transversal displacements u2 and u3
in the in-plane and depth directions, respectively. The bars indicate the location of the heterointerfaces.
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FIG. 6. 共Color online兲 Dispersion of the lower-lying modes having a wavelength of SAW in an AlN/ GaN/ Al2O3共0001兲 structure when the propagation direction is along Al2O3关1100兴. The solid and dotted curves correspond
to the Rayleigh-like and Love-type modes, respectively. The thicknesses of
the AlN and GaN layers are identical 共=dGaN兲. The horizontal dashed lines
indicate from top to bottom the bulk transverse velocities having the polarization normal to the surface and in-plane, and SAW velocity in Al2O3 for
关1100兴 propagation, respectively.

excitation of the Love-type mode using interdigital transducers 共IDTs兲 in the region of the mode proximity. Shearhorizontal SAWs are attractive, for instance, for biosensing
applications,13 as their damping resulting from the loading of
biofluidic materials is negligible.14 We note that the emergence of the acoustic vibration in the sagittal plane, which
enables the excitation of the Love-type mode by IDTs, also
leads to a damping when the SAW propagation path is
loaded with fluid. It is thus desirable for such applications
that the SAW condition be shifted away from the mode proximity region after the launch of the Love-type mode from
IDTs, for instance, by adiabatically varying the layer thickness.
The SAW dispersion when the propagation is along the
关1100兴 direction of Al2O3 is shown in Fig. 6. We emphasize
that the polarization mixing is absent for this propagation
direction. The modes, therefore, are unambiguously identified as Rayleigh-type and Love-type modes, as indicated by
the solid and dotted curves, respectively. Similar to the resemblance between the dispersions plotted in Figs. 2共a兲 and
2共b兲, the dispersion of the higher-lying modes is also qualitatively the same between the 关1120兴 and 关1100兴 propagations. One can clearly see that the polarization mixing is
indeed responsible for the presence and absence of the anticrossing for the propagation directions of 关1120兴 and 关1100兴,
respectively. It is also apparent that the anticrossing-like
shape in the dispersion curves of the bottom two modes is
actually not an anticrossing as the two curves do not cross
with each other in Fig. 6 despite the absence of the coupling.
Although the polarization does not mix at all at the crossing
of the Rayleigh-type and Love-type modes, the Love-type
mode was observed to be excited using IDTs15 even when
the propagation was along the 关1100兴 direction of Al2O3.11
We speculate that the excitation resulted from a misalignment of the IDTs from the 关1100兴 direction or an incidental
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FIG. 7. 共Color online兲 Interpretation of the dispersion in a system consisting
of an AlN/ GaN bilayer and a substrate in terms of mode coupling. We
assume two kinds of acoustic modes whose dispersion behaves as schematically shown in 共a兲 when they are decoupled. A coupling between the modes
shown by the dotted and solid curves in 共a兲 gives rise to anticrossings, as
illustrated in 共b兲.

mixing of the polarization caused by imperfections in the
experimental crystals.
Due to the transversal polarization, the velocity of the
Love-type modes at the threshold is given in Fig. 6 approximately by the bulk transverse velocity in Al2O3 having the
polarization in the surface plane. The threshold velocity of
the Love-type modes is, in fact, slightly smaller than the
velocity of the transversal bulk mode, as Love modes exist in
layered structures only if the velocity of the transversal bulk
wave in the layer is smaller than that of the equivalent modes
in the substrate. 共Pure transversally polarized surface modes
in homogeneous systems, e.g., the Bleustein-GulyaevShimizu wave, exist under specific conditions that are not
fulfilled in our system.兲 For the higher-order Rayleigh-type
modes, T1 in Al2O3 is the threshold velocity. In contrast, the
threshold velocity for the nonfundamental 共non-leaky兲
modes in Fig. 3 is given universally by vT1 in Al2O3 due to
the polarization mixing.
In Ref. 10, the dispersion of higher-order Rayleigh-type
modes in an AlN/ GaN/ SiC system was found to develop
plateaus at vSAW and vT in AlN. In passing the plateaus, the
dispersion curve switched to the branch which would have
belonged to the adjacent higher-order mode if it were not for
the plateaus. Such slips are also recognizable for the higherlying Rayleigh-type modes in Fig. 6. We again find the following characteristics which were revealed for the case of
the SiC substrate10 共not shown兲: The decay of the displacements in the depth direction resembles that of an ordinary
Rayleigh mode in the plateau region at vSAW. 共In the plateau
region at vT for the AlN/ GaN/ SiC system, the finite displacement part is almost localized in the AlN layer, i.e., the
decay bears a resemblance to that of the first-order Rayleightype mode.10兲 Away from the plateau region, the displacements contain several nodes in the depth profile in the GaN
layer, in which the acoustic modes are concentrated. The
number of nodes in the GaN layer differs by one in the two
sides of a plateau.
The features in the dispersion of the surface modes in the
AlN/ GaN/ Al2O3 system, including the mode slips, can be
explained in terms of a coupling between two kinds of
acoustic modes, as we propose in Fig. 7. We assume that the
system sustains the two types of dispersion curves shown in
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Fig. 7共a兲 in the absence of the coupling. The dotted line is a
naively expected SAW dispersion in the AlN/ GaN/ Al2O3
system. Starting from vSAW in Al2O3 in the limit of infinite
SAW, the velocity initially decreases as SAW is shortened
due to the slow sound propagation in GaN. In the limit of
SAW → 0, the velocity saturates at vSAW in AlN. The minimum in the velocity at an intermediate wavelength is a consequence that the sound propagation is slowest in the GaN
layer. Similarly, the solid lines in Fig. 7共a兲 are the dispersion
of higher-order Rayleigh-type modes in a hard-supported
layered system that one would expect in a simple circumstance. Here, the velocity at the mode thresholds is given by
vT1 in the Al2O3 substrate. The velocity decreases monotonically with decreasing SAW. We have taken into account the
SAW relocation effect, and so the velocity is assumed to
saturate at vT1 in GaN in the limit of SAW → 0. When a
coupling between these two kinds of modes is introduced,
the crossing points will turn into anticrossings, as depicted in
Fig. 7共b兲. The dispersion of the higher-lying modes is naturally expected to develop a plateau. In passing the plateau
region, the characteristics of the mode change among those
of the three element modes in Fig. 7共a兲 that constitute a
single dispersion curve in Fig. 7共b兲. This explains the aforementioned variation in the depth profile of the particle displacements.
In conclusion, we have investigated the dispersion of
SAWs in an AlN/ GaN/ Al2O3共0001兲 system. The SAW dispersion in the short-wavelength regime is characterized by
the dispersion of the fundamental mode localized in the GaN
layer. The transition to the SAW confinement in the buried
layer takes place at larger wavelengths when the AlN layer is

thickened. While the dispersion curves are similar between
the 关1120兴 and 关1100兴 propagations, the polarization mixing
has been found to give rise to anticrossings of Rayleigh-like
and Love-like modes for the 关1120兴 propagation. We have
demonstrated that the overall features in the SAW dispersion
can be understood if we consider a coupling between two
kinds of acoustic modes that primitively reflect the nature of
the fundamental and guided modes.
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