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Guided propagation of surface acoustic waves in AlN and GaN films
grown on 4H – SiC„0001… substrates

Y. Takagaki, P. V. Santos, E. Wiebicke, O. Brandt, H.-P. Scho¨nherr, and K. H. Ploog
Paul-Drude-Institut fu¨r Festkörperelektronik, Hausvogteiplatz 5-7, 10117 Berlin, Germany

~Received 9 August 2002; published 31 October 2002!

The propagation modes of surface acoustic waves~SAW! in AlN and GaN layers are identified for the case
of the acoustic wave being confined in the epitaxial layers by the fast-velocity SiC substrate. Higher-order
Rayleigh modes emerge when the SAW wavelength is reduced to be below the layer thickness. We also report
on the observation of an extremely-high-velocity SAW mode, which exists when the SAW wavelength is about
an order of magnitude larger than the layer thickness. These guided modes enable us to utilize SAW velocities
which can be even larger than the Rayleigh velocity in the substrate while maintaining the large electrome-
chanical coupling coefficient of the overlayer.
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I. INTRODUCTION

In the last decade, epitaxially grown GaN and AlN laye
have attracted a great deal of interest in optic and electr
applications. The large band gap of GaN has been succ
fully applied to realize light-emitting diodes and laser diod
in the blue and ultraviolet spectral range. The large band
is useful also for high-power and high-temperature electro
devices. Furthermore, these materials possess high soun
locities and electromechanical coupling coefficientskeff

2 ,
making them suitable for high-frequency surface-acous
wave ~SAW! filters,1–3 which are a critical component in
communication systems. These advantageous propertie
GaN and AlN imply a potential for a new type of devices,
which the optic, electronic, and acoustic features
hybridized.4,5

At present, GaN and AlN films are typically grown o
substrates like sapphire, SiC, and Si. To utilize the acou
properties in these layered structures, one has to take
account the velocity mismatch between the overlayer and
substrate. Various SAW modes are anticipated to appea
addition to the ordinary Rayleigh mode.6,7 The most impor-
tant parameter that governs the emergence of these S
modes is the ratio between the SAW wavelengthlSAW and
the film thicknessd. For lSAW.d, the influence of the lay-
ered nature is, in principle, to modify the SAW velocity. O
the contrary, the interference effect arising from the refl
tion of the acoustic waves from the substrate becomes
portant whenlSAW,d. The everlasting demand to raise th
operation frequency of the SAW devices urges the reduc
of lSAW. Therefore, the role of the velocity mismatch b
comes inevitably important in high-frequency SAW device

In this paper, we investigate the SAW transmission pr
erties in GaN/SiC and AlN/SiC heterostructures. The SA
velocity in SiC ~6832 m/s! is larger than the velocities in
GaN~3693 m/s! and AlN ~5790 m/s!. The acoustic waves ar
hence confined in the slow-velocity films. The guiding of t
SAWs gives rise to the appearance of higher-order Rayle
modes. The variation of the velocities associated with th
SAW modes whenlSAW/d is changed will be compared wit
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the prediction by theory. We will also discuss a SAW mo
that propagates nearly twice as fast as the Rayleigh mod

II. EXPERIMENT

The GaN and AlN films were grown on semi-insulatin
4H–SiC~0001! substrates~this polytype of SiC is hexagona
and has four layers per unit cell! by plasma-assisted
molecular-beam epitaxy. The substrate temperature
800°C. The plasma power of 180 W~300 W! and the N2
flow of 1 sccm yielded a N-limited growth rate of 0.25mm/h
(0.5 mm/h) for the AlN ~GaN! films. Growth was monitored
in situ by reflection high-energy electron diffractio
~RHEED!. The effective surface stoichiometry was adjust
to be as close to unity as possible, exploiting the recovery
the RHEED intensity upon growth interruptions.8 As a result,
the AlN ~GaN! films feature smooth surfaces with typic
values for the peak-to-valley roughness of 5–15 nm~3–10
nm! and for the rms roughness of 0.5–2 nm~0.3–1 nm! over
an area of 232 mm2. The width of the~0002! x-ray rocking
curve as measured by double crystal x-ray diffractome
amounts to 200–4009 for the AlN films and 100–2009 for
the GaN films. We list in Table I the samples that we e
ployed in our experiment. All the AlN layers were highly

TABLE I. Thickness of the layers for the AlN/SiC and GaN/Si
structures and carrier density for the GaN layers at room temp
ture. The delay lines were fabricated in theC-plane along the crys-
tallographic directions indicated.

Structure Thickness Carrier density SAW directio
(mm) (1024 m23)

A1 AlN/SiC 0.25 ••• @11̄00#

A2 AlN/SiC 0.5 ••• @11̄00#

A3 AlN/SiC 1.0 ••• @11̄00#

A4 AlN/SiC 1.25 ••• @11̄00#

G1 GaN/SiC 0.7 0.9 @112̄0#

G2 GaN/SiC 0.95 4.2 @112̄0#

G3 GaN/SiC 1.5 0.05 @11̄00#
©2002 The American Physical Society39-1
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TAKAGAKI et al. PHYSICAL REVIEW B 66, 155439 ~2002!
resistive. In contrast, the GaN layers G1 and G2 were in
tionally doped, while sample G3 exhibited a backgrou
electron density of 531016 cm23.

We fabricated single-finger interdigital transducers~IDTs!
on the epitaxial layers by means of electron-beam lithog
phy and lift-off techniques. The inset of Fig. 1~b! shows the
scanning-electron-microscope image of one of the transd
ers. Here, the SAW wavelength, which is twice the period
the grating pattern, islSAW5400 nm. The metal gates of th
IDTs are made of a 25-nm-thick evaporated Al film. A 6-nm
thick Ti film was inserted underneath the Al film to improv
the adhesion of the gates to the epitaxial layers. By align
two identical transducers, SAW delay lines were formed w
a center-to-center separation of 0.5 mm. As the SAW pro
gation is expected to be isotropic in the C-plane of the h
agonal crystals, we stretched the delay lines along the cl
age directions of the crystals. In most of our devices,
SAWs were made to propagate along the@11̄00# crystallo-
graphic direction, see Table I.

The transmission and reflection characteristics of the
lay lines were evaluated using an HP 8720D network a
lyzer. The impulse response of a delay line can be obtai
by Fourier-transforming its transmission spectrum. The
rect electromagnetic coupling between the transducers t
place much faster than the SAW propagation, so that
crosstalk can be isolated from the SAW transmission sp
trum by filtering the corresponding component in the tim
domain. This gating technique has been applied for the tra
mission data to be presented below.

III. EXPERIMENTAL RESULTS

Figures 1~a! and 1~b! show, respectively, the transmissio
and reflection amplitudes in a delay line havinglSAW

FIG. 1. ~a! Transmission and~b! reflection characteristics of a
delay line having the SAW wavelengthlSAW50.7 mm prepared on
the AlN/SiC structure with thicknessd51.25mm. The resonances
labeledR1 , R2, andR3 are associated with the first-, second-, a
third-order Rayleigh modes, respectively. Inset: Scanning-elect
microscope image of a single-finger IDT having a transducer pe
of lSAW5 400 nm fabricated on the AlN/SiC structure. The SAW

are generated in the@11̄00# crystallographic direction.
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50.7 mm, which was defined on a 1.25-mm-thick AlN film
~sample A4!. Both of the spectra exhibit three clear res
nances. The resonance at 8.19 GHz, labeledR1, is associated
with the first-order Rayleigh mode, which is the norm
SAW mode in piezoelectric materials. AslSAW is consider-
ably less thand, the resonances associated with the seco
(R2) and third-order (R3) Rayleigh modes are, at the sam
time, observed at 9.58 and 10.53 GHz, respectively. T
SAW velocity increases with increasing the order of the R
leigh mode. Consequently, a higher-order mode results
resonance at a higher frequency.

The behavior of the SAW transmission properties wh
lSAW is varied between 4.0mm and 0.43mm is shown in
Fig. 2. Here, the delay lines were fabricated on an AlN fi
with d51 mm ~sample A3!. The SAW transmission is solely
mediated by the first-order Rayleigh mode for the fundam
tal frequency of the IDTs whenlSAW54.0 and 2.4mm.
Upon reducinglSAW, the second- and third-order Rayleig
modes emerge whenlSAW is smaller than 1.0 and 0.5mm,
respectively. The higher-order Rayleigh modes can be
garded as higher-order ‘‘transverse modes’’ in the A
waveguides. Analogous to the waveguide modes,
i th-order Rayleigh mode appears when the ratiod/lSAW is
larger than approximatelyi 21. We note that SAWs propa
gate slower in sapphire than in AlN. Therefore, the guid
modes are not expected to appear for AlN layers grown
sapphire.

The symbols in Fig. 3 show the SAW velocity determin
using the resonance frequency andlSAW. We emphasize tha
the data from all of the four AlN layers exhibit a univers
behavior whenlSAW is normalized byd. We observe up to
the fourth-order Rayleigh mode in our devices. The SAW
localize at the immediate vicinity of the surface over a d
tance of about one wavelength. Thus, the SAW velocit
decrease with reducinglSAW due to the progressive influenc
of the slow-velocity AlN overlayer. The variation of th

n-
d

FIG. 2. Dependence of the SAW transmission on the wavelen
lSAW in the AlN/SiC structure with the film thicknessd51 mm.
The number of finger pairs is 25, 41.5, 100, 114, 160, and 160
lSAW5 4.0, 2.4, 1.0, 0.7, 0.5, and 0.43mm, respectively.
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GUIDED PROPAGATION OF SURFACE ACOUSTIC . . . PHYSICAL REVIEW B 66, 155439 ~2002!
depth profiles of the displacement fields is responsible for
SAW velocity of the first-order Rayleigh mode shifting fro
that of the substrate to that of the overlayer whend/lSAW
→`. In striking contrast to this dispersion, the SAW veloc
ties associated with the higher-order Rayleigh modes ca
even faster than the SAW velocity in the SiC substrate. T
higher-order Rayleigh modes are, hence, advantageou
high-frequency SAW devices.

Figure 3 contains also the data derived from the third a
fifth harmonics. It should be noted that the harmonics w
excited unexpectedly strongly in spite of the single-fing
gates of the devices. The harmonics were observed w
lSAW of the fundamental frequency was longer th
'2 mm. In principle, the inability of exciting the harmonic
for lSAW,2 mm could result from the impedance mismat
between the measurement equipment and the IDTs.~The im-
pedance of ITDs is determined by the aperture, which w
50–100mm in our devices.! Nevertheless, the long SAW
wavelengths, i.e.,lSAW.d, suggest that the layered natu
of the structure plays an important role for the remarka
efficiency to excite the harmonics. Owing to the largelSAW
in this situation, a single peak was observed for the fun
mental frequency, whereas multiple peaks resulting from
ditional higher-order Rayleigh modes were typically o
served for the harmonics.

Similar results for GaN/SiC structures are presented
Fig. 4. Five branches associated with the Rayleigh mo
R1–R5 are evident. The electromechanical coupling coe
cient of GaN is smaller than that of AlN. The transmissi
amplitude in devices prepared on GaN was conseque
smaller in comparison to that when the overlayers were A

FIG. 3. Dependence of the SAW velocities on the normaliz
inverse SAW wavelengthd/lSAW in AlN/SiC structures. The thick-
nesses of the AlN films are 0.25~squares!, 0.5 ~down triangles!, 1.0
~circles!, and 1.25mm ~up triangles!. The data from the third and
fifth harmonics are included for the 1.0-mm-thick film. The solid
lines show theoretical results for the Rayleigh modesRi . The
dashed lines are guides for the eyes. The velocity predicted fo
lowest two Love modesLi are shown by the dotted lines. Th
dashed–dotted lines indicate the velocities of the bulk transv
wave in SiC and the Rayleigh waves in SiC and in AlN from the t
to the bottom, respectively.
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Nevertheless, the range of the velocity modification is m
than two times wider in GaN/SiC structures than in AlN/S
structures due to the comparatively small SAW velocity
GaN, which may be useful from an application point of vie

Although the SAW velocities are determined solely by t
ratio d/lSAW, we observe a crucial dependence of the tra
mission amplitude on the layer thickness. In Fig. 2, a low
order Rayleigh mode disappears the moment a higher-o
mode emerges with decreasinglSAW. Only two peaks, as a
consequence, coexist in the transmission spectra. In thi
films, however, more resonances can coexist. For insta
three peaks are seen in the transmission spectrum displ
in Fig. 1, for whichd51.25mm instead ofd51.0 mm in
Fig. 2. Likewise, thinner films can sustain fewer resonan
simultaneously. This trend develops to such an extent tha
transmission amplitude associated with the first-order R
leigh mode was suppressed ford50.25mm below the de-
tection limit (;2100 dB) whenlSAW was smaller than 700
nm, whereas the second-order Rayleigh mode became st
enough for detection only whenlSAW was less than 500 nm
~not shown!. No SAW transmission was, therefore, observ
for 700 nm.lSAW. 400 nm. A possible explanation for thi
behavior is the small electromechanical coupling coeffici
of SiC. The coupling coefficient of SiC is estimated to be o
order of magnitude smaller than that of AlN~see the Appen-
dix!. Thus, the SAW excitation is expected to become di
cult when the thickness of the top AlN layer is reduced. W
note that the first-order Rayleigh mode seemed to disap
for lSAW, 0.7 mm irrespective ofd. The common critical
SAW wavelength suggests that intrinsic properties of the
itaxial layers may be responsible for the disappearance.

IV. NUMERICAL RESULTS

We have carried out numerical simulations of the SA
modes in the AlN/SiC and GaN/SiC structures for und

d

he

se

FIG. 4. Dependence of the SAW velocities on the normaliz
inverse SAW wavelengthd/lSAW in GaN/SiC structures. The thick
nesses of the GaN films are 0.7~down triangles!, 0.95 ~up tri-
angles!, and 1.5mm ~circles!. The filled symbols indicate the third
harmonic. The solid curves show theoretical results. The do
lines indicate the velocity of the bulk transverse wave in SiC a
the SAW velocities in SiC and in GaN from the top to the botto
respectively.
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standing their nature. The surface of bulk hexagonal mat
als normally supports only one acoustic mode. This prope
is demonstrated by the top two curves in Fig. 5. Here,
dependence of the boundary-condition functionC( f ) on fre-
quencyf is displayed for AlN and SiC.~See the Appendix for
details of the numerical techniques.! The calculations were
performed forlSAW5700 nm. A surface mode correspon
to a frequencyf R whereC( f ) vanishes, as indicated by th
arrows, giving rise to the Rayleigh velocityvR5 f RlSAW.

In layered structures, in contrast,C( f ) develops multiple
minima. The bottom curve in Fig. 5 displaysC( f ) for the
1.25-mm-thick AlN film on SiC ~sample A4!. Except for the
mode labeledR3 , C( f ) vanishes at the frequencies indicat
by the arrows. Here, the modes polarized in the sagittal p
are denoted byRi ( i 51,2, . . . ). Themode R1 closely re-
sembles the Rayleigh wave in the surface of bulk AlN, as
show below. The rest of the surface modes in Fig. 5~c!,
which are denoted byLi , are pure shear vibrations polarize
in the surface perpendicular to the propagation direct
~Love-type modes!. Love modes are characteristic vibratio
of substrates covered by a low-velocity film.6,9 The present
acoustic waveguide supports, in addition to the fundame
modeL1, two overtones (L2 and L3) having the velocities
between those of the fast transverse bulk modes of AlN
SiC.

Provided that the mass-loading effects due to the m
gratings are negligible,10 the velocities of the surface mode
in the layered structures depend only on the ratiod/lSAW. In
Figs. 3 and 4, the calculated velocities of the Rayleigh-ty
~solid curves! modes are shown for the AlN/SiC and GaN
SiC structures, respectively. For comparison, we also sh
the velocities of the lowest two Love-type modes~dotted
curves! in Fig. 3. The Rayleigh-type modes indeed acco
for the measured resonances. The Love-type modes ar
ezoelectrically inactive in the AlN/SiC and GaN/SiC stru
tures, which is the reason for their absence in the electr
measurements. Such modes, however, have been detec
Brillouin scattering experiments in GaN and AlN overlaye
on silicon.11

In Fig. 6, we illustrate the vertical displacementu3 for the

FIG. 5. Boundary-condition functionC( f ) in AlN, SiC, and the
AlN/SiC structure with an overlayer thickness of 1.25mm for the
curves from top to bottom. The curves are vertically offset for cl
ity. The calculations were performed for a SAW with waveleng
lSAW50.7 mm. Ri andLi denote Rayleigh- and Love-type mode
of order i, respectively.
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three Rayleigh modes revealed by the bottom curve in Fig
ModeR1 @Fig. 6~a!# has a penetration depth which is short
than the thickness of the AlN layer and closely resembles
Rayleigh wave in bulk materials. ModesR2 @Fig. 6~b!# and
R3 @Fig. 6~c!# are overtones of the fundamental Raylei
modeR1. The overtones are characterized by nodes in
depth-direction.6,11 The number of nodes increases f
higher-order modes, reminiscent of the confined modes
waveguides.

ModesR1 andR2 are true surface modes as their velo
ties lie below those of the longitudinal bulk modevL and the
slow transverse bulk modevT1

of the SiC substrate. Mode

R3, on the contrary, is a leaky mode as its velocity is abo
vT1

. In fact, an upper limit is imposed theoretically upon t

velocities of the surface modes byvT1
of the substrate.

Whenever thei th-order Rayleigh mode emerges atd/lSAW
5 i 21, its velocity takes a common initial valuevT1

. As vT1

is higher than the Rayleigh velocity, the higher-order mod
Ri ( i .1) can propagate even faster than the Rayleigh m
in bulk SiC.

Experimentally, some of the data indicate velocities wh
are considerably larger thanvT1

. Such a situation is, in prin-
ciple, possible for short delay lines if the transmission lo
associated with the leaky nature of the SAW modes is
critical. Nevertheless, the experimental results suggest
vT1

in SiC may be larger than our estimate. The latter impl

that the elastic constantc44 is larger than the value we use
in our calculations asvT1

5Ac44/r, with r being the mass

density, is practically determined byc44. In fact, our value of
c44 has been chosen to achieve the best agreement with

-

FIG. 6. Calculated vertical displacement (u3) profiles for modes
~a! R1, ~b! R2, and ~c! R3 with wavelengthlSAW50.7 mm in a
structure consisting of a 1.25-mm-thick AlN layer on SiC.
9-4



th

m
nt
es
lin

12
y
n

he
ig

th
ga
tw
b

an
e

ed
in
te

b

ra
gh
e-
igh

p-
e

-
the
aky

m-
,

s
lk

e
h-
iC

ata
-
gh-
gh

th
ar

to
f t
e
d
li

the
e-

th
-
city
of

lk
The

GUIDED PROPAGATION OF SURFACE ACOUSTIC . . . PHYSICAL REVIEW B 66, 155439 ~2002!
experimental results and is already larger than found in
literature~see Ref. 8 in Ref. 12.!

V. EXCEPTIONALLY FAST MODE

In addition to the Rayleigh modes discussed above, so
delay lines exhibited a resonance at a frequency significa
higher than that for the Rayleigh modes. An example of th
unidentified resonances is shown in Fig. 7. Here, a delay
having lSAW54.0 mm was fabricated on a 0.25-mm-thick
AlN layer ~sample A1!. Two resonances are found at 1.7
and 3.197 GHz. The resonance at the lower frequenc
associated with the first-order Rayleigh mode. The resona
frequency implies that the velocity of the mode at the hig
frequency is about two times larger than that of the Rayle
modes. The impulse response of the delay line, which
displayed in the inset of Fig. 7, indeed reveals two peaks
correspond to the fast and slow SAW modes. Using the
ing technique, we can prove the assignment of the
modes. The two spectra in Fig. 7 were actually obtained
setting a window between 40 and 75 ns or between 75
150 ns: The low-~high-! frequency peak is absent when th
fast-~slow-! propagation peak in the time domain is select

The high-velocity mode was found to be excitable only
a very narrow wavelength range. This behavior is illustra
in Fig. 8 for the case of the 1-mm-thick AlN layer ~sample
A3!. For this layer thickness, the high-velocity mode is o
served whenlSAW is about 2.4mm. In Fig. 8,lSAW is varied
between 2.67 and 2.18mm. With decreasinglSAW, both of
the transmission peaks shift to higher frequencies. In cont
to the almost uniform peak amplitudes for the Raylei
mode at;2.5 GHz, the high-velocity peak at 5–6 GHz d
velops and then vanishes quickly in the course of the sl
variation oflSAW.

FIG. 7. Transmission spectra of a delay line prepared on
AlN/SiC structure. The film thickness and the SAW wavelength
d5 250 nm andlSAW54.0 mm. A gate window in the time domain
with the interval of 40–75 ns and 75–150 ns is imposed for the
and bottom curves, respectively. Inset: The impulse response o
delay line produced by Fourier-transforming the transmission sp
trum. The gate windows to isolate the two SAW modes are in
cated. The peak at 14 ns is due to direct electromagnetic coup
between the IDTs.
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The fast propagation may be attributed to the ‘‘exce
tional’’ mode, which has been predicted to exist in som
layered systems.13–15 Leaky SAWs are typically strongly at
tenuated as the acoustic energy leaks into the bulk of
crystal. However, the attenuation vanishes when the le
SAW degenerates into a pure bulk wave.13 The velocity of
the nonattenuated leaky SAW under this special circu
stance was calculated for a ZnO film prepared on SiC14

diamond,15 or sapphire15 substrates. The SAW velocity wa
shown to change from the velocity of the longitudinal bu
wavevL to that of the fast transverse bulk wavevT2

of the

substrate whend/lSAW is increased from 0 to about 0.1.
In Fig. 9, we make a comparison of th

d/lSAW-dependencies of the velocity between the hig
velocity mode and the guided Rayleigh modes in AlN/S
structures. The data fromd50.25 and 0.5mm layers appear
to belong to an identical dispersion curve, whereas the d
from d51.0 mm layer apparently follow a different disper
sion curve. It is thus indicated that two branches of the hi
velocity mode have been observed in our devices. Althou
the velocity decreases with increasingd/lSAW for both of the
branches, it remains almost aroundvL , which is not ex-

e
e

p
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c-
i-
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FIG. 8. Transmission spectra of delay lines fabricated on
1-mm-thick AlN layer grown on a SiC substrate. The SAW wav
lengths arelSAW5 2.67, 2.59, 2.53, 2.46, 2.4, 2.29, and 2.18mm.

FIG. 9. Velocities of SAW modes in the AlN/SiC structures wi
several AlN layer thicknessesd. The open and filled symbols cor
respond to the Rayleigh modes and the exceptional high-velo
mode, respectively. The dotted lines indicate the velocities in SiC
the longitudinal bulk wave (vL), the fast and slow transverse bu
waves, and the Rayleigh wave from top to bottom, respectively.
solid lines are guides for eyes.
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TAKAGAKI et al. PHYSICAL REVIEW B 66, 155439 ~2002!
pected for the ‘‘exceptional’’ mode. Further experimental a
theoretical works are, therefore, required to ascertain the
gin of this mode. We emphasize that, regardless of the ori
the high-velocity mode provides us nearly the largest p
sible sound velocity from host materials asvL in SiC is as
large as the Rayleigh velocity in diamond.

VI. CONCLUSIONS

We have investigated the SAW modes in AlN and G
layers grown on SiC substrates. The slow SAW velocity
the top layers with respect to that of the substrate result
the appearance of guided Rayleigh modes and extremely
modes. While the velocities associated with the SAW mo
are determined solely by the ratio between the SAW wa
length and the layer thickness, the transmission amplitud
each mode is found to depend crucially on the layer thi
ness. As long as the layer thickness is adjusted to be o
mum for the desired SAW wavelengths, the present mate
systems allow us to take advantage of the high SAW velo
of SiC and the large electromechanical coupling coeffici
of AlN and GaN.
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APPENDIX. NUMERICAL SIMULATIONS

We present in this Appendix a brief overview of the n
merical techniques that we employed in our calculations. T
acoustic waves are assumed to propagate along
x-direction within a surface which is normal to thez-axis.
The componentsu1 , u2, andu3 of the displacement fieldu
5(u1 ,u2 ,u3) are oriented along thex-, y-, andz-directions,
respectively. The SAW modes in layered structures can
determined by solving the differential equation for the prop
gation of acoustic waves16

¹T5r
]u

]t
~A1!

together with the constitutive relations

T5cS2eE, ~A2!

D5eE1eS, ~A3!

whereT andS are the stress and strain tensors, respectiv
The electric and displacement fields are denotedE52¹w
and D, respectively. The material parameters involved
Eqs.~A1!–~A3! are the mass densityr, the elastic constan
tensorc, and the piezoelectric and static dielectric tensore
and e, respectively. We list the values of these parame
used in the calculations in Table II.

In order to calculate the SAW modes, we first determ
for each layer the solutions of Eq.~A1! for a frequencyf and
an in-plane wave vectorkSAW5(kx ,ky). These solutions
consist of eigenvalues of thez-component of the wave vecto
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kz and the mode eigenvectorsv5(u1 ,u2 ,u3 ,w). In the sec-
ond step, the eigenvectorsv in adjacent layers are related t
each other by imposing acoustic and electric boundary c
ditions at their interface. This procedure allows us to spec
the eigenvectors of the surface layer in terms of those in
substrate. In the final step, we seek for surface modes,
the solutions which~i! decay in the substrate and~ii ! satisfy
the acoustic and electric boundary conditions at the surfa
These requirements can be expressed in terms of
boundary-condition functionC( f ), which vanishes when
both conditions are satisfied. The corresponding freque
f R is the SAW frequency of the system.

In the remainder, we discuss the acoustic modes propa
ing in the hexagonal crystals of bulk AlN, GaN, and 4H-Si
The velocities of the bulk modes are summarized in Ta
III. The acoustic velocities are isotropic for propagation
the C-plane. The modes with wave vector along thex-axis
can be classified according to the symmetry relative to

TABLE II. Mass densityr, elastic constantsci j ~in units of 1011

N/m2), and piezoelectric constantsei j ~in units of C/m2) used in
the calculations. All the constants for AlN and GaN are taken fr
Ref. 2. The elastic constants for SiC with the exception ofc44 and
c13 are from Ref. 12.@There is only a minor difference, mostl
within the experimental accuracy, between the elastic propertie
the 4H– and 6H–SiC polytypes~Ref. 12!.# We use a value forc44

that better reproduces the transverse velocity of SiC. Forc13, which
is not quoted in Ref. 12, we use the value recommended in Ref
The piezoelectric constants are extracted from Ref. 18.

AlN GaN 4H-SiC

r (103 kg/m3) 3.23 6.15 3.211
c11 4.1 3.7 5.07
c12 1.4 1.45 1.08
c13 1 1.1 0.558
c33 3.9 3.9 5.47
c44 1.2 0.9 1.7
c66 1.35 1.125 1.995
e15 20.48 20.3 0.08
e31 20.58 20.36
e33 1.55 1 0.2

TABLE III. Velocities of bulk (vT1
, vT2

, and vL) and surface
(vR) modes and electromechanical coupling coefficientkeff

2 on
c-oriented AlN, GaN, and SiC. Similar values are given also

sapphire @11̄00#-propagation, Y-cut LiNbO3 Z-propagation, and
~001!-oriented GaAs.

vT1
vT2

vL vR keff
2

~m/s! ~m/s! ~m/s! ~m/s! ~in 1023)

GaN 3826 4277 7757 3693 1.31
AlN 6095 6465 11267 5790 2.5
4H–SiC 7276 7882 12566 6832 0.112
sapphire 5703
LiNbO3 3488 23.2
GaAs 2867 0.593
9-6
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(x,y)-plane, which is a mirror plane for the layered structu
The longitudinal~L! and the slow transverse (T1) modes
have even symmetry with respect to the mirror plane. Th
are polarized in the sagittal plane, i.e., along thex- and
y-directions for theL andT1 modes, respectively. Their ve
locities are given byvL5Ac11/r andvT1

5Ac44/r. The fast

transverse modeT2 is uneven. Its polarization is in the plan
of the surface, i.e., perpendicular to thec-axis, and the ve-
locity is given byvT2

5A(c112c12)/(2r).

Table III also lists the velocityvR of surface modes in the
bulk materials. These Rayleigh modes have polarization
the sagittal plane and, thus, their symmetry is even with
spect to the mirror operation. The Rayleigh velocities
these hexagonal crystals are lower than those of the tr
verse bulk vibrations~this is not the case, for instance, fo
d

, J

s.

S.

v.

an

rt

15543
.

y

in
-

s-

piezoelectric SAWs along the@110# direction in III–V com-
pounds!. These modes, therefore, cannot be easily scatte
into bulk modes.

The last column of Table III lists the effective electrom
chanical coupling coefficientkeff

2 for the surface modes
Here, we adopt the definition ofkeff

2 being twice the relative
change in the SAW velocity when the surface is metallize9

The coupling coefficient for AlN is approximately twice a
large as that of GaN. Although the coupling coefficients
AlN and GaN are larger thankeff

2 of GaAs, they are an orde
of magnitude smaller thankeff

2 of LiNbO3, which is one of
the most strongly coupling piezoelectric materials. We po
out that SiC is very weakly piezoelectric. Therefore, bu
SiC is not promising for SAW devices in spite of the larg
SAW velocity.
g,
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