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The properties of leaky surface acoustic waves(LSAW) in MBE grown AIN layer onZ-cut LiNbO3

structures have been studied by numerical simulation and experimental measurements and
compared with those of Rayleigh waves in the same structure. In the range of AIN layer thicknesses
studieds0,kh,0.145d the measured velocity of LSAW propagating along theX axis of LiNbO3

substrate was essentially constant at around 4400 m/s. The measured electromechanical coupling
coefficientssK2d for the LSAW are roughly 1/4 of the predicted values, which might be due to the
strong attenuation of the leaky wave unaccounted for during the parameter extraction. The thin AIN
film slightly improved the measured temperature coefficient of frequency for the LSAW over that
attained for theZ-cut,X-propagating LiNbO3 substrate alone. ©2004 American Institute of Physics.
[DOI: 10.1063/1.1805705]

Surface acoustic waves(SAW) devices have found nu-
merous applications in communications and sensors. High
SAW velocity, large electromechanical coupling coefficient,
and good temperature stability are of importance for certain
classes of practical SAW devices. In piezoelectric materials,
these requirements are not typically satisfied simultaneously.
For example, the cuts of LiNbO3, widely used for wide band-
width SAW devices, exhibit high electromechanical coupling
coefficients, but feature moderate SAW velocities and poor
temperature stability. However, certain cuts of aluminum ni-
tride have considerably higher SAW velocities and better
temperature stability, but the electromechanical coupling
constants in AlN are typically lower than those obtained with
LiNbO3.

1,2 It is anticipated that the optimal trade-off between
properties of both materials might be obtained using an AlN
on LiNbO3 layer-substrate structure. The Rayleigh-type sur-
face acoustic wave properties in structures fabricated by rf
magnetron sputtering of AlN films onZ-and Y-128° LiNbO3
have been recently studied.3–6 There is also much interest in
studies and applications of other wave types, in particular, of
the leaky surface acoustic waves(LSAW). It should be noted
thatZ-cut lithium niobate is not among the orientations com-
monly used for SAW devices. However, it is widely used in
integrated optic applications. The leaky surface acoustic
waves may be of interest for guided-wave acousto-optic in-
teractions. Higher velocities of LSAW as compared to the
Rayleigh-wave velocities are an advantage for achieving
higher operation frequencies with the same
photolithography-defined transducer dimensions. This is of
particular concern as wireless protocols call for higher fre-
quency front-end filters. Moreover, the leaky waves associ-
ated withZ-cut X-propagating LiNbO3 are dominantly shear-

polarized in the propagation plane and hence are suitable for
liquid phase sensing. Shear horizontal plate waves in
LiNbO3 have been studied in Refs. 7 and 8. In this letter, we
present the results of simulation and experimental investiga-
tion of leaky surface acoustic wave properties in epitaxial-
AlN-film/ Z-LiNbO 3-substrate structures.

AlN was grown onZ-cut lithium niobate at 800 °C, us-
ing 0.32 sccm nitrogen, at 0.4mm/h growth rate using an
Veeco Applied EPI nitrogen plasma source. Figure 1 shows
the 2theta/omega x-ray diffraction spectra of our 0.37mm
AlN film on Z-cut lithium niobate. The dominant reflections
present are the symmetric reflections of AlN and lithium nio-
batesLiNbO3d, indicating alignment of the(0001) direction
of AlN along the (0001) direction of lithium niobate. The
additional peak of lithium triniobatesLiNb3O8d was formed
during the growth of AlN buffer layers at 800 °C. It is well
known that the lithium triniobate phase forms on lithium
niobate in the temperature range between 550 and 900 °C.9

Three different thicknesses of AlN on lithium niobate were
grown on lithium niobate resulting in progressive improve-
ment in crystal quality with increasing thickness. The results
of a 2theta/omega x-ray diffraction full width at half maxi-
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shurm@rpi.edu FIG. 1. X-ray diffraction spectra of AlN on lithium niobate.
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mum (FWHM) analysis correlating crystal quality with
thickness are given in Table I. The detailed growth condi-
tions can be found elsewhere.10

We have measured the SAW velocity and electrome-
chanical coupling coefficient in the fabricated structures us-
ing the S-parameter method. Pure LiNbO3 sample with no
AlN layer was used for reference measurements. SAW inter-
digital transducers(IDT) with periodicity of 16 or 24mm
were deposited on the sample surface and their complex re-
flection coefficientsS11 were measured with a network ana-
lyzer. An example of the Smith chart for SAWs propagating
along theX axis of the substrate is shown in Fig. 2. The two
characteristic loops with center frequencies near 240 and
276 MHz are observed at acoustic wavelength 16mm. We
attribute them to the excitation of Rayleigh wave and LSAW
with the velocities 3840 and 4410 m/s, respectively. In theY
direction, we observed only one loop corresponding to the
Rayleigh-type wave. TheseS11 parameter measurements are
in keeping with what has been know for some time regarding
the Z-cut of LiNbO3.

Let us consider the propagation of surface acoustic
waves in the structure consisting of a layer of thicknessh
deposited over the semi-infinite substrate. We use the method
described in Ref. 11, which allows us to simulate both the
Rayleigh-type and leaky surface acoustic waves. Let the
SAW propagate along thex1 direction in the plane normal to
the x3 axis. The propagation of elastic wave in the structure
is described by Newton’s law and Gauss’ law for the electric
field by

r
] 2uj
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] 2uk

] xi ] xl
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wherer is the mass density of the material,cijkl , eijk, and«i j
are the elastic stiffness, the piezoelectric, and the dielectric
permittivity tensors, respectively,ui is the particle displace-
ment displacement vector, andf is the electric potential. The
displacement and electric potential are sought in the form of
linear combinations of partial waves:

uj = Ho
n

a j
sndexps− kbj

sndx3dJexpfikslx1 − Vtdg,

j = 1,2,3, s2d

f = Ho
n

a4
sndexps− kb4

sndx3dJexpfikslx1 − Vtdg,

where n=1, . . . ,4 in the substrate andn=5, . . . ,12 in the
layer, k andV are the acoustic wave number and phase ve-
locity, respectively,a j

snds j =1,2,3d are the coefficients one
solves for to find the particle displacement field,a4

snd are the
coefficients associated with the electrostatic potential, andl

=1+id with d being the wave attenuation coefficient. For
Rayleigh waves, where we assume there is no viscous loss,
d=0, and the decay constants Rebj

sndin the direction of depth
of each subwave in the substrate are positive. For our coor-
dinate system, we havex3=0 at the surface and increasing as
we move into the layer and substrate. For a leaky wave,d is
not 0, and at least one decay constant, Rebj

snd, in the sub-
strate is negative, i.e., the relevant subwave grows in the
direction of depth. This allows us to represent the particle
displacement component associated with the leaky portion of
the wave as increasing into the bulk. The phase velocityV
and the decay constantl can be found by solving the system
of equations(1) with the relevant boundary conditions. The
electromechanical coupling coefficient is obtained from the
well-known relationK2=2sVf-Vmd /Vf, whereVf andVm are
the SAW velocities on a free and electrically short-circuited
surface, respectively. The material parameters used in the
simulation are listed in Table II. For AlN, we used the elastic
constants from Ref. 12, piezoelectric constants from Ref. 2,
the dielectric permittivity from Ref. 13, and the mass density
from Ref. 14. The corresponding parameters for LiNbO3
were taken from Ref. 15.

The calculated attenuation of theX-propagating leaky
wave, in the range of wavelengths and AlN layer thicknesses
used in our experiment, is about 0.35 dB per wavelength for
both free and metallized surface of AlN layer. The simulated
dependencies of LSAW velocity and electromechanical cou-
pling coefficient on the acoustic wave-number-layer thick-
ness product,kh, are shown in Figs. 3 and 4, respectively.

TABLE II. Elastic stiffness constantssGPad, mass densitiess103 kg/m3d,
piezoelectric constants eijsC/m2d, and dielectric permittivities
«i js10−11 F/md used for calculations.

c11 c12 c13 c33 c44 c14 r

LiNbO3 203 53 75 245 60 9 4.7
AlN 410 140 100 390 121 3.26

e15 e22 e31 e33 «11 «33

LiNbO3 3.7 2.5 0.2 1.3 38.9 25.7
AlN −0.29 −0.58 1.39 7.53 7.53

FIG. 2. Smith chart ofS11 parameter. Sample N1048: AlN layer thickness
0.29mm; acoustic wavelength 16mm, aperture length 0.5 mm, number of
periods 70; SAW X-propagation.

TABLE I. Parameters of samples used in experiments.

Sample AlN layer thickness,hsmmd FWHM (arcsec) of v-2u

N1049 0.09 598
N1048 0.29 400
N1012 0.37 338
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The corresponding dependencies for the Rayleigh-type wave
are shown for comparison. In Fig. 3, we also show the ve-
locities of slow and fast shear bulk waves in LiNbO3 sub-
strate. The leaky wave velocity is in between those of the
shear waves. The simulation predicts for the leaky wave a
much higher velocity andK2 values than for the Rayleigh
wave.

To obtain the experimental values of the SAW velocityV
and electromechanical coupling coefficientK2, the trans-
ducer impedanceZ was extracted fromS11 measurements
and calculated using the equivalent circuit mode.16 By fitting
the calculated real and imaginary parts of the impedance to
the measured ones, theV andK2 values were determined and
plotted in Figs. 3 and 4, respectively. Details of their evalu-
ation procedure can be found elsewhere.2

The measured LSAW velocity is about 4400 m/s in the
entire range of experimentalkh values. This is on average
15% higher than the Rayleigh wave velocities. The disagree-
ment (about 4%) in simulated and measured numerical
LSAW velocity values for pure LiNbO3 can be attributed to
the influence of IDT metal film(via the mass loading and
electrical short-circuiting) and to possible small deviations of
actual material tensors from the ones used in our calcula-
tions. The change in the substrate elastic properties due to

the formation of lithium triniobate phase during layer fabri-
cation might be responsible for reduction of the velocity
growth with kh, which was predicted by the simulation. The
measured leaky wavek2 values are on average about four
times lower than the simulated ones, yet they are still advan-
tageous compared to those of the Rayleigh wave(which has
a particularly weak coupling constant for this orientation). It
should be noted that the experimental values ofK2 might be
underestimated due to the strong attenuation of leaky wave,
which was not accounted for during the parameter extraction.

Finally, we have measured the temperature coefficient of
frequency(TCF) defined as the relative shift of transducer
center frequency with temperature:

TCF =
1

f0

df0
dT

. s3d

For the LSAW atkh=0.1, the slight improvement in the TCF
value from −99 to −85 ppm/K was observed.

In conclusion, we have studied, by numerical simulation
and experimental measurements, the propagation properties
of leaky surface acoustic waves in MBE grown AlN layer on
Z-cut LiNbO3 structures. Withkh in the range of 0−0.145,
the measured velocity of LSAW propagating along theX axis
of the substrate was practically constant. Its value 4.4 km/s
was slightly lower than the simulation-predicted values,
which grew up withkh from 4.55 to 4.66 km/s. Changes in
the LiNbO3 substrate properties during the AlN layer depo-
sition might be responsible for this deviation. The measured
electromechanical coupling coefficients for LSAW are four
times lower than the simulated values varying between 5.7%
for pure LiNbO3 and 2.7% forkh=0.145. This disagreement
is attributed to the influence of strong LSAW attenuation.
The thin AlN film slightly improved the measured tempera-
ture coefficient of frequency for LSAW as compared to that
of the LiNbO3 substrate.
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FIG. 3. Velocities of leaky and Rayleigh-type surface acoustic waves propa-
gating in AlN-on-Z-LiNbO3 along substrateX axis. Dots, experiment: Ray-
leigh waves, circles; LSAW, triangles; lines, simulation. Horizontal lines:
calculated velocities of shear bulk acoustic waves along theX axis of
LiNbO3.

FIG. 4. Electromechanical coupling coefficients for leaky and Rayleigh
SAWs propagating in AlN-on-Z-LiNbO3 along substrateX axis. Dots, ex-
periment; lines, simulation.
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