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ABSTRACT AIN thin films have been grown on a-plane sapphire
(Al,03(1120)) substrates. X-ray diffraction measurements in-
dicate the films are fully c-plane (0001) oriented with a full
width at half maximum of the AIN(0002) rocking curves of
0.76-0.92°. The epitaxial growth relationships have been deter-
mined by the reflection high energy electron diffraction analysis
as AIN[1100]//A1,03[0001] and AIN[1120]//Al,03[1100].
Angular dependence of important surface acoustic wave (SAW)
characteristics, such as the phase velocity and electrome-
chanical coupling coefficient, has been investigated on the
AIN(0001)/Al,05(1120) structure. While the SAW is excited
at all propagation angles with an angular dispersion of the
phase velocity in the range of 5503—6045 m/s, a higher vel-
ocity shear-horizontal (SH) mode is observed only at 0°, 105°
and 180° off the reference Al,03[1100] over a 180° angular
period. The phase velocity of the SH mode shows dispersion
(6089-6132m/s) as a function of the SAW wavelength. Tem-
perature coefficients of frequency are also demonstrated for
both modes.

PACS 81.15.Hi; 77.84.-s; 77.65.Dq

1 Introduction

AIN is a III-V semiconductor that has drawn
widespread attention in the area of optical, high power and
high temperature electronic devices. Its piezoelectricity and
high SAW velocity, ~ 5700 m/s [1, 2], makes it promising for
miniaturized sensors applications as well as high frequency
SAW devices in mobile communication systems. The res-
onance frequency of a SAW device is given as fy = vp/A,
where v, denotes the phase velocity and A the wavelength.
The trend towards high frequency SAW devices in commu-
nications could be satisfied by either employing a material
with large v, or by the reduction of A that is defined by the
periodicity of interdigital transducers (IDTs). However, the
latter becomes resource extensive beyond a certain process
limit. On the other hand, high sensitivity is always desirable
for SAW sensors, especially in the fast growing biological
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and chemical sensing fields. Underlying numerous SAW sen-
sor applications, mass loading is the predominant sensing
mechanism [3,4], which states that the fractional change in
resonance frequency or phase velocity of the SAW is the nega-
tive of the fractional change in device surface mass density
(0): Af/ fo= Avp/v, = —Ap/0. Asaresult, ahigh SAW vel-
ocity material like AIN would lead to a high mass sensitivity
for the fact that a relative small change in surface mass would
induce a large detectable frequency shift [S].

Besides the aforementioned advantages, by incorporating
physical properties of the substrate material, the layered struc-
ture of AIN offers flexible control over the phase velocity,
electromechanical coupling coefficient (K?), and tempera-
ture coefficient of frequency (TCF) [6—8]. The interaction
between the film and substrate may also give rise to new
acoustic modes other than the ordinary Rayleigh SAW with
proper boundary conditions. For instance, Love waves could
appear when the overlayer has a slower shear velocity than
that of the substrate and Pseudo-SAWs (PSAWSs) or their de-
generated quasibulk counterpart like surface skimming bulk
waves are observed in anisotropic film/substrate combina-
tions with strong angular dependence [9—12]. These waves
usually travel at a higher velocity than the 1% order SAW
mode. They may possess other distinct features such as SH
polarization resulting from the contribution of the quasi-shear
bulk partial wave [9]. Such SH polarization is especially use-
ful in aqueous biosensing applications, in which conventional
SAW sensors suffer excessive energy loss due to energy dis-
sipation into surrounding fluid in the form of a compressional
wave [3]. Therefore, it would be of practical importance to
investigate the effect of the substrate orientation and wave
propagation angles on the SAW characteristics in AIN thin
films.

AIN thin films are most commonly grown on sapphire
substrate for good expitaxial growth and affordable price.
Most of the work regarding SAWs in AIN thin films on sap-
phire substrates focused on the AIN(0001)/Al,03(0001) or
AIN(1120)/A1,053(1102) structure [2, 13, 14]. In this work,
we report the growth of epitaxial AIN(0001) on Al,O3(1120)
substrates and the study of SAW characteristics under the
presence of an anisotropic Al,O3(1120) substrate. The focus
herein is two-fold: first, the effect of propagation angle on the
SAW characteristics; second, the excitation of the SH mode at
isolated propagation angles.
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Experimental

AIN thin films were grown on Al O3(1120) by
a method of plasma source molecular beam epitaxy [15]. The
base vacuum of the system was at the level of 10~ Torr.
The growth temperature was set at 650 °C. N, and Ar gases
were delivered into the chamber at a rate of 10 sccm and
40 sccm, respectively. The generated plasma was maintained
by a power of 200 W at 13.56 MHz. The film thicknesses
measured by a profilometer are in the range of 1.4 to 2.2 pwm.
The growth orientations and crystalline quality were evalu-
ated by a X-ray diffraction (XRD) system using Cu K|, radi-
ation sources ( = 1.54178 A) and a reflection high energy
electron diffraction (RHEED) system.

SAW delay line devices were fabricated on the
AIN(0001)/A1,05(1120) structures by a photolithography
lift-off process. Aluminum with a thickness of ~120 nm was
deposited as unapodized IDT electrodes by an e-beam evap-
oration system. The SAW wavelength A, which is twice the
period of the IDT fingers, varies from 8 to 32 um. Each de-
vice consists of two identical IDTs, with 50 pairs of fingers.
The IDT center spacing, acoustic aperture, and finger width to
space ratio are 120X, 504, and 1 : 1, respectively.

In order to measure SAW characteristics as a function of
the propagation angle, SAW devices at different wavelengths
were patterned in groups inclined at a 15° interval starting
from the [1100] azimuth of Al,O3(1120). We obtained the
device frequency response and admittance by transmission
and reflection coefficients measurements using a network an-
alyzer. Important parameters for the design of an AIN based
SAW device, suchas vy, K 2 and TCF, are derived based on the
measurements.

3
3.1

Results and discussion
Characterization of the AIN films

A typical XRD scan of the AIN(0001)/Al,03
(1120) structure is shown in Fig. 1 with a film thickness of
2 wm. The scan data feature a prominent AIN(0002) peak
and a higher order AIN(0004) peak, along with a clean back-
ground free of other AIN orientations and impurities. As a re-
sult, our AIN films are fully c-plane oriented epitaxial films.
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FIGURE 1  XRD scan of the AIN(0001)/Al, O3(1120) structure (film thick-

ness: 2 wm). Inset is the AIN(0002) rocking curve with a FWHM of 0.8°
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FIGURE 2 RHEED patterns of the AIN(0001)/Al,O3(1 120) structure. The
electron beam is incident in the (a) Al;O3[0001] azimuth, (b) Al,O3[1100]
azimuth
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FIGURE 3 Epitaxial growth relationships of the AIN(0001)/Al,03(1120)
structure. The angle 6 represents the SAW propagation angle measured from
the Al,O3[1100] reference

The full width at half maximum (FWHM) of the AIN(0002)
rocking curves varies from 0.76° to 0.92° as the film thickness
decreases, which indicates improved crystalline orientation
as the film thickness increases. While the Al,03(1120) peak
in Fig. 1 is well matched to its standard diffraction angle
at 37.767°, a shift of —0.31° in the measured AIN(0002)
peak from its power standard at 36.04° gives the estima-
tion of the lattice constant ¢ as 5.02 A, slightly larger than
the standard value of 4.979 A [16]. The elongated ¢ suggests
a compressive strain field exists at the film substrate interface.
This agrees with the reported work that the lattice mismatch
of a AIN(0001)/Al,03(1120) structure along Al,03[0001]
is 24.5%, higher than 13.3% in a AIN(0001)/Al,03(0001)
structure [17].

The in situ RHEED pattern in Fig. 2a was taken when the
electron beam incidents in the Al,O3[0001] azimuth and it
matches the theoretical pattern as an electron beam incidents
in [1100] azimuth of a (0001) wurtzite crystal; by rotating
the substrate 90° around the substrate normal, the electron
beam incidents in the Al,03[1100] azimuth and the resulting
pattern in Fig. 2b conforms to that when the electron beam in-
cidents in the [1120] azimuth of a (0001) wurtzite crystal [18].
The epitaxial relationships of the AlN(OOOl)/A1203(11§0)
structure are thus derived as AIN[1100]//A1,03[0001] and
AIN[1120]//A1,053[1100] as illustrated in Fig. 3. A six fold
symmetry of the AIN(0001) is also confirmed by the repeata-
bility of the RHEED pattern when the substrate is rotated
every 60° around its normal.

3.2 Investigation on the SAW characteristics

The AIN(0001)/Al,O3(1 120) structure studied
here is a trigonal YZ plane overlaid by a c-plane hexagonal
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thin film. Since the thin film thickness is usually less than the
SAW wavelength, the anisotropic nature of the Al,O3(1 120)
substrate is anticipated to induce deviations from otherwise
isotropic behavior of the SAW propagation in an ideal semi-
infinite hexagonal c-plane medium [19]. We choose here
Al,03[1100] (AIN[1120]) as the 0° reference and all propaga-
tion angles, denoted as 6 in Fig. 3, are measured counterclock-
wise to Al,O3[1100] in a 180° semicircle.

The frequency responses of the devices at all angles were
measured. Due to resemblance of the patterns, we only show
typical responses for the devices propagating at 150° with
three different wavelengths in the upper panel of Fig. 4. As the
propagation angle varies, an additional higher velocity mode
with smaller amplitude is found to coexist with the SAW,
but only at 0°, 105°, and 180° off the reference Al,O3[1 100]
(AIN[1120]). The lower panel of Fig. 4 demonstrated the cor-
responding frequency responses of such dual mode devices
with a 0° propagation angle. Time domain gating technique
is utilized in Fig. 4 to eliminate electromagnetic feed through
and triple transit interference from the SAW signal to make
the modes more discernable. The center frequency of the 2™
mode is ~ 1.05 times that of the coexisting SAW mode.

Figure 5 shows the angular dispersion of the v, of the SAW
at different normalized film thicknesses, ki = 0.4, 0.9, and
1.7, where k = 27/ and £ is the film thickness. The vy, is cal-
culated by multiplying peak frequency fy determined in the
gated SAW frequency response by A. Each data point in Fig. 5
represents an average velocity of multiple SAW devices with
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FIGURE 4 The frequency response of the devices at different wavelengths.
The upper panel is for the SAW devices propagating at 150°; the lower panel
is for the SAW devices propagating at 0°
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FIGURE 5 Phase velocities of the SAW as a function of the propagation
angle

an error margin of a few m/s, much smaller than the velocity
variation induced by angular changes. Compared to the SAW
propagating in an AIN(0001)/Al,03(0001) structure [2, 13],
a more distinct angular dispersion (v, varying from 5503 to
6045 m/s) is observed with a two fold symmetry. The demon-
strated angular dispersion gradually declines as k/ increases
from 0.4 to 1.7, which indicates that the SAW propagation
would asymptotically approach its isotropic nature in the hex-
agonal c-plane AIN as /2 >> A. Unlike the SAW mode, the v}, of
the higher frequency 2™ mode remains fairly constant along
the excitation angle of 0°, 105°, and 180° at a fixed k& value.

The angular dependence of K2 of the SAW was investi-
gated by means of IDT admittance measurements. By adopt-
ing a well known equivalent circuit model for IDTs [20, 21],
the K2 can be estimated as

g2 Galfo)
" 8fCN’

where G,( fp) is the IDT conductance measured at the reson-
ance frequency, N is the number of finger pairs per IDT port,
and C; the total IDT capacitance defined as C; = NwC with
w the IDT acoustic aperture and C; the IDT static capacitance
per finger pair per unit length. Here we take into account the
parasitic contact resistance by finding the constant offset in
the real part of the input impedance Z and eliminate this value
from the IDT admittance calculation [21]. The obtained K2
values for different propagation angles are plotted in Fig. 6 for
kh =0.4, 0.9, and 1.7. They demonstrate distinctive angular
dependence along with a trend of monotonous increase with
respect to kh. The absolute values are in good agreement with
those reported for AIN(0001) films [13, 22].

In Fig. 7, we plot v, as a function of ki for both modes.
For the SAW mode, the waves propagating along 150° and
60° define the upper and lower boundary of its velocity disper-
sion, respectively. The 15° propagating SAW is almost disper-
sionless, which could be advantageous for accurate frequency
control in SAW applications regardless of the film thickness.

Phase velocity of the 2" mode, as shown in Fig. 7, in-
creases monotonically with the kA. To gain insight into this
mode, comparisons between shear bulk wave velocities of
the film and substrate are necessary as the mismatch be-
tween these velocities determines the type of acoustic mode
that could be excited in the system. We calculate the shear
vertical (SV) and SH bulk wave velocities (vsy and vsy, re-

ey
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FIGURE 6 Electromechanical coupling coefficients of the SAW as a func-
tion of the propagation angle
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FIGURE 7 Phase velocities as a function of the normalized film thick-
ness kh. The dotted lines from the bottom to top represent vsy and vsy of
Al,03(1120) at 0° propagation angle, respectively
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spectively) along the 0° reference for both AIN(0001) and
Al,03(1120) based on the reported elastic constants [23,24].
For AIN(0001), vgy is ~6221 m/s, smaller than that of
AlL,O3(1120) at ~ 6473 m/s. Such a slow film/fast sub-
strate system is known to support higher order overtones of
Rayleigh SAWs when the film thickness goes beyond the
SAW wavelength [6], a condition not created here. The exist-
ing boundary condition — a 6 mm class with basal axis normal
to the plane also rules out the Bleustein—Gulyaev wave [25].
We further preclude the Love wave excitation as vsy of
AIN(0001) at ~ 6368 m/s is larger than that of Al,O3(1 120)
at ~ 6042 m/s. The leaky nature of the 2"! mode is demon-
strated in Fig. 7 as the v, of the 2" mode falls in between
the slow vsy and fast vgy (dotted lines) of the Al,O3(1120) at
the same propagation angle. This indicates that the 2" mode
has a radiating SH partial mode into the Al,03(1120) sub-
strate. We carried out a liquid damping experiment to further
study the nature of the mode. In Fig. 8, we compare the fre-
quency response of such a device before and after a 3 pl fluid
loading in between IDTs. The ungated frequency response
is displayed for accurate determination of the insertion loss.
A strong damping of 25 dB is observed on the SAW mode as
opposed to only 4 dB on the 2" mode. This confirms a large
SH particle displacement in the 2"¢ mode. Considering the
specific excitation angles and SH polarization, the higher vel-
ocity 2™ mode is believed to be a PSAW which arises from
the acoustic bulk phonons’ contribution in anisotropic me-
dia, and happens to have sharp resonances at the observed
angles [19].

The fractional change in device resonance frequency as
a function of temperature is shown in Fig. 9, where fj is se-
lected as the resonance frequency at 20 °C. Both modes show
a linear decrease in their resonance frequencies with increas-
ing temperature over the range we consider. The TCF is deter-
mined from the following equation:
TCF = 1 X a7 .

fo dT

The calculated TCF from the least-square fit of the data are
—59 and —63 ppm/°C for the SAW and SH mode (kh = 0.4),
respectively. Such values fall into the range of those reported
for the SAW devices on AIN thin film structures, which ex-
tend from —80 to 20 ppm/°C [7,13, 14]. The increment in
kh only has a minor effect (~7% reduction in TCF) on the
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FIGURE 8 Damping of the SAW and SH mode under liquid loading at
wavelength A = 32 pm
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FIGURE 9 Fractional frequency change as a function of temperature for the
SAW and SH mode at a normalized film thickness of ki = 0.4

TCF for both modes. Nevertheless, the near linear relation-
ship between the resonance frequency and temperature would
be advantageous to develop temperature compensation algo-
rithms for real applications.

4 Conclusions

AIN thin films were epitaxially deposited on
Al,03(1120) substrates with orientation relationships given
as AIN(0001)/Al,03(1120) and AIN[1100]//Al,03 [0001].
We studied the SAW characteristics in such structures with
respect to the propagation angles and normalized film thick-
nesses. It is noteworthy that a higher velocity SH mode is
found to coexist with the SAW at 0°, 105°, and 180° off the
reference Al,O3[1100], over the respective angular period.
The measured phased velocity and electromechanical coup-
ling coefficient of the SAW show strong anisotropic effects
associated with the anisotropic Al,03(1120) substrate. The
SH mode has the characteristics of a PSAW excited at isolated
crystal angles. The strong SH polarization in this mode makes
it promising for liquid based biosensing applications.
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