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Abstract—We investigate the excitation and propagation of
acoustic waves in polycrystalline aluminum nitride films along
the directions parallel and normal to the c-axis. Longitudinal
and transverse propagations are assessed through the frequen-
cy response of surface acoustic wave and bulk acoustic wave
devices fabricated on films of different crystal qualities. The
crystalline properties significantly affect the electromechanical
coupling factors and acoustic properties of the piezoelectric
layers. The presence of misoriented grains produces an overall
decrease of the piezoelectric activity, degrading more severely
the excitation and propagation of waves traveling transversally
to the c-axis. It is suggested that the presence of such crys-
talline defects in c-axis-oriented films reduces the mechanical
coherence between grains and hinders the transverse deforma-
tion of the film when the electric field is applied parallel to
the surface.

I. INTRODUCTION

POLYCRYSTALLINE sputtered AIN films are currently
used as piezoelectric active layers in RF filters based
on BAW [1] and SAW devices [2], as well as in piezoelectri-
cally actuated micro electromechanical systems (MEMS),
such as gravimetric sensors [3], RF switches [4], or me-
chanical resonators [5]. Under controlled deposition condi-
tions, AIN sputtered films exhibiting a wurtzite structure
tend to grow with a definite preferred c-axis orientation,
which means that the vast majority of the microcrystals
grow with the {00-2} planes parallel to the surface of the
film [6]. However, depending on the deposition conditions,
the geometrical setup, the nature and roughness of the
substrate, or the residual gases in the deposition chamber
[7]-[9], grains exhibiting other orientations, such as (10-1),
(10-2) and (10-3), may also be present. The existence of
such misaligned grains is usually accompanied by other
structural defects that significantly reduce the piezoelec-
tric activity of the films, very likely because they stimu-
late the growth of grains with polarization opposite to the
dominant polarization, which cancels part of the piezo-
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electric response [10]. Additionally, highly e-axis-textured
films with poor piezoelectric activity containing grains
with opposite polar orientations have also been reported
[11]. Thus, the overall piezoelectric activity in polycrys-
talline films must be considered as the combination of
the individual responses of the different grains [6] and is,
hence, influenced by the crystal quality of the film, the
polar orientation of the microcrystals, and, of course, by
the intergrain regions in the film.

The driving of the piezoelectric AIN films used in
acoustic structures (SAW and BAW) requires electric
fields either parallel or perpendicular to the c-axis, which,
by virtue of the inverse piezoelectric effect, produce the
desired deformation that is propagated. Although the
piezoelectric coefficients (dj;) relating the electric field and
the strain in the different directions have well-defined val-
ues in monocrystalline films, the piezoelectric properties
of polycrystalline films are affected by the crystalline char-
acteristics of the film. In practical SAW and BAW devices,
the magnitude used to assess the effectiveness of energy
conversion from electrical to mechanical is the effective
electromechanical coupling coefficient (kZ;), defined as the
ratio between the mechanical power generated and the ap-
plied electrical power at the resonance. This coupling fac-
tor depends undoubtedly on the physical properties of the
polycrystalline AIN layer, but also on other external pa-
rameters, such as the device’s mechanical configuration
(mechanical isolation and losses) and the electrical para-
sitics (resistance of electrodes or dielectric losses of insula-
tors) [12], [13]. The use of physical models capable of
simulating the electrical frequency response of SAW and
BAW devices [14], [15] allows successful separation of the
contribution of the parasitics and geometrical effects,
which provides a ideal coupling coefficient dependent only
on the physical properties (elastic, dielectric, and piezo-
electric) of the piezoelectric films. This kind of analysis,
permitting independent assessment of the different contri-
butions to the overall response of acoustic devices, is very
convenient for optimizing both active material and device
design.

In this paper, we investigate the excitation and propa-
gation of acoustic waves in SAW and BAW devices as a
function of the piezoelectric and crystalline properties of
polycrystalline AIN films. The choice of these two kinds of
devices is based on the belief that the anisotropic nature
of the AIN polycrystalline films and presence of defects
may differently affect the excitation and propagation of
acoustic waves traveling in the plane of the film (Rayleigh
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SAWs) and those traveling normally to the film (longi-
tudinal BAWSs). To perform a reliable comparison, AIN
films used in SAW and BAW devices were grown in the
same run and on identical substrates to guarantee that the
films exhibited equal crystalline and piezoelectric proper-
ties. Likewise, special care has been taken to guarantee
that all SAW devices were composed of an identical set of
layers (AIN and underlying layers of identical thickness),
so that the crystal quality of the AIN film is the only
characteristic that has been varied. The influence of the
crystal orientation, grain size, and crystalline defects on
the excitation and propagation of longitudinal and trans-
verse acoustic waves is discussed.

II. EXPERIMENTAL TECHNIQUES

The substrates for BAW and SAW devices consisted of
silicon wafers covered with a low-density silicon oxide lay-
er, which was used as a simple acoustic mirror to confine
the BAWSs, coated with a 100-nm-thick sputtered Ir film
used as the bottom electrode of the BAW resonators. The
presence of the Ir layer was not required for SAW devices;
moreover, it distorted the frequency response of the delay
lines. However, it was kept to guarantee that the AIN films
under study possessed identical crystalline structure, inde-
pendent of the kind of device (SAW or BAW), because the
crystalline properties of AIN films are strongly affected
by the nature of the underlying substrate. AIN films of
1400 nm thickness were then deposited by pulsed direct
current magnetron sputtering under different deposition
conditions to vary their crystal quality: the voltage bias
of the substrate was varied from —30 to —80 V by apply-
ing a variable-power RF signal and the total pressure was
varied from 1.5 to 5 mTorr; the concentration of Ny in Ar
was kept at 70%. Other process parameters, such as the
time and the voltage of the substrate pre-etching, the to-
tal power, and the substrate temperature were also varied
to achieve AIN films with different characteristics. The
BAW and SAW devices were then completed by sputter-
ing a 200-nm-thick Mo film that was patterned to define
the top electrodes of the BAW resonators and the inter-
digital transducers (IDTs) of the SAW delay lines. The
targeted frequencies were approximately 2 GHz for the
BAW resonators and 120 MHz (wavelength of 40 pm) for
the SAW delay lines.

The structure of the different AIN films was assessed by
X-ray diffraction (XRD) measurements, infrared (IR) ab-
sorption spectroscopy in the reflectance mode, and atomic
force microscopy (AFM). All of the details for AIN charac-
terization are described in a previous work [10]. BAW reso-
nators were characterized by measuring the electrical reflec-
tion coefficient (S;;) at frequencies ranging from 100 kHz to
3 GHz, using a network analyzer (PNA N5230A, Agilent
Technologies Inc., Santa Clara, CA) connected to the sam-
ples through a Picoprobe coplanar RF probe (GBB Indus-
tries Inc., Naples, FL). The data were fitted to Mason’s
physical model [14] to derive the electromechanical cou-

pling factor of an ideal resonator operating in the longitudi-
nal thickness mode, which we will call kfaw. SAW delay
lines were stuck to a test fixture and the pads of the IDTs
were ultrasonically bonded to the test fixture using 25-pm-
wide aluminum wires. Their scattering parameters, Sy,
were measured between 100 kHz and 700 MHz with the
same network analyzer mentioned before. The experimental
spectra were fitted using our own simulation program based
on Campbell’s method [15], which has been described in a
previous work [16]. This fitting allowed elimination of all
the parasitic effects that distort the frequency response of a
real delay line, such as wiring effects (which add an induc-
tive impedance to the ground loop), substrate effects (elec-
tromagnetic feedthrough resulting from the conductive
character of the Si substrate and the underlying Ir layer),
or the effects related to the thicknesses of the layered struc-
ture (AIN/Ir/SiO,). After the fitting, we obtained the elec-
tromechanical coupling factor associated with the excita-
tion of a Rayleigh SAW in an ideal semi-infinite AIN
substrate, which we will call k35w, only dependent on the
AIN material properties and independent of the geometry
of the layered structure. The experimental resonant fre-
quency also allowed derivation of the acoustic velocity of
the SAW wugaw in the layered structure. The frequency re-
sponse of a BAW resonator and a SAW delay line fabri-
cated with identical AIN films is shown in Fig. 1. No at-
tempt was made to optimize the performance of the devices
(effective coupling factor and quality factor), because their
only purpose was to assess the piezoelectric activity of the
AIN films.

II1. PARTICLE DISPLACEMENT AND
ELECTROMECHANICAL COUPLING IN BAW AND SAW
DEVICES

The electromechanical coupling factor k2 in electrically
driven piezoelectric devices is defined as the ratio between
the stored mechanical energy and the input electrical en-
ergy. It can be expressed as

d* ¢
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where ¢ is the relative dielectric permittivity of the piezo-
electric material, ¢ is the elastic constant, and d is the
piezoelectric constant. The variables of this general rela-
tionship are vectors and tensors, so the expression must be
particularized for the different components of the electric
fields, deformations, and material constants.

The BAW resonators assessed in this work consist of a
c-axis-oriented AIN film sandwiched between two metallic
electrodes that excite a longitudinal wave which propa-
gates parallel to the c-axis, as shown in Figs. 2(a) and
2(c). The electromechanical coupling factor, kg v, of such
structures can be written as [17]
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Fig. 1. Frequency response of (a) a SAW delay line and (b) a BAW reso-
nator made with AIN films of high piezoelectric activity. After fitting the
data, the values of ki w and ki w are 1.2% and 6.4%, respectively.

where daa, cgl)g, and 55353 are the piezoelectric constant, the
elastic constant al constant electric displacement, and the
electric permittivity at constant strain, respectively, in the
c-axis direction.

On the other hand, in the SAW devices investigated
[see Fig. 2(b)], the exited Rayleigh wave propagating par-
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allel to the surface involves both a combination of shearing
and extensional motions [17]. Indeed, between the IDTs,
the field lies on the film plane perpendicular to the polar
axis; the resulting shear strains resulting from dj5; add to
the strains of dyg and ds; below the electrodes, as shown in
Fig. 2(d) [17], [18]. The relation between the coupling co-
efficient k3aw and the piezoelectric coefficients is already
given by (1) but particularizing it for the electric field and
deformations generated in the different direetions is not
straightforward. Additionally, in our layered structures,
the effective coupling coefficient k3, o also depends on
the film thickness-to-wavelength ratio and the position of
the transducer electrode (substrate—film boundary or at
the upper film surface). The highest effective coupling ef-
ficiency in layered structures is achieved at film thickness-
to-wavelength ratios of one-half [15], in which case, the
main contribution comes from the dx piezoelectric con-
stant [19]. In this work, the thickness of the AIN films
(1.4 pm) was considerably smaller than the wavelength of
the acoustic wave (40 pm); for this thickness-to-wave-
length ratio, the effective coupling factor is very likely
dominated by di3 [19].

IV. STRUCTURAL AND PIEZOELECTRIC
CHARACTERIZATION OF ALN T'ILMs

AIN films exhibiting diflferent crystal qualities were
subjected to a full structural, morphological, and piezo-
electric characterization, which included the determina-
tion of the corresponding k3w and kgaw through the
analysis of the frequency response of SAW and BAW de-
vices fabricated with them.

Fig. 3 shows the XRD patterns of four representative
AIN films. The films range from perfectly c-axis-oriented,
characterized by a single (00-2) reflection, to films exhibit-
ing a clear ¢-axis orientation but additionally containing
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Fig. 2. Electrodes for the driving of the piezoelectric films in (a) BAW and (b) SAW devices and the corresponding electric fields. Schematic drawing
of strains induced (¢) by dyz in BAW devices, and (d) by das, d3y, and djz below and between the electrodes in SAW devices. The pictures also show
the acoustic waves (dotted lines), their direction of propagation (double arrows), and the particle movement (single arrows).
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Fig. 3. X-ray diffraction (XRD) patterns of AIN films of different crystal
quality. The XRD reflections are depicted in logarithmic scale to empha-
size the weaker reflections.

different amounts of grains oriented in the (10-1), (10-2),
and (10-3) directions. It is important to remember that
the mtensity of the (10-1), (10-2), and (10-3) reflections is
not directly related to the real amount of grains with those
orientations; their low intensity can be explained by the
strict geometrical condition imposed by the type of XRD
experiment carried out (#/26 scan) [10]. Indeed, whereas
reflections with the {00-2} planes are observed regardless
of the basal orientation of the (00-2)-oriented grains, only
specific basal orientations of the tilted grains give {10-1},
{10-2}, or {10-3} planes parallel to the surface. These weak
peaks may actually correspond to a large amount of mis-
aligned grains. We have also observed that AIN films con-
taining misaligned grains usually have wide rocking curves
(RCs) around the (00-2)-AIN reflection, although these
two defects do not always appear together. Under some
deposition conditions, AIN films with narrow RCs exhibit-
ing traces of (10-1), (10-2), and (10-3) reflections can he
achieved; contrarily, AIN films with a single (00-2) reflec-
tion but RC with a full-width at halFmaximum (FWHM)
as high as 10° have also been deposited. Clear evidence
of the presence of inclined grains is provided by the IR
absorption measurements shown in Fig. 4.

In the hexagonal AIN wurtzite structure, two vibra-
tional modes are infrared active: the Al mode, associ-
ated with the N-Al bonds parallel to the c-axis, and the
E1l mode, related to the ALN bonds lving in the basal
plane of the wurtzite structure [20], [21]. Because these
two modes are polar, they split into longitudinal optical
(LO) and transverse optical (TO) components, which ap-
pear at around 900 and 660 cm 1, respectively. According
to Snell’s law of diffraction, and considering the directions
of the bonds related to the Al and 1 modes, under nor-
mal incidence the reflectance spectra of AIN films contain-
ing only (00-2)-oriented grains exhibit a single A1(LO)
mode, whereas films containing tilted grains show, addi-
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Fig. 4. Infrared absorption spectra in the reflection showing the region
corresponding to the LO modes of films of Fig. 3.
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Fig. 5. Atomic force microscopy images of the surface of AIN films with
different E1(LO)/A1{LO) ratios.

tionally, the E1(LO) mode [22]. Fig. 4 confirms the results
indicated hy XRD characterization; indeed, a gradual in-
crease of the intensity of the E1(LO) mode is observed
as the amount of tilted grains in the samples grows. We
have used the ratio of the intensities E1(LO)/A1(LO) as
a quantitative measurement of the crystal quality of the
samples, the erystal quality is greater for lower values of
the ratio.

Fig. 5 shows the AFM images of the surface of two
characteristic AIN films of different crystal quality, char-
acterized by different 1(LO)/A1(LO) ratios. We have
verified that films of thickness ranging from 0.5 to 1.5 pm
exhibit a similar surface, which suggests that, apart from
the interfacial region corresponding to the very first stages
of growth, the AIN bulk structure is very likely similar
Lo the surface structure. It is important to note that all
of the films exhibit, to a greater or lesser extent, round
features corresponding to the top view of the hasal plane
of (00-2)-oriented grains, which appear to have a uniform
size (around 30 nm) in the good-crystal-quality films [T"ig.
5(a)]. Additionally, as the E1(LO)/A1{LO) intensity ratio



increases, faceted structures, identified as stacked tilted
grains, are more and more visible at the surface of the AIN
films. According to the three techniques, films with a high
density of tilted grains still have an important population
of c-axis-oriented microcrystals, although their size in the
basal plane seem to be less uniform.

To investigate to what extent the polycrystalline struc-
ture of the previously described AIN films may affect the
propagation of acoustic waves traveling in the directions
parallel and normal to the c-axis, we have depicted in Fig.
6 the electromechanical coupling coefficients kf,yw and
k3yw as a function of the crystal quality of the samples,
represented by the ratio E1(LO)/A1(LO).

It is clear that the two coefficients, ki w and kdaw,
decrease dramatically as the amount of tilted grains in-
creases, confirming that excitation and propagation of
both surface and bulk waves depend significantly on the
crystal quality. However, this effect seems to be more se-
vere for the surface waves. Indeed, if we depict k3w as a
function of kj,w (see Fig. 7) for the films used in Fig. 6,
we observe that the films with poorer texture [greater
E1(LO)/A1(LO) ratios| exhibit some piezoelectric activity
in the longitudinal direction but they do not possess any
piezoelectric activity in the transverse direction.

The drop of the piezoelectric activity observed in BAW
devices as the crystal quality worsens can be easily ex-
plained. First, it is important to note that a widening of
the RC alone does not produce a significant deteriora-
tion of the piezoelectric activity, unless other defects are
also present in the samples. This result can be predicted
by simple geometrical considerations [23]. On the other
hand, the presence of inclined grains with orientations
others than (00-2) is clearly linked to the reduction of
the piezoelectric activity. However, the considerable drop
that takes place as soon as a few inclined grains appear
in the sample suggests that there are very likely other
mechanisms involved in the reduction of the piezoelectric
activity. Indeed, the presence of tilted grains has been
associated in previous works [10] with the appearance of
regions in the polycrystalline film with opposite polar ori-
entations; so, as the amount of tilted microcrystals in-
creases, not only is the amount of c-axis-oriented grains
decreased, but additionally these may exhibit opposite po-
larity leading to a partial cancellation of the piezoelectric
activity. XRD patterns of the films show that all of the
films contain, to a greater or lesser extent, c-axis-oriented
grains that are responsible for the longitudinal deforma-
tion upon the application of the electric field. Moreover,
AFM images of the films surface suggest that even the
films with the poorest texture may exhibit some areas free
of tilted grains along the 1400-nm thickness of the film.
Because it is very unlikely for the two populations of c-ax-
is-oriented grains with opposite polarity to be equal, some
longitudinal piezoelectric activity should be observed, as
the electrical measurements reveal.

The presence of tilted grains and, hence, of inverted
domains in the films also leads to the degradation of the
piezoelectric activity in SAW devices. However, other
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Fig. 6. Electromechanical coupling factors k2, (triangles) and k2, (cir-
cles) for different AIN films as a function of the E1(LO)/A1(LO) ratio.
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Fig. 7. as a function of k3 4 for all AIN films depicted in Fig. 6.

mechanisms have to be taken into account here. First, one
must consider that the propagation of the SAWs takes
place in the transverse direction, normally to the c-axis-
oriented microcrystals. Second, we must bear in mind that
the SAW propagates along a considerably large distance,
compared with the thickness of the AIN layer. Therefore,
the propagation of the wave requires the polycrystalline
fiber-grain structure characteristic of the sputtered films
to be very tightly coupled to preserve the shearing and
extensional motions [24]. Previous works have shown that
films of low piezoelectric quality and high propagation loss
have a lower density and more loosely bound microstruc-
ture [25], which seems to be the case of our low-quality
films, as suggested by AFM images. To investigate wheth-
er the crystalline defects responsible for the decrease of
k3sw also have a detrimental effect on the propagating
velocity, vgaw, We have depicted in Fig. 8 the values of
k3yw and wgaw as a function of the crystal quality of our
samples. We observe that the two magnitudes decrease
simultaneously, which indicates that both excitation and
propagation of surface waves are hindered by the presence
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Fig. 8. Sound velocity of the surface acoustic wave vgaw (solid circles)
and k2w (open circles) as a function of the full-width at half-maximum
(FWHM) of the rocking curves (RC) around the (00-2)-AlIN reflection.

of tilted microcrystals. It is important to note that the
value of wgaw, deduced from the frequency response of
SAW delay lines, is a combination of the sound velocity in
the AIN films and the sound velocity in the layers of the
underlying substrate. Because substrate layers are kept
constant for all of the SAW devices analyzed, we can at-
tribute the observed slowing down of the surface waves to
the degradation of the AIN layers. Although the reduction
of the overall velocity is apparently slight, this actually
corresponds to a significant variation of the velocity in the
AIN film, because of the low film thickness-to-wavelength
ratio used in these experiments.

V. CONCLUSION

The morphology, crystalline structure, and dipole ori-
entation of AIN polycrystalline films critically affect the
longitudinal and transverse excitation and propagation of
acoustic waves. To efficiently excite BAWs propagating in
the longitudinal thickness mode, highly c-axis-oriented
AIN films with a homogeneous dipole orientation are re-
quired. The k§,w decreases if the layers contain crystal-
line defects that stimulate the growth of microcrystals
with different polar orientation that partially cancel the
piezoelectric activity. However a total annihilation of the
piezoelectric effect in the longitudinal direction cannot be
achieved, because the presence of a residual population of
c-axis-oriented grains with identical polar orientation al-
ways induces some piezoelectric activity. The influence of
the misaligned grains and their grain boundaries are sec-
ond-order effects in the decrease of k3,w. The require-
ments to excite and propagate SAWs are more demand-
ing; not only are high-quality films necessary for the
efficient excitation of the transverse waves, but addition-
ally these films must exhibit a polycrystalline fiber-grain
structure with very tightly coupled microcrystals to pre-
serve both the shearing and extensional motions. Other-
wise, the acoustic properties of the films are seriously de-

graded, which can lead to the total annihilation of the
piezoelectric activity in the transverse direction.
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