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ABATRACT

To investigate the effect of AIN c-axis orientation on the resonance performance of film bulk acoustic wave resonators, solidly
mounted resonators with crystallographically different AIN piezoelectric films were prepared by changing only the bottom elec-
trode surface conditions. As increasing the degree of c-axis texturing, the effective electromechanical coupling coefficient (k‘,ff)2 in
resonators increased gradually. The least 4 degree of full width at half maximum in an AIN (002) rocking curve, which corre-
sponds to k2 ¢ of above 5%, was measured to be necessary for band pass filter applications in wireless communication system.
The longitudinal acoustic wave velocity of AIN films varied with the degree of c-axis texturing. The velocity of highly c-axis tex-
tured AIN film was extracted to be about 10200 m/s by mathematical analysis using Matlab.
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1. Introduction

he interest in the thin Film Bulk Acoustic Wave Reso-

nators(FBARs) acoustically isolated from substrates
has recently been stimulated by modern trends in the devel-
opment of communication systems such as the handling of
higher frequency and its higher reliability, the improve-
ment in electrical parameters and miniaturization. FBARs
are well fit to this requirements.”® Among the candidate
pezoelectric materials for FBARs, AIN and ZnO thin films
have been used successfully as the piezoelectric layer in
FBARs.® Ferroelectric PbZr, Ti O,PZT) series was also
adopted for piezoelectric layer in FBARs due to the higher
electromechanical coupling coefficients.” In this report, we
used the reactively sputtered AIN piezoelectric film due to
same demerits of ZnO and PZT films, such as lower longitu-
dinal acoustic wave velocity, semiconducting properties of
ZnO and piezoelectric properties dependence of PZT on the
substrate properties.”

The basic structure of a FBAR is a piezoelectric film sand-
wiched between two electrodes. But, the practical FBARs
require acoustic isolation from the substrate to prevent any
energy leakage. There are two types of FBAR in methodol-
ogy to make the extremes of mechanical impedance that
tend to keep the wave confined within a desired volume."
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One is the so-called Solidly Mounted Resonator(SMR). The
acoustic isolation from the substrate can be obtained by
means of a Bragg reflector that is composed of several pairs
of quarter wavelength layers with the high acoustic imped-
ance contrast. The second structure takes advantage of the
low acoustic impedance of air or vacuum and needs either
bulk or surface micromachining in order to create an air gap
between substrates and resonating films. The SMR struc-
ture is favorable for integration and can be fabricated on a
wide variety of substrates. Multiple reflections from the
interfaces form a standing wave approximating a free sur-
face reflection. If the layers are composed of altering low
and high mechanical impedance materials, the reflections
are large and the effect is to reduce the substrate impedance
to near zero.

In bulk acoustic wave resonators, the piezoelectric cou-
pling constant (%) of piezoelectric films determines the max-
imum bandwidth of FBAR Band Pass Filters(BPF).? In
hexagonal AIN piezoelectric films, the higher degree of c-
axis texturing, the higher k, due to the highest value of
piezoelectric constant along c-axis. However, influences of
the degree of c-axis texturing of AIN films on the resonance
properties of SMRs have not been reported in detail so far.
Therefore, the knowledge of the correlation between the c-
axis texturing of AIN films and achievable bandwidth is
great importance.

In this study, the relationship between the achievable
bandwidth of BPFs and the degree of AIN c-axis orientation
in SMRs will be investigated. The degree of c-axis texturing
of AIN films was controlled only by changing the bottom
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electrode surface conditions. And, the acoustic wave velocity
of AIN piezoelectric films will also be extracted by mathe-
matical analysis.

2. Experimental Procedures

Resonators composed of AIN thin film with top and bot-
tom metal films were deposited on the Bragg reflector. To
make the Bragg reflector, W and SiO, of quarter wave-
length thickness were in-situ deposited on the Si (100) sub-
strate by dc and rf magnetron sputtering, respectively. The
impedances of W and SiO, were approximately 101.5 and
12.7 (units of 10° kg/m?), respectively.” AIN and Mo were
chosen as a piezoelectric layer and an electrode, respec-
tively. The aluminum nitride thin films were deposited by
an rf magnetron sputtering system with a base pressure of
5% 107 Torr. The rf discharge power was 550 W with less
than 1% reflected power by using a reactive Ar/N, gas mix-
ture with 20% N,. The sputtering pressure was chosen to be
10 mTorr. A 3 inch diameter Al target with a purity of
99.999% was used with a cathode to substrate distance of
8 cm. The substrate was not heated and only depended on
self-heating of the plasma. In order to control the degree c-
axis texturing of AIN films, Mo bottom electrodes were
deposited on the Bragg reflector by changing the sputtering
pressures as mentioned in our earlier report.”

After making reflector layers, a bottom Mo electrode was
deposited and etched. AIN and top Mo electrode were depos-
ited and patterned by wet etching. The active area of reso-
nators was chosen to be 200x200pm® for the 50Q
impedance matching with measuring system for 1.9 GHz
range. The impedance of FBAR was dependent on the area,
as described in our other report in detail.'” The degree of c-
axis orientation of the AIN film was analyzed by X-Ray
Diffraction (XRD) and rocking curve. The thicknesses and
microstructures of the films were observed using a field
emission Scanning Electron Microscope (SEM; Hitachi). For
the measurement of the electromagnetic wave reflection S,
the HP8753ESinetwork analyzer was used. Before the mea-
surements, the microwave probes and the network analyzer
were properly calibrated. The calibration was performed for
each sample and frequency band measurement. Using the
obtained S-parameters, all other parameters of the struc-
ture such as the magnitude of electric impedance and the
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phase of electric impedance were calculated. Matlab and
HP-ADS programs are then used to create a relational data-
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Fig. 1. XRD (a) and AIN (002) plane rocking curve (b) of the
various SMRs as a function of Mo electrode deposi-
tion pressure as described in Table 1. The degree of
AIN c-axis texturing was controlled by the surface
conditions of bottom Mo films.

Table 1. Structural and Material Properties of AIN Films, which have Different c-axis Texturing and Mo Based SMRs with 5-layers

Reflector Composed of SiO, and W in this Study

Mo electrodes

5 layers Bragg reflector

Specimen ) (002)-onented AIN piezoelectric films (Si0/W/Si0,/W/Si0,/Si)
i
. P, ition . FWHM estimated acoustic . .
thickness ( ndl o;r) thlckness in o-scan velocity (m/s) SiO, (dow Z) W (high Z)
SMR1 1 2.63° 10200
SMR2 2.5 3.20° 9950
0.2 1.57 0.53 .68
SMR3 wm 5 57 pm 6.05° 9730 wm 068 pm
SMR4 10 10.62° 9120
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base, where basic parameters (such as series and parallel
resonant frequencies, quality factor (@) and effective elec-
tromechanical coupling coefficient (k2y) were extracted
from each device data file.

3. Results and Discussion

In order to find only the influence of AIN film quality on
the resonance properties of SMRs, piezoelectric AIN and Mo
elactrode thickness are kept to be same as 1.57 and 0.2 pm
in 4 types SMRs, respectively. The Bragg reflector consists
of three SiO, layers and two W layers. The 0.68-um-thick W
film was chosen as the high acoustic impedance material
and the 0.53-um-thick SiO, as the low acoustic impedance
material in the Bragg reflector. The c-axis orientation of
AIN films, which deposited at the same conditions, was con-
trolled by the different surface conditions of Mo electrodes,
as described above. The structural and material properties
of four types SMRs were summarized in Table 1.

Fig. 1 show the XRD patterns and AIN (002) plane rocking
curve of the SMRs composed of Mo/AIN/Mo and 5-layers
Bragg reflector (0.53 um-SiO,/0.68 pm-W/SiO,/W/SiO,/Si).
In the XRD 6-26 measurement mode, diffraction peaks orig-
inating from other AIN planes than (000l) could not be
detected in all SMRs. As expected, the intensity of AIN (002)
plane increased as decreasing the sputtering pressure in Mo
electrode deposition from SMR4 to SMR1. In SMR4, (004}
peak was not observed. This difference was attributed to the
weak normal alignment to the substrate of the (001) AIN

Fig. 2. Cross-sectional SEM of the various SMRs as described in Table 1. The Bragg reflectors are the same but only the crystal-
line property of AIN films is different. (a) SMR1, (b) SMR2, (c) SMR3, and (d) SMR4.
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unit cell. The degree of c-axis texturing can be measured by
rocking curve. The full widths at half maximum (FWHMs)
in rocking curve were 10.62°, 6.05, 3.20, and 2.63° in SMR4,
SMR3, SMR2, and SMR1, respectively. Using these differ-
ences, it can be investigated that the direct relationship
between the crystallographic properties of AIN film between
the resonant properties of SMR.

To check and confirm the structural properties, we mea-
sured cross-sectional morphologies of SMRs as a function of
the Mo sputtering pressure, as shown in Fig. 2(a), (b), (c),
and (d) which represented SMR1, SMR2, SMR3, and SMR4,
respectively. In all cases, the same Bragg reflector layers
were used. It is found that the each layer in SMRs has the
nearly same thickness, but only the microstructures of AIN
piezoelectric are quite different. As decreasing the degree of
c-axis texturing of AIN films, the columnar boundary of AIN
films became visible and irregular, as shown in Fig. 2(d).

The S, scattering parameter was measured around the
fundamental thickness resonance mode of the SMRs fabri-
cated by using highly textured AIN films deposited on the
controlled Mo electrode. The most important figures of
merit for a FBAR are the effective coupling coefficient, k2
and the quality factor, Q. The effective coupling coefficient
is defined as:

Lr]l; ,
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where the f, and £, are the measured parallel and series
resonance frequencies which correspond the maximum and
minimum impedance point, respectively. k% of a resonator
is closely related with the piezoelectric coupling constant (%,
of AIN piezoelectric films, as below equation at the longitu-
dinal acoustic wave fundamental resonance.

k2=t

1R @)

And, &, is dependent on the c-axis texturing property of
AIN films, which is determined by rocking curve.? The @
values of SMR can be calculated by differentiating the
impedance phase ¢,

_f:0992 3
Qop="5 i )
which is to be evaluated at the series and parallel reso-

nance frequencies. The corresponding impedance magni-
tude (Z) and impedance phase of SMR1 and SMR4 are
displayed in Fig. 3(a) and (b), respectively. These two SMRs
had the big difference of AIN c-axis texturing property, as
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Fig. 3. Narrow band impedance magnitude (a) and phase (b)
of the two SMRs having different degree of c-axis tex-
turing property. The values of FWHM in AIN (002)
rocking curve of SMR1 and SMR4 were 2.63° and
10.62°, respectively.

Vol. 40, No.4

described Table 1. As a consequence, the gap between f, and
f, in SMR1 and SMR4 was about 46 and 20 MHz, respec-
tively. In spite of the same thickness, the resonance fre-
quencies were also different, which correspond to the
different acoustic velocity of (002)-oriented AIN films. From
the mathematical analysis based on a fundamental one-
dimensional Bulk Acoustic Wave(BAW) composite resona-
tor expression,'? we estimated the acoustic velocity of AIN
films with different orientation. The acoustic velocity, as
shown in Table 1, was decreased as decreasing the degree of
c-axis texturing. The longitudinal acoustic velocity of c-axis
textured AIN film was estimated to be about 9120 to 10200
m/s.

Fig. 4(a) showed the relationship between (kZ;) and the
degree of c-axis texturing of AIN films. As decreasing the
FWHM of (002) plane by rocking curve and enhancing the c-
axis texturing, k2 and k, increased gradually. In SMR1
with a rocking curve FWHM of 2.63°, k2 of 5.5% was calcu-
lated from the fundamental resonance. In this case, the
piezoelectric coupling constant (k,) of AIN piezoelectric films
was 0.24, which comparable to the intrinsic value of 0.25.'

For band pass filter for PCS and WLAN, the minimum
bandwidth is requested such as 60 and 200 MHz, respec-
tively.'*' To meet this specification, 22y of SMRs should be
above 5%. One can find from Fig. 4(a) that this requirement
is satisfactory if the value of FWHM is below 4 degree. On
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Fig. 4. Effective electromechanical coupling coefficient (kZy)
and piezoelectric coupling constant (k) (a) and @ fac-
tors (b) of the various SMRs as a function of AIN (002)
rocking curve FWHM.
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the other hand, the quality factor , and @, at series reso-
nance and parallel resonance do not seem to be dependent
on the AIN film texturing property, as shown in Fig. 4(b).
These results might be considered as the more complex ori-
gins of quality factor, such as the quarter-wavelength mis-
match of Bragg. reflector resulting from film uniformity
preblem, the different resonance frequency, electrical loss
and acoustic wave propagation loss.'®

4. Conclusions

The relationship between 22; of SMRs and the degree of
AIN c-axis orientation was investigated in this study. As
increasing the degree of c-axis texturing in AIN films, the
kZy in resonators increased gradually. In the case of the
AIN piezoelectric thin film with a rocking curve FWHM of
2.63°, k2, and piezoelectric coupling constant (k,) were to be
5.5% and 0.24, respectively. It was found that the least
FWHM of 4°, which corresponds to &% of above 5%, was
neeessary in application for personal communication system
and wireless local area network band pass filters. The longi-
tudinal acoustic wave velocity of AIN films was also
decreased as decreasing the degree of c-axis texturing. In c-
axis textured AIN film showing a FWHM of 2.63°, the
acoustic wave velocity was about 10200 m/s.
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