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Sample A Sample B Sample C 

Preferred orientation (0001) (1120) (1120)

Substrate position Off-axis On-axis On-axis

RF power 200 W 200 W 200 W

Substrate temperature 250°C 250°C 250°C

Total gas pressure 0.9 Pa 0.15 Pa 0.15 Pa

Deposition rate 1.16 μ m/h 1.3 μ m/h 1.3 μ m/h

Deposition time 4.5 hours 4 hours 2 hours × 2

Gas composition
ratio (Ar/O2)

3  1/3  1/3

This paper presents pure-shear mode film bulk acoustic wave resonators (FBARs) based on the (112 0) 
textured ZnO and AlN films. We have also introduced FBAR structure consisting of two layers of the (1120) 
textured ZnO film with opposite polarization directions. This FBAR structure operated in second overtone pure-
shear mode, and allowed shear-mode FBARs at higher frequency. For ZnO films, the effective 
electromechanical coupling coefficients k2

eff of pure-shear mode FBAR and second overtone pure-shear mode 
FBAR in this study were found to be 3.3% and 0.8%, respectively. The temperature coefficient of frequency 
(TCF) for three types of FBARs were measured in the temperature range of 10–60 ºC. TCF values of –63.1 
ppm/ºC, –34.7 ppm/ºC, and –35.6 ppm/ºC were found for the thickness extensional mode FBAR, the pure-shear 
mode FBAR, and the second overtone pure-shear mode FBAR, respectively. These results demonstrated that 
pure-shear mode FBARs have more stable temperature characteristics than the conventional thickness 
extensional mode FBARs. For AlN films, we report the first synthesis of the (1120) textured AlN film on a silica 
glass substrate. Shear wave excitation in the GHz range was demonstrated using AlN high overtone bulk 
acoustic resonator (HBAR) structure. 

1 Introduction 

Film bulk acoustic resonators (FBARs) have attracted 
interest not only as telecommunication components but also 
as sensors in the UHF range [1-5]. (0001) textured ZnO or 
AlN piezoelectric polycrystalline films have been widely 
used for the FBARs because their c-axis tends to grow 
perpendicular to the substrate plane. These (0001) textured 
FBARs operate in thickness extensional (TE) mode. To 
excite thickness shear (TS) mode, c-axis tilted ZnO or AlN 
films have been commonly used. These films operate in 
quasi-TS mode, and in general, excites quasi-TE mode 
simultaneously [6-9]. In contrast, (1120) textured films, the 
crystallites c-axis of which is aligned unidirectionally in the 
substrate plane, enable excitation of pure-TS mode [10, 11]. 
Pure-TS mode FBARs have a number of potential 
advantages compared to TE mode FBARs, such as their 
more stable temperature characteristics, smaller size, and 
sensors for liquid-phase.  

In this study, TE mode FBAR and pure-TS mode FBAR 
were fabricated using (0001) textured ZnO films and 
(11 2 0) textured ZnO films, respectively. We also 
introduced second-order TS FBAR consisting of two layers 
of (1120) textured ZnO film with opposite directions of 
polarization. The second-order mode resonance enables the 
resonator to operate in a higher frequency range. The 
temperature characteristics of pure-TS mode FBAR and 
second-order TS mode FBAR are discussed in comparison 
with TE mode FBAR.  

In addition, this paper reports the first synthesis of the in-
plane oriented (1010) and (1120) textured AlN films on a 
silica glass substrate. Piezoelectric properties of the film 
were also investigated using high overtone bulk acoustic 
resonator (HBAR) structure. 
 

2 ZnO film resonator fabrication 

Three types of ZnO FBAR samples, labeled samples A, B 
and C with almost the same film thicknesses were prepared. 
These samples consisted of Ni electrode layer (0.10 or 0.16 
μm)/ZnO piezoelectric layer (5.0 or 5.2μm)/Al or Cu 
electrode layer (0.10 or 0.16μm)/silica glass substrate 

(25×75×0.5mm3). Sample A consisted of a (0001) textured 
ZnO layer, sample B consisted of a (1120) textured ZnO 
layer, and sample C consisted of two layers of (11 2 0) 
textured ZnO with opposite polarization. We attempted to 
fabricate TE mode, pure-TS mode, and second-order pure-
TS mode FBARs using samples A, B, and C, respectively. 

These ZnO layers were deposited using an RF magnetron 
sputtering apparatus (RFS-200, Ulvac). The substrate was 
set outside of the discharge region in (0001) textured layer 
deposition (off-axis sputtering, sample A), whereas the 
substrate was set inside the discharge region in (11 2 0) 
textured layer depositions (on-axis sputtering, samples B 
and C). During the depositions of the (1120) textured layer, 
the substrate was moved forward and backward at a speed 
of 3.2 mm/min. using a vacuum motorized stage, and the 
substrate was set behind a glass collimator (10×25 mm). 
This yielded the layers of uniform thickness. The sputtering 
deposition conditions for the (0001) textured layer and the 
(11 2 0) textured layer are listed in Table 1. To increase 
energetic particle bombardment on the film, the (11 2 0) 
textured layer was deposited under the relatively low 
sputtering gas pressure of 0.15 Pa. Optimization of 
deposition conditions for the (11 2 0) textured layer was 
described previously [12]. In sample C, the layer was 
deposited twice, as shown in Fig. 1, to obtain two layers 
with opposite polarizations. The lower ZnO piezoelectric 
layer was deposited first, and the upper ZnO layer was next 
deposited after turning the substrate position 180º from the 
first deposition. Finally, the membrane structures were 
easily formed by peeling the film layers off the glass 
substrate.  
 

Table 1 Deposition conditions of the samples. 
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Sample A Sample B Sample C
Piezoelectric film (0001) ZnO (1120) ZnO (1120) ZnO

ρ  (kg/m3) 5665 5665 5665
V (m/s) 6370 2830 2830
l (μ m) 5.2 5.2 2.5+2.5

Top electrode Ni Ni Ni

ρ e 1 (kg/m3) 8600 8600 8600
V e 1 (m/s) 6040 3000 3000
l e 1 (μ m) 0.16 0.16 0.10

Counterelectrode Al Al Cu

ρ e 2 (kg/m3) 2700 2700 8300
V e 2 (m/s) 6420 3040 2270
l e 2 (μ m) 0.16 0.16 0.10

Resonant mode Thickness
extension

Thickness
 shear

Thickness
shear

 
 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

Fig.1 Deposition process of sample C. The layer was 
deposited twice to obtain two layers with opposite 
polarization. 

 

3 Characteristics of the ZnO resonators 

3.1 Crystallite orientation 

In the XRD patterns, an intense (0002) peak was observed 
in sample A, whereas, (10 1 0) and (11 2 0) peaks were 
observed in sample B and C. These results clearly indicated 
that the crystallite c-axis in the sample A grew 
perpendicular to the substrate plane, while those in sample 
B and C grew parallel to the substrate plane. Sample A was 
expected to excite TE mode, while samples B and C excite 
pure-TS mode. 

The crystallite c-axis orientation in the in-plane direction 
for sample B and C were determined by X-ray pole figure 
analysis. The results indicate that the crystallites c-axes in 
sample B and C are aligned unidirectionally in the anode 
center-edge direction. 

 

3.2 Frequency response 

The input admittance characteristics of samples A, B, and 
C were measured using a network analyzer (E5071B, 
Agilent Technologies) through a microwave probe 
(Picoprobe model 10 GGB Industries). In addition, input 
admittance characteristics of TE mode FBAR and pure-TS 
mode FBAR were simulated by one-dimensional Mason’s 
equivalent circuit models [13] including thin electrode 
layers. Input admittance characteristics of second-order 
pure-TS mode FBAR consisting of two piezoelectric layers 
with opposite polarization directions were simulated using 
modified one-dimensional Mason’s equivalent circuit 

models as described previously by Saitoh et al. [14]. The 
density, velocity, and thickness of each layer used for the 
simulation are listed in Table 2. Longitudinal wave velocity 
Vl, shear wave velocity Vs, and density ρ of ZnO 
piezoelectric layers were assumed as ZnO single crystal 
values [15]. 

The experimental input admittance characteristics of 
samples A, B, and C are shown as red solid lines in Figs. 2 
(a), (b), and (c), respectively. Intense resonant responses 
were observed around 554 MHz and 253 MHz for samples 
A and B, respectively. Comparison of the simulated 
admittance characteristics (green dashed line) indicates 
clearly that sample A operates in TE mode and sample B 
operates in pure-TS mode. In sample A, there is 
discrepancy between the experimental curve and simulated 
curve. This may be caused by the error of thickness 
measurement of the ZnO layer or the difference in 
longitudinal wave velocity between polycrystalline ZnO 
and single crystalline ZnO. The effective electromechanical 
coupling coefficient k2

eff of TE mode resonator and pure-TS 
mode resonator, composed of ZnO single crystal, were 
8.4% and 6.7%, respectively [15]. The experimental k2

eff 
values of TE mode resonance in sample A and of pure-TS 
mode resonance in sample B were then determined as kl

2
eff 

= 5.9% and ks
2
eff = 3.3%, respectively. Experimental k2

eff 
values of the present resonators were calculated from 
parallel and series resonant frequencies which are the 
maximum of the real parts of input impedance and 
admittance, respectively. In sample B, slight responses 
appeared at 504 MHz, 546 MHz, and 748 MHz, which 
correspond to second-order pure-TS mode, fundamental TE 
mode, and third-order pure-TS mode, respectively. In 
sample C, intense second-order pure-TS mode was 
successfully excited. In contrast, the fundamental and third-
order pure-TS modes were disappeared entirely. The 
theoretical k2

eff value of second-order pure-TS mode was 
estimated as 5.4%, and a k2

eff value of 0.8% was obtained 
experimentally in sample C. As we have seen, although the 
effective electromechanical coupling coefficient decreases, 
the second-order harmonic mode operation is one of the 
ways of increasing operating frequency of FBARs. 

 

Table 2 Properties of each layer in the equivalent 
circuit model. 
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Fig.2 Input admittance characteristics of (a) sample A, (b) 
sample B, and (c) sample C. These resonator 
samples have almost same thickness.  

 

3.3 Temperature characteristics 

The resonant frequencies of piezoelectric resonators 
change with temperature due to changes in elasticity and 
thermal expansion of the piezoelectric layer. The 
temperature coefficient of frequency (TCF) depends 
dominantly on the temperature coefficient of the elastic 
constant, because the thermal expansion effect is one order 
less than the effect of the change in elasticity. Pure-TS 
mode ZnO FBAR is expected to exhibit lower TCF than TE 
mode and quasi-TS mode ZnO FBARs because the 
temperature coefficient of the elastic constant c44 has a 
smaller value (–0.69 ×10-4/ºC) than c33 (–1.23 ×10-4/ºC) for 
ZnO bulk single crystal (the effects of thermal expansion 
are included) [16]. The TCF can then be roughly estimated 
as –34.5 ppm/ºC for pure-TS mode resonator and –61.5 
ppm/ºC for TE mode resonator. 

TCF of TE mode FBAR (sample A), fundamental pure-
TS mode FBAR (sample B), and second-order pure-TS 
mode FBAR (sample C) were measured in the temperature 
range of 10–60 ºC using a heating unit (LK-600PM, Japan 
High Tech). As shown in Fig. 3 (a), (b), and (c), the parallel 
resonant frequencies of resonators decreased linearly with 
increasing temperature. By fitting these plots with the linear 
function, TCF = –63.1 ppm/ºC for the TE mode resonator, –
34.7 ppm/ºC for the fundamental pure-TS mode resonator, 
and TCF = –35.6 ppm/ºC for the second-order pure-TS 
resonator were determined. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.3 Temperature characteristics of parallel resonant 
frequency of TE mode FBAR (sample A), pure-TS 
mode FBAR (sample B), and second-order pure-TS 
mode FBAR (sample C).  

4 (1010) and (1120)AlN film resonators 

4.1 (1010) and (1120) textured AlN film 

ks
2
eff value of the (1120) textured AlN films (ks

2 =2.7%) is 
smaller than that of ZnO films (ks

2 =6.7%). However, the 
acoustic velocity, electrical breakdown strength, and 
chemical stability in AlN film are better than those in the 
ZnO films. In addition, temperature coefficient of elastic 
constant c44 and intrinsic acoustic attenuation of the AlN is 
expected to have smaller value than that of ZnO. These 
characteristics of AlN film seems to be suitable for FBAR 
sensors. Synthesis of (10 1 0) textured films have been 
reported using planar sputtering [17] or ion beam sputter-
deposition [18]. We here report the first synthesis of in-
plane and out-of plane oriented (1010) or (1120) textured 
AlN films. 

 

4.2 AlN film deposition 

Ion beam sputtering deposition system with single ion gun 
was used for AlN film deposition. This ion gun plays two 
roles, sputtering nitrided Al metal target and bombarding 
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the substrate surface. Nitrogen ion beam with 3 keV was 
irradiated normal to the target surface and parallel to the 
substrate surface simultaneously during the deposition. A 
similar deposition system has been reported for a diamond 
film deposition [19]. A total gas pressure of 0.02 Pa, and a 
nitrogen gas flow of 10 ccm were set during deposition. 
AlN films were deposited on the two types of substrates: 
silica glass substrate (sample D) and Al electrode film/silica 
glass structured substrate (sample E). Substrate 
temperatures during the deposition of sample D and E were 
around 200 ºC and 400 ºC, respectively. 

 

4.3 Crystallite orientation 

Figure. 4 show the XRD patterns of the sample D and E. 
(1010) and (1120) peaks were observed in the XRD pattern. 
(0002) peak was not observed in the both sample. FWHM 
values of the (1120) ω-scan rocking curve were found to be 
4.6º. Figure 5 shows the (1122) pole figure of the sample D. 
FWHM values of φ-scan profile curve in (1122) pole of the 
film were found to be 23º. These results show high in-plane 
and out-of-plane (1120) preferred orientation.  

 
 
 
 
 
 
 
 
 
 
 
 

Fig.4 XRD patterns of sample D (AlN/Silica glass)  
 and E (AlN/Al/Silica glass). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 (1122) pole figure of (1120) textured AlN film 
(sample D). 

4.4 Piezoelectric properties 

A Cu film was then evaporated on the sample E as a top 
electrode of the HBAR. Figure 6 shows the impulse 
response of the resonator, which was obtained by taking the 
inverse Fourier transform of the reflection coefficient S11. 
Shear wave echo train reflected from the bottom substrate 
surface and the top film surface was clearly observed 
without any excitation of longitudinal waves. 

 
 
 
 
 
 
 
 
 
 
 
Fig.6 Schematic diagram of pure-TS mode HBAR and 

impulse response of the resonator. Longitudinal 
and shear waves propagate in the 0.5-mm-thick 
silica glass substrate at respective velocities of 
3770 m/s and 5960 m/s so that their echoes should 
be observed at 168 ns and 0.265 ns, respectively. 

5 Conclusion 

Pure-TS mode FBARs and HBARs consisting of (1120) 
textured ZnO or AlN films were prepared. The effective 
electromechanical coupling coefficient k2

eff of the pure-TS 
mode ZnO FBAR was estimated as 6.7%. The pure-TS 
mode ZnO FBAR had a more stable TCF value of –34.7 
ppm/ºC as compared with the value of –63.1 ppm/ºC for the 
conventional TE mode ZnO FBAR. These results are in 
good agreement with the estimated ZnO single crystal 
resonator TCF, –61.5 ppm/ºC and –34.5 ppm/ºC for TE 
mode and pure-TS mode, respectively, Furthermore, 
second-order pure-TS mode FBAR consisting of two layers 
of (1120) textured ZnO films with opposite directions of 
polarization were also realized. This resonator showed 
intensive second-order pure-TS mode resonance without 
any fundamental or third-order pure-TS modes resonances.  

We also demonstrated the shear wave excitation in the 
GHz range in the (1120) textured AlN HBAR. These AlN 
films are good candidate for pure-shear mode FBAR and 
SH-SAW sensors. 
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