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Abstract—AlN thin piezoelectric films are attractive for RF 

filter applications because of their low mechanical loss 1/Qm. We 

here introduce new AlN based materials: polarization inverted 

ScAlN multilayer and YbAlN films. These materials are 

promising for application in BAW and SAW devices.  
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I. INTRODUCTION 

Polarization-inverted multi-layer structure is attractive for 

thin film resonator, SAW device, ultrasonic microscope, and 

non-linear optics applications. Here, the growth method of the 

structure for AlN, ScAlN, and ZnO films are introduced. We 

also demonstrate the performance of the overtone mode 

resonators consisting of the polarization-inverted multi-layer.  

In the RF acoustic filter applications, both high 

electromechanical coupling kt
2 and low mechanical loss 1/Qm 

are required. Therefore, low loss AlN films are used in the 

BAW filters in spite of their low kt
2. ScAlN films [1] are 

attracting interest as BAW [2] and SAW devices because of 

their high kt
2 [2]. We also report the discovery of new doping 

of Yb as an alternative element to the Sc [3]. 
 

A. Thin film resonator application 

A resonator with single piezoelectric layer excites 
fundamental (1st) mode resonance. In contrast, nth 
polarization inverted multilayer film resonator excites nth high 
overtone mode resonance. Therefore, the resonant frequency 
in nth polarization inverted film resonator is n times higher 
than that of single piezoelectric layer resonator when both 
films have equal thickness. On the other hand, in the same 
operating frequency, polarization inverted multilayer make it 
possible to increase their film thickness. This contributes to 
the rigidity of the device and the high power handling 
capability. 

It is well known that the energy trapping mode cannot 
occur when ratio of longitudinal wave and shear wave 
velocities (c33

D/c44
E)1/2 in the piezoelectric plate is smaller than 

2 [4]. Thickness extensional mode (TE) in ZnO film have 
energy trapping mode because the ratio (c33

D/c44
E)1/2 = 2.33 

exceeds 2. In contrast, TE energy trapping mode cannot be 
used in the AlN and Sc0.41Al0.59N films in standard electrode 
configuration because the ratio of AlN and Sc0.41Al0.59N are 

1.75 and 1.51, respectively [5]. On the other hand, Kittaka et 
al. proved that 2nd overtone TE mode in polarization inverted 
PbTiO3 structure have energy trapping mode although the 
ratio in PbTiO3 is 1.91[6]. It is expected that overtone TE 
mode in polarization inverted AlN and ScAlN multilayer also 
have energy trapping mode.  

Nakamura et al. reported 60 MHz 2nd overtone TE mode 
resonator in domain inverted LiNbO3 plate [7]. Larson et al. 
recently reported 2nd overtone TE mode FBAR consisting of 
polarization inverted c-axis oriented AlN films [8]. 

B. SAW device application 

Effective electromechanical coupling coefficient of layered 
structure for SAW determines the band width of the filter. We 
here compare the coupling of the conventional single 
piezoelectric layer/non-piezoelectric substrate structure and 
new polarization inverted piezoelectric layer/non-piezoelectric 
substrate structure. We demonstrate the enhancement of the 
coupling by using polarization inverted structure. 

C. Ultrasonic microscope application 

In the un-tuned transducer, larger thickness (low 
capacitance) of the piezoelectric layer leads larger transducer 
area in order to obtain impedance matching between the 

transducer and the 50  measurement system. n-Fold larger 
film thickness in the n-times polarity inverted transducer gives 
the n-times increase of transducer area. In the ultrasonic 
microscope application, this large transducer area (large 
emission area) directly contributes to the increase of acoustic 
pressure in the focus point as shown in Fig. 1 (a) and (b).  

D. Nonlinear optics application 

The commonly used LiNbO3 and GaAs nonlinear optical 
(NLO) crystals are non-transparent in the ultraviolet and far-
infrared regions. AlN possess high nonlinear optical 
coefficient and transparency in these regions. Therefore AlN 
are promising for laser wavelength conversion applications 
[9,10]. A spatially periodic polarity-inverted film structure, as 
shown in Fig. 2 (d), is required for waveguide-type quasi-
phase matching NLO devices [11-13] because the maximum 
intensity of the second harmonic generation (SHG) appears 
when the c-axis is parallel to the E-vector of the incident light. 
Conversely, the SHG intensity goes to zero when the c-axis is 
perpendicular to the E-vector [14]. 
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Fig. 1. Concentration of the ultrasonic in the ultraosonic microscope. Large 

transducer area (large emission area) directly contributes to the increase of 

acoustic pressure in the focus point. 

II. POLALIZATION INVERTION OF  (0001) ALN AND SCALN FILMS 

A. Film growth 

c-axis oriented AlN film can be classified as either an 
(000-1) N-polarity shown in Fig. 2 (a) or an (0001) Al-polarity 
shown in Fig. 2 (b). The insertion of a buffer layer is one of 
the approaches to control polarization direction in III-nitride 
film growth [8,15,16]. AlN epitaxial buffer layer between a 
(0001) GaN layer and an Al2O3 substrate leads the unusual 
polarity inversion of the epitaxial GaN layer [15]. Larson et al. 
reported the polarization control of a (0001) AlN film by using 
clean Al under-layer [8]. Milyutina et al. showed the 
polarization-inverted growth of the sputter-deposited AlN film 
by using thin MOCVD AlN buffer layer [16]. However, the 
multilayer polarization-inverted structure, such as that shown 
in Fig. 2 (c) cannot be obtained by these polarization inversion 
techniques using buffer layer surface because the polarity of 
the second and subsequent layers cannot be controlled. 
Polarization inversion without using the buffer layer makes it 
possible to obtain polarity-inverted multilayer structure as 
show in Fig. 2 (c).  

Akiyama et al. reported the polarization inversion of an 
AlN film by introducing a small amount of O2 gas to the 
sputtering gas [17] or by increasing the cathode RF sputtering 
power [18]. They explained that the polarization inversion was 
caused by increasing the amount of pure Al particles around 
the substrate, based on the prediction of Al-polar film growth 
in Al-rich conditions by first principles calculations [19]. 
However, the mechanism of this polarization-inverted film 
growth was unclear.  

On the other hand, we previously investigated the 
development of unusual a-axis (c-axis parallel) oriented 
wurtzite films by ion beam irradiation during film growth [20, 
21]. We explained that this was caused by the ion beam 
tolerant (or sputtering yield) anisotropy of wurtzite crystal. 
Similarly, we assumed that the polarization inversion of 
wurtzite films is induced by ion beam tolerant anisotropy 
between (0001) and (000-1) planes. On the basis of this 
assumption, the effect of ion beam irradiation on the 
polarization of c-axis oriented wurtzite ScAlN films was 
investigated. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. (a) N-polar (000-1) AlN film or O-polar (000-1) ZnO film, (b) Al-

polar (0001) AlN film or Zn-polar (0001) ZnO film, (c) polarization inverted 

multilayered structure, and (d) periodically polaization inverted structure. 

 

 

 

 

 

 

 

 

 

Fig. 3. Images of (a) the substrate and (b) the apparatus for RF bias 

sputtering deposition 

c-axis oriented AlN and Sc0.2Al0.8N films were grown by 
anode RF bias sputtering deposition as shown in Fig. 3 (b). Ion 
beam irradiation during the film growth can be enhanced by 
applying an RF bias to the substrate [22]. The substrate was set 
on an anode with magnetron circuit, and 14 MHz RF bias at 
0.5 W was applied to the substrate as shown in Fig. 3 (a). 
(0001) oriented Ti electrode film (rocking curve FWHM value 

= 4.0－4.6º) on silica glass was used as the substrate. For 

comparison, AlN film was grown using the condition which is 
close to the commonly-used AlN film growth condition. In this 
condition, the enhancement of the ion beam irradiation by the 
magnetic fields of magnetron circuit was suppressed by 
covering the anode with an iron plate. 

B. Determination of polarization direction 

The polarity of the AlN films was determined by a press 
test [23]. A Cu top electrode (100 nm) was evaporated onto 
the films, and a compressive stress was applied to the top 
electrode by a probe (U1560A, Agilent Technologies) to 
measure the piezoelectric response of the films using an 
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oscilloscope (U1604A, Agilent Technologies). The polarity of 
the films was determined from the sign of the piezoelectric 
response. In addition, c-plane ZnO single crystal (Tokyo 

Denpa Co., Ltd., 10×10×0.5 mm3, >1010 ·m) was prepared 
as a reference sample for the press test. When the compressive 
stress was applied, a negative or a positive amplitude response 
appeared in the Zn-polar or O-polar ZnO single crystal, 
respectively, as shown in Figs. 4 (a).  

As shown in Fig. 4 (b), when the compressive stress was 
applied, a negative response, indicating Al-polarity, were 
observed in the film grown using the condition which is close 
to the commonly-used AlN film growth condition (RF 
substrate bias =0.00W). In contrast, a positive response, 
indicating N-polarity, were observed in the film grown with an 
RF bias of 0.50 W. These results demonstrate that the polarity 
of the AlN film is inverted from Al-polarity to N-polarity by 
enhancing ion beam irradiation during the film growth. As 
previously assumed, the polarization inversion by ion beam 
irradiation may result from ion beam tolerant anisotropy 
between N-polar (000-1) and Al-polar (0001) crystal planes. 
We deduced that Al-polar (0001) oriented crystal growth is 
inhibited by ion beam irradiation, and relatively damage 
tolerant N-polar (000-1) oriented crystals develop 
preferentially. Detailed results of the various substrate bias 
wattage were described in the literature [24]. 

It is also well-known that the ion beam irradiation during 
film growth induces the stress in the film. Actually, we found 
that the crack must appear at the surface of all N-polar film. In 
contrast, the smooth surface was formed in all Al-polar films. 
From these results, in addition to the ion beam tolerant 
anisotropy, the stress in the films also may relate to the 
mechanism of this polarization inversion by ion beam 
irradiation [24].  

 

 

 

 

 

 

 

 

 

 

Fig. 4. Piezoelectric responses of (a) ZnO single crystal plate as a reference 

and (b) the response of AlN films grown with and without an substrate RF 
bias. Al-polarity and N-polarity are indicated as red lines and blue lines, 

respectively. 

C. Polarization inverted ScAlN FBAR 

Fig. 5 shows the frequency response of admittance in the 
polarization inverted two-layer Sc0.2Al0.8N FBAR fabricated by 
using RF bias sputtering technique [25]. Also shown is the 
admittance single layer ScAlN FBAR where the entire film 

thickness is equal to the polarization inverted two-layer FBAR. 
In comparison with the monolayer FBAR, we can see second 
overtone mode excitation with suppression of fundamental 
mode and 3rd mode in the two-layer FBAR. This result 
demonstrates the complete polarization inversion in the two-
layer FBAR [25]. 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Experimental frequecny responses of the admittance of (a) single 

layer Sc0.2Al0.8N FBAR and two layer polarization inverted Sc0.2Al0.8N FBAR. 

Note that both resonator have equal film thickness. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Electromechanical coupling coefficients K2 in the first and second 

mode Rayleigh-SAWs with polarization-inverted (0001)/(000-1) Sc0.4Al0.6N 

two-layer/diamond and (0001) Sc0.4Al0.6N single layer/diamond. 

D. SAW properties of polarization inverted ScAlN films 

To investigate the advantage of new polarization inverted 
structure for the SAW application, propagation characteristics 
of SAWs in the polarization-inverted (0001)/(000-1) 
Sc0.4Al0.6N two-layer on a diamond substrate were 
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theoretically analyzed. The physical constants of ScAlN 
predicted by density functional theory [26] were used in the 
analysis. The both layer thicknesses were same in the 
analyses. Fig. 6 shows the calculation results of 
electromechanical coupling coefficients K2 as a function of 

normalized film thickness H/. Maximum K2 values were 

found to be 9.1% at H/ = 0.33 (phase velocity: V = 5940 m/s) 

in the first mode Rayleigh-SAW and 15.3% at H/ = 0.18 (V = 
10240 m/s) in the second mode Rayleigh-SAW. K2 values 
with the conventional (0001) Sc0.4Al0.6N single layer on a 
diamond substrate were also calculated. Compared with the 
results of the single layer, high K2 values were obtained in the 
polarization-inverted two-layer, especially in the second mode 
Rayleigh-SAW propagating at the boundary of the two-layer. 

III. POLALIZATION INVERTION OF (0001) ZNO FILMS 

A. Film growth 

Polarization inverted film growth can be also achieved in 
the c-axis oriented ZnO film. In the oxide sputtering growth, 
high energetic negative ion is generates at oxide sputtering 
target, due to their high electronic affinity, and bombards to the 
substrate. Therefore, ion irradiation in the substrate naturally 
occurs in the oxide sputtering growth and we do not need RF 
anode bias to induce unusual polarization inversion film 
growth. Our group knows experientially that ion beam induced 
unusual crystal growth occurs only in the condition of low film 
growth temperature. In the ZnO film, the substrate temperature 
may be dominant factor rather than the ion beam irradiation 
[27]. Fig. 7 show the electromechanical coupling and polarity 
direction vs substrate temperature in the ZnO films grown by 
off-axis geometry RF magnetron sputtering [27]. The 
electromechanical coupling coefficients were determined by 
using HBAR resonator conversion loss method [28]. As can be 
seen, the polarity direction of ZnO can be controlled by 
substrate temperature. 

B. Polarization inverted four layer ZnO film resonator 

By using this polarization control technique, polarization 
inverted four layer ZnO resonator, (0001)ZnO/SiO2/(000-
1)ZnO/SiO2/(0001)ZnO/SiO2/(000-1)ZnO/(0001)Ti/silica glass 
substrate, were fabribated. Thickness of the ZnO layers were 

adjusted to within 1.6–1.9 m. Electromechanical coupling 
coefficient kt of each layer were measured to be 0.18–0.21. 
Thin SiO2 buffer layers (70–80 nm) were inserted between the 
O-polar ZnO layer and Zn-polar ZnO layers.  

Fig. 8 shows frequency response of the conversion loss of 
the four layered ZnO high overtone mode bulk acoustic 
resonator (HBAR). 4th mode resonance excitation with 
suppression of the 1st, 2nd, and 3rd resonance modes, 
indicating complete polarization inversion in each layer, were 
clearly observed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Electromechanical coupling coefficients and polarity direction of 

ZnO films grown in differeint substrate temperatures. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Frequency response of the conversion loss of the four layered ZnO 

HBAR, (0001)ZnO/SiO2/(000-1)ZnO/SiO2/(0001)ZnO/SiO2/(000-

1)ZnO/(0001)Ti/silica glass substrate.  

IV. ENHANCEMENT OF kt2 IN NEW YBALN MATERIALS 

In 2014, we reported the enhancement of kt
2 in the YbGaN 

in the GHz range [29]. We also found high kt
2 of 11% in the 

YbAlN films in 2015 [3]. After that, in this spring, a 

replication study by Akiyama confirmed the large 

piezoelectric constant in the YbAlN [30]. kt
2 were extracted 

using the HBAR conversion loss method in the 0.5-1 GHz 

[29]. Figure 9 shows typical experimental and conversion loss 

curve of the YbxAl1-xN film HBAR resonators. Also shown is a 

theoretical conversion loss curve simulated by Mason’s 

equivalent circuit model. 

Figure 10 the relationship between Yb atomic concentration 

and kt
2. We can see apparent increase of kt

2 of the films. 

Rocking curve FWHM determined by XRD were also shown.  

The theoretical prediction of electromechanical coupling 

coefficient k33
2 in wurtzite AlN with the addition of Yb were 

also carried out, based on the density functional theory (DFT) 

calculations by using the projector augmented-wave (PAW) 

method [31,32] and the generalized gradient approximation 

(GGA) with the Perdew-Burke-Ernzerhof (PBE) functional 

[33] as implemented in the VASP code. The special 

quasirandom structure (SQS) method was used to model the 
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random distribution of Yb in AlN structure.[34,35]. A 3×3×2 

supercell was used to relax the structure, and to calculate 

piezoelectric coefficients elastic constants with a 3×3×3 

Monkhorst−Pack k-mesh, and the plane wave cutoff energy 

was set to 600 eV. The geometry structures were allowed to be 

fully relaxed with a convergence criterion of 10-9 eV in 

energy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Typical experimental conversion loss curve of the YbxAl1-xN film 

HBAR resonators. Also shown is a theoretical conversion loss curve 

simulated by Mason’s equivalent circuit model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. A relationship between Yb concentrations (x) and kt
2 in the YbxAl1-

xN. of the film were extracted using HBAR conversion loss method. Also 
described as black plots are the theoretical prediction obtained by using 

density fuctional theory. 

Figure 11 shows an example of the resonant characteristics 

of YbAlN SMR. These new wurtzite nitride piezoelectric 

materials are promising for lead-free high performance 

ultrasonic devices. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11. An example of the resonant characteristics of YbAlN SMR. keff
2 is 

7.8% (which is higher than standard AlN FBAR keff
2 =6.4%) 

V. CONCLUSIONS 

We showed the methods to obtain polarization inverted 
multilayer structure in the ScAlN, AlN, ZnO and epitaxial 
PbTiO3 films. By using slight ion beam irradiation in (perhaps 
less than 200 eV) the condition of the low substrate 
temperature during the sputtering film growth, c-axis normal 
oriented and polarization inverted structure can be obtained in 
ScAlN, AlN, ZnO films.  

On the other hand, the c-axis parallel oriented film growth 
is induced by high energy ion beam irradiation (for example 3 
keV). Moreover, in-plane polarization direction can be easily 
inverted by 180º rotating ion beam direction. This c-axis 
parallel and in-plane inverted multilayer structure were 
obtained for the ZnO and AlN films.  

We demonstrated thickness extensional or shear overtone 
mode resonance excitation by using polarization normal or 
parallel inverted film resonator, respectively. In addition, 
frequency switchable resonators were fabricated by using 
polarization direction switchable epitaxial PbTiO3 films. 

These unique polarization inverted structures are expected 
to open new application in the area of acoustic and optics 
devices. 
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