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The industrial demand of higher temperature piezoelectric

sensors is drastically increasing in controlling automobile,

aircraft and turbine engines, and monitoring of furnace and

reactor systems 1), because environmental problems, such as

carbon-dioxide (CO2) and nitrogen oxide (NOx) reduction,

is becoming more serious globally. Also the sensors are

desirable in health monitoring coal-fired electric generation

plants and nuclear plants 2). It is generally known that piezo-

electric materials with higher Curie temperature possess

lower piezoelectric coefficient 3)4)5). Furthermore, the study

result (Fig. 1) of relationship between maximum use tem-

perature and piezoelectric coefficient d33 shows that the

piezoelectric materials with higher maximum use tempera-

ture possess lower piezoelectric coefficient d33
3)-9). For

example, the Curie temperature and piezoelectric coefficient

d33 of lead zirconium titanate (PZT), which is widely used

in many electronic devices, are 250ºC and 410 pCN-1,

respectively 10). The maximum use temperature and d33 of

aluminum nitride (AlN), which is one of typical high temper-

ature piezoelectric materials, are 1150ºC and 5.5 pCN-1 4). It

is difficult to achieve a good balance between high maxi-

mum use temperature and large piezoelectricity in a material.

There has been a effort in order to develop high temperature

piezoelectric materials with high piezoelectricity However,

no effective piezoelectric materials has yet been found 6)11).

In this communication, we report a high temperature piezo-

electric material exhibiting a good balance between high

maximum use temperature and large piezoelectricity. We

achieved this through the combination of the discovery of a

phase transition in scandium aluminum nitride (ScxAll-xN)

alloy thin films, and the use of dual co-sputtering leading to

nonequilibrium alloy thin films. Sc0.43Al0.57N alloys exhibit

a large piezoelectric coefficient d33 of 27.6 pCN-1, which is
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Fig. 1　Relationship between piezoelectric coefficient d33 and
maximum use temperature for piezoelectric ceramics.
Most are the Curie temperature. AlN and LGS are
known maximum use temperature. AN: AlN. BT:
BaTiO3. BIT: Bi4Ti3O12. GP: GaPO4. KN: KNbO3.
LF4: (K0.44Na0.52Li0.04)(Nb0.86Ta0.10Sb0.04)3. LGS:
La3Ga5SiO14. LN: LiNbO3. PN: PbNb2O6. PT: PbTiO3.
PZNT: 0.92Pb(Zn1/3Nd2/3)O3-0.08PbTiO3. PZT:
Pb(Zr0.52Ti0.52)O3. SO: SiO2. 
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at least 500% lager than AlN. The large piezoelectric coeffi-

cient d33 is the highest piezoelectric response among the

tetrahedrally bonded semiconductors, despite the fact that

the crystal structure of scandium nitride (ScN) is rocksalt

(non-polar)12). Moreover, the large piezoelectricity is not

changed by an annealing of 500ºC for 56 h in vacuum. This

work demonstrates a new route to design a high temperature

piezoelectric material. 

ScN is rocksalt structure (non-polar)12). However, Takeuchi

reported the existence of a (meta) stable wurtzite structure in

ScN and the possible fabrication of Sc-IIIA-N nitrides by

first-principles calculations 12). Farrer et al. predicted that the

wurtzite structure is unstable in ScN, and the hexagonal struc-

ture is (meta) stable in ScN, unlike the wurtzite structure 13).

The piezoelectric responses of hexagonal ScxGal-xN and

ScxInl-xN alloys can be enhanced by an isostructural phase

transition (from wurtzite to layered hexagonal) by first-prin-

ciples calculations 13)14)15). However, the piezoelectric

responses and Curie temperature of the nitride alloys have not

yet been confirmed by experiments 16)17). AlN, GaN and InN

are IIIA nitrides and are wurtzite structure (polar) 12).

Especially, the thermal stability and piezoelectricity of AlN

are the highest among the IIIA nitrides 4). AlN is a piezo-

electric material compatible with the CMOS manufacturing

process, and is a promising material for integrated sensors /

actuators on silicon substrates 18). Wurtzite and rocksalt

structures have rather different lattice forms and units sizes

from each other. The formation of ScxAll-xN alloys causes a

lattice distortion for the structural phase transition.

Furthermore, the formation of ScxAll-xN alloys exploit the

hybridization of electrovalent onto covalent bonding for fur-

ther improvement in piezoelectricity, because the lower

electronegativity of Sc compared to Al is expected to make

the alloys more electrovalent 10). Thus, we expected that an

enhancement of piezoelectric responses should occur in dis-

ordered hexagonal ScxAll-xN alloys with high maximum use

temperature when increasing x composition for the develop-

ment of new high temperature piezoelectric materials.

We selected dual co-sputtering method, which can grow

nonequilibrium alloy thin films at a low substrate tempera-

ture, in order to prepare ScxAll-xN alloy thin films, because

ScxAll-xN phase is not indicated in the ternary Sc-Al-N

phase diagram 19), and ScxAll-xN might be a nonequilibrium

alloy. The crystal structure and orientation of ScxAll-xN

alloys were investigated by x-ray diffraction (XRD). The

XRD peak intensity increases with increasing Sc concentra-

tion, indicating a maximum value at a Sc concentration of

27% (Fig. 2a). These indicate that the crystal structures are

wurtzite and that the alloys exhibit a c-axis crystal orienta-

tion. The peak intensity drastically decreases, when the Sc

concentration is between 30% and 40%. However, between

40% and 45%, the peak intensity increases around 37º

again. It is generally thought that the piezoelectric response

of AlN films strongly depends on crystal orientation, which

is evaluated by the full width at half maximum (FWHM) of

the x-ray rocking curve of (0002) AlN reflection 20). The

crystal orientation is not high compared to that of single

crystal AlN films 21), and independent on the Sc concentra-

tion (Fig. 2b). The FWHM values drastically increase at Sc

concentration between 30% and 40%, suggesting that the

crystal orientation of the ScxAll-xN alloys becomes lower

between 30% and 40%.  

Fig. 3 shows the dependence of the piezoelectric coeffi-

cient d33 of ScxAll-xN alloys on Sc concentration. The d33

gradually increases with increasing Sc concentration from

0% to 43%. When the Sc concentration is 43%, the alloys

exhibit a peak d33 of 24.6 pCN-1, which is the highest report-

ed to date for nitride semiconductors. Zinc oxide (ZnO),

which is used in cell phones as filter materials, has the

strongest piezoelectric response of 12.4 pCN-1 among the

tetrahedrally bonded semiconductors 22)23). Thus, the d33 of

Sc0.43Al0.57N alloys is the strongest piezoelectric response

among the tetrahedrally bonded semiconductors. We inves-

Fig. 2　a) XRD patterns of ScxAll-xN alloys at various Sc
concentrations. b) FWHM of x-ray rocking curves
of ScxAll-xN alloys at various Sc concentrations.
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tigated the influence of substrate temperature and annealing

on the piezoelectricity of Sc0.43Al0.57N alloys, because the

alloys might be a nonequilibrium material 19). The piezoelec-

tricity is hardly influenced by substrate temperature (Fig. 4a),

and exhibits a maximum value of 27.6 pCN-1 at 400ºC. The

piezoelectricity is not changed by an annealing of 500ºC for

56 h in vacuum (Fig. 4b), and hence Sc0.43Al0.57N alloys is

thermally stable. 

The microstructures of ScxAll-xN alloys were observed by

transmission electron microscopy (TEM). The a and c axis

length is calculated by using the images of electron beam

diffractions. According to electron beam diffraction images,

the crystal structures are only hexagonal phase below 41%

(Fig. 5a，Fig. 5e). On the other hand, above 46%, the

crystal structures change to cubic phase. Between 42% and

45%, both of hexagonal and cubic phases coexist (Fig. 5b-

5h). Interestingly, the hexagonal phases grow on the cubic

phases. The a-axis gradually grows longer, c-axis becomes

shorter and the c/a axis ratio decreases with increasing Sc con-

centration (Fig. 6). The c/a axis ratio is 1.4 at a Sc concen-

tration of 43%. When the c/a axial ratio of hexagonal ScN is

1.4, the d33 of hexagonal ScN is 22.2 pCN-1, which is close

to the d33 (24.6-27.6 pCN-1) of Sc0.43Al0.57N alloys 24). These

results support the effect of strained hexagonal ScN.

Furthermore, Constantin et al. reported that the state of

ScxGal-xN alloys is (i) wurtzite-like for Sc compositions

smaller than 17%, (ii) cubic, rocksalt-like for Sc concentra-

tions larger than 54%, and (iii) a transitional regime

between 17% and 54% 17). This paper supports that there is

transitional regime between wurtzite and rocksalt structures.

The c/a axis ratio of wurtzite AlN and hexagonal ScN is

1.60 and 1.21, respectively 13). Since the c/a axis ratio of

ScxAll-xN alloys is between 1.60 and 1.33 (Fig. 6), we think

that the crystal structure of ScxAll-xN alloys is a hexagonal

intermediate phase between wurtzite AlN (polar) and rock-

salt ScN (non-polar), and that the intermediate phase induce

the large piezoelectric response 13)14)15).

In conclusion, ScxAll-xN alloy thin films exhibit large

piezoelectric responses. The alloys are prepared by dual co-

sputtering. When the Sc concentration is 43%, the alloys

exhibit a peak d33 of 24.6 pCN-1, which is the highest report-

ed to date for nitride semiconductors. Moreover, the alloys

exhibit a good balance between high maximum use temper-

ature and large piezoelectricity. The large piezoelectricity is

not changed by an annealing of 500ºC for 56 h in vacuum.

The large piezoelectric responses will open the way for a

broad class of applications including use in high tempera-

ture piezoelectric devices. 
Fig. 4　a) Dependence of piezoelectric coefficient d33 of

Sc0.43Al0.57N alloys on substrate temperature. b)
Influence of annealing of 500º C for 56 h in vacuum
on piezoelectric coefficient d33 of Sc0.40Al0.50N alloys
prepared at 580º C.

Fig. 3　Dependence of piezoelectric coefficient d33 of
ScxAl1-xN alloys on Sc concentration. 
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Experimental

ScxAl1-xN alloy thin films (0.5-1.1 μm in thickness) were

prepared on n-type (100) silicon substrates by dual radio fre-

quency magnetron reactive co-sputtering at 580˚C in 40%

N2 at a growth pressure of 0.25 Pa. The Sc concentration in

the alloy films was controlled by the Al and Sc target pow-

ers (0-200 W). The optimized sputtering conditions of AlN

films were reported in our previous studies 25). The alu-

minum and scandium sputtering targets were 50.8 mm in

diameter. The sputtering chamber was evacuated to a pres-

sure below 1.2×10-6 Pa, and then high-purity argon

(99.999%) and nitrogen (99.999%) were introduced. Before

deposition, the targets were cleaned under the same deposi-

tion conditions for 3 min with the shutter closed. 

Characterization: For the piezoelectric coefficient d33

measurement, evaporated Cu top electrodes (6 mm in diam-

eter) were used, and the piezoelectric coefficient d33 was

measured with a piezometer system. The crystal structure

and orientation of the AlN films were investigated by x-ray

diffraction (XRD) with CuKα radiation. The microstruc-

tures were observed by transmission electron microscopy

(TEM), and TEM samples were prepared with a focused ion

beam mill. The scandium concentration in the alloy films

was analyzed by energy dispersive x-ray fluorescence spec-

trometer (EDX). The a and c axis length is calculated by

using the images of electron beam diffractions. The Young’s

modulus of alloy films is measured with a nano-indentation,

and the modulus was 225 GPa.
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