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Abstract:    Surface acoustic wave (SAW) sensors and micro-electromechanical system (MEMS) technology provide a promis-
ing solution for measurement in harsh environments such as gas turbines. In this paper, a SAW resonator (size: 1107 µm× 
721 µm) based on the AlN/4H-SiC multilayer structure is designed and simulated. A MEMS-compatible fabrication process is 
employed to fabricate the resonator. The results show that highly c-axis-oriented AlN thin films deposited on the 4H-SiC sub-
strate are obtained, with that the diffraction peak of AlN is 36.10° and the lowest full width at half maximum (FWHM) value is 
only 1.19°. The test results of the network analyzer are consistent with the simulation curve, which is very encouraging and indi-
cates that our work is a significant attempt to solve the measurement problems mainly including high temperature stability of 
sensitive structures and the heat transmission of leads in harsh environments. It is essential to get the best performance of SAW 
resonator, optimize and characterize the behaviors in high temperatures in future research. 
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1  Introduction 
 

In core equipment such as gas turbines, high 
temperature measurements are urgently required to 
improve efficiency and to reduce emissions and 
maintenance costs (Pisano, 2009). But the harsh en-
vironment makes the sensors be made with costly 
wire harnesses, or even unrealizable (Thompson, 
2004; You et al., 2014). Recently, a new kind of 
sensing systems based on micro-electromechanical 

system (MEMS) technology and surface acoustic 
wave (SAW) sensors classified as delay-line and 
resonator scores achieved high marks in harsh envi-
ronments due to their desirable characteristics of no 
power, no wires, small size, low fabrication cost, 
ease of integration, and high sensitivity (Senesky et 
al., 2009; Greve et al., 2013). To summarize, MEMS 
SAW sensors, based on piezoelectric materials, are 
promising solutions for applications in harsh envi-
ronments (Jiang et al., 2013).  

However, there are very few piezoelectric 
materials capable of withstanding high temperatures 
except Langasite (LGS, 1470 °C), Gallium ortho-
phosphate (GaPO4, 930 °C), and Aluminium nitride 
(AlN, 1040 °C), and only the layered structure AlN/ 
substrate can be used for high frequencies (>1 GHz) 
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(Elmazria and Aubert, 2011). Actually, there are 
many researchers studying SAW devices based on 
AlN/sapphire structures for high temperature appli-
cations (Aubert et al., 2010; 2013). However, the 
sapphire substrate is difficult to process further, and 
it is incompatible with MEMS fabrication processes, 
which tremendously limits its use. Fortunately, the 
layered structure AlN/SiC could be an alternative 
solution. 

SiC is a mechanically robust, chemically inert, 
and electrically stable wide-band gap semiconductor 
material. It does not have a melting point, and there 
is only a sublimation point of 2830 °C in harsh 
environments, mainly including the cubic 3C-SiC 
and hexagonal (4H-SiC and 6H-SiC) polytypes 
(Senesky, 2013; Fraga et al., 2014). Recently, AlN 
thin films grown on 3C-SiC substrate have been 
characterized in high temperature environments 
(540 °C), and AlN shows good potential for long-
term high-temperature stability (Lin et al., 2013). 
But 3C-SiC and AlN (002) film have a lattice mis-
match of 28.6% that needs to be addressed by a 
complicated two-step deposition process (Lin et al., 
2010a). In contrast, 6H-SiC and 4H-SiC are the most 
suitable substrates for AlN film due to their low lat-
tice mismatch (0.96% and 1.2%, respectively) and 
their close thermal expansion coefficients (Liu and 
Edgar, 2002). Moreover, 4H-SiC is cheaper and 
easier for commercialization. Recently, although 
several research groups have focused on the deposi-
tion of AlN thin films onto 4H-SiC (Takagaki et al., 
2002) and 6H-SiC (Iriarte et al., 2011) substrates, 
there is still no complete design and fabrication of 
SAW resonators based on AlN/4H-SiC material by 
radio frequency (RF) reactive magnetron sputtering 
for harsh environments.  

Here, for the first time, we have designed and 
simulated a SAW resonator based on the AlN/4H-
SiC multilayer structure. In addition, a MEMS-
compatible fabrication process has been employed to 
fabricate the SAW resonator. The results show that 
highly c-axis-oriented AlN thin films deposited on 
the 4H-SiC substrates are obtained, with that the dif-
fraction peak of AlN is 36.10° and the lowest full 
width at half maximum (FWHM) value is only 
1.19°. Moreover, the testing results of the network 
analyzer are consistent with the simulation curve. 

2  Design and fabrication of the SAW 
resonator 

2.1  Operating principle of the SAW resonator 

The operating principle of the SAW resonator is 
illustrated in Fig. 1. The wireless interrogation 
device emits a radio wave to activate SAW with the 
help of the inverse piezoelectric effect through an 
interdigital transducer (IDT) which is connected to 
an antenna. The two reflecting gratings reflect the 
SAW propagating along the piezoelectric substrate 
to form a resonator. Then the IDT transforms the 
SAW into a modulated radio wave to the wireless 
interrogation devices by the piezoelectric effect. On 
the other hand, once the structural parameters of the 
SAW resonator are determined, it has a unique reso-
nance frequency at a definite temperature. In other 
words, the resonance frequency is a function of tem-
perature (Liu et al., 2014). As long as the frequency 
of the modulated radio wave is measured, the tem-
perature value can be obtained, which makes the 
SAW resonator a potential temperature sensor. 

 
 
 
 
 
 
 
 
 
 
 

2.2  Parameter design 

The structural parameters of the SAW resonator 
are shown in Fig. 2. The resonant frequency of the 
SAW resonator can be calculated as 
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where Vs is the velocity of SAW in piezoelectric 
material, and λ0 is the wavelength of SAW. 

According to the principle of wave interference, 
only if the IDT pitch (a+b) is equal to the integer 
times (N) of half a SAW wavelength (λ0/2), the 

Fig. 1  Schematic diagram of the SAW resonator
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phase superposition and the strongest IDT excitation 
of SAW can be acquired, i.e., 
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In order to ensure that the IDT is on the peak of 

the standing wave, the distance of IDT and reflecting 
grating Lr must satisfy  

 

0
r

1
.

2 2
L N

   
 

                           (3) 

 
Besides, the transducer aperture also has an 

effect on the performance of the SAW resonator, and 
it is usually 50–100 times the wavelength (Ye et al., 
2011). In order to simplify and minimize the 
resonator, we make a equal b and set N to be 1. All 
the design parameters of the SAW resonator are 
summarized in Table 1.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.3  Finite element simulation 

The finite element simulation software COM-
SOL Multiphysics is used to simulate the device per-
formance. Piezoelectric devices and eigenfrequency 

are used to determine the resonance frequency of the 
SAW resonator and to calculate the velocity of the 
SAW in the AlN/4H-SiC structure. 

The following constants of AlN are used in this 
study (Du, 2012). The elasticity matrix is 
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The coupling matrix is 
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The relativity permittivity matrix is 
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and the density is 3260 kg/m3. 

In addition, elastic properties of 4H-SiC are de-
fined as isotropic material properties with Young’s 
modulus of 748 GPa and Poisson’s ratio of 0.45, and 
density is 3216 kg/m3. 

Periodic boundary conditions are used to dictate 
that the electric potential and displacements be the 
same along both vertical boundaries of the geometry. 
The simulated results show that the resonant and 
anti-resonant frequencies of the SAW resonator 
evaluate to approximately 647.13 and 651.68 MHz, 
respectively. Figs. 3a and 3b show the corresponding 
SAW modes, respectively. Thus, the corresponding 
velocity of SAW is 7765 m/s according to Eqs. (1) 
and (2). 

2.4  MEMS fabrication 

The fabrication techniques of AlN film on SiC 
substrate mainly include metal organic chemical 
vapor deposition (MOCVD) (Chen et al., 2008), 

Table 1  Design parameters of the IDT and the re-
flecting grating of the SAW resonator 

Parameter Value 

IDT electrode width, a (µm) 3 

IDT electrode pitch, b (µm) 3 

Transducer aperture, W (µm) 600 

Number of IDT pairs, N0 30 

Number of reflecting grating pairs, N1 62 
Distance of IDT and reflecting grating,  

Lr (µm) 

3 

IDT electrode (Mo) thickness, t (nm) 100  

Fig. 2  Structural parameters of the SAW resonator
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plasma-assisted molecular beam epitaxy (MBE) 
(Ferro et al., 2000), pulsed laser deposition (PLD) 
(Kim et al., 2008), low-pressure hydride vapor phase 
epitaxy (LP-HVPE) (Kitagawa et al., 2014), direct 
current (DC) reactive sputtering (Tungasmita et al., 
2000), and RF reactive sputtering (Kuang et al., 
2012). Because of low deposition temperature (about 
400 °C), RF reactive magnetron sputtering is com-
patible with the MEMS process. Besides, a 99.999% 
pure aluminum target and a 99.999% pure nitrogen 
and argon gas mixture can be used to deposit AlN 
films of higher purity within shorter deposition time 
with a RF magnetron sputtering method. It also has 
the advantages of an easy process with a significant 
degree of freedom to adjust the process parameters, 
the ability for large-scale production with relatively 
low cost, etc. (Liu et al., 2013), and it is regarded as 
one of the most promising methods. For the RF reac-
tive magnetron sputtering coating process, process 
parameters, such as sputtering power, substrate tem-
perature, sputtering pressure, target distance, the ni-
trogen concentration, and the substrate, have great 
influence on the preferred orientation of thin film 
and grain size and defects. After considering various 
influencing factors comprehensively and a sea of 
early experiments, we optimized the process parame-
ters and completed the AlN film sputtering. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

In addition, a MEMS-compatible resonator fab-
rication process has been employed, as illustrated in 
Fig. 4. It starts by depositing 2 μm AlN on the 
commercially available 4H-SiC wafer by RF sput-
tering deposition (Fig. 4a), and then 100 nm molyb-
denum is deposited by RF sputtering (Fig. 4b). After 
that, we patterned the IDT and the reflecting grating 
electrodes through photo lithography (Fig. 4c), and 
the SAW resonator was fabricated by wet etching at 
last (Fig. 4d). 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4  Illustration of fabrication process 
(a) AlN is deposited as piezoelectric layer on 4H-SiC; (b) Mo
is deposited on AlN; (c) Mo is patterned through photo li-
thography; (d) IDT and reflecting grating electrode are fabri-
cated by wet etching. UV: ultraviolet 

Fig. 3  Deformed shape plot of the resonant (a) and the anti-resonant (b) SAW modes on the AlN films and 4H-SiC 
(unit: μm)  

(a)                                                                                                   (b) 
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3  Results and discussion 
 

Fig. 5 shows the scanning electron microscopy 
(SEM) image of the AlN/4H-SiC multilayer struc-
ture where the AlN and 4H-SiC film thicknesses are 
1.724 and 344 µm, respectively. Noting that there 
are errors between the actual thickness of the AlN 
and the design value of 2 µm, we altered the simula-
tion parameters and did the simulation again to get 
the simulation results (Figs. 3 and 8). As shown in 
Fig. 5, the AlN thin film exhibits columnar grains 
perpendicular to the surface of the 4H-SiC layer, 
presenting high quality c-axis-oriented AlN thin film 
grown on the 4H-SiC layer. Furthermore, the crystal-
line structure was determined by the X-ray diffrac-
tion (XRD) as shown in Fig. 6 where the diffraction 
peak of AlN is 36.10°, and the X-ray diffraction 
rocking curve of the AlN film shows a FWHM value 
of 1.19°. The diffraction peak located at 2θ=36.04° 
is corresponding to (002) of ideal hexagonal AlN 
crystals, and for the FWHM value, the smaller the 
better (Wang et al., 2011). Comparing the perfor-
mance of the AlN developed with those reported in  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

the literature shown in Table 2, the high crystalline 
quality AlN thin film was deposited on the 4H-SiC 
substrates. 

Fig. 7 shows the fabricated resonator, where 
Fig. 7a is an optical image of the whole resonator 
(size: 1107 µm×721 µm) and Fig. 7b is the optical 
image of the local details, indicating that as the 
etching in this method is a time-fixed etching, there 
is a little over etching of the Mo metal layer. But the 
final test results of the resonator in the next section 
prove that the processing error is within tolerance, 
or the resonator cannot be excited. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2  Performance of AlN thin film in literature 

Substrate Diffraction peak FWHM Processing method Reference 

4H-SiC Around 36.04° 3.85° Physical vapor deposition Beshkova et al., 2003 

4H-SiC Not given 2.47° Metalorganic vapor phase epitaxy Cho et al., 2013 

4H-SiC Not given 0.64° MOCVD Al tahtamouni et al., 2012 

3C-SiC Not given 1.73° AC reactivemagnetron sputtering Lin et al., 2010b 

SiC Not given 1.37° MOCVD Chen et al., 2008 

Fig. 5  Cross-sectional SEM micrographs of the 4H-SiC 
and AlN thin film 

Fig. 6  XRD spectrum (a) and rocking curve (b) of the
AlN film deposited on the 4H-SiC  
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The electrical performance of the SAW resona-
tor is measured in a RF probe station at atmosphere 
pressure. Connected to an Agilent E5061B network 
analyzer, ground signal ground (GSG) probes are 
used to test the SAW resonator. After an open-short-
load calibration, S11 parameters are extracted to get 
the frequency-impedance chart. S11 is measured 
directly by a network analyzer, which can be mutu-
ally transformed with the impedance ZL by the fol-
lowing formulas: 

 
S11 (1 ) / (1 ),p p                          (4) 

0 L 0 L/ ( ),p Z Z Z Z                        (5) 

 
where p is the reflection coefficient, Z0 is the character-
istic impedance of 50 Ω, and ZL is the load impedance. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Besides, the impedance is also simulated by 
Comsol. Fig. 8 shows the frequency-impedance 
chart of the finite element analysis (FEA) simulation 
and test results. In comparison with the simulation 

curve, the test results of the network analyzer are 
consistent with it. There are many factors contrib-
uting to the margin of error between the simulation 
and test results. In the simulation, the material pa-
rameters are derived from the literature, not the actu-
al resonator. In the resonator, not only the material 
parameters, but also the parasitic parameters, such as 
the parasitic capacitance, feed line inductance, and 
contact resistance, are key to verify the test results. 
Thus, it is very difficult to attribute to a particular 
factor. However, within the margin of error, it is 
clear enough to prove the correctness of the simula-
tion and test results. In future research, it is essential 
to get the best performance of SAW resonator, and 
optimize and characterize the behaviors in high  
temperature. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4  Conclusions 
 

For the first time, a SAW resonator (size: 
1107 µm×721 µm) based on the AlN/4H-SiC multi-
layer structure is designed and fabricated in this 
study. Highly c-axis-oriented AlN thin films were 
successfully deposited on the 4H-SiC substrate by 
using RF reactive magnetron sputtering, and the 
lowest FWHM value is only 1.19°. All the structural 
parameters of the SAW resonator were determined, 
and the eigenfrequency and impedance were simu-
lated by the finite element method. In addition, a 
MEMS-compatible fabrication process was em-
ployed to fabricate the SAW resonator. In compari-
son with the simulation curve, the test results of the 
network analyzer are consistent with it.  

Fig. 7  Optical image of the fabricated resonator  
(a) Whole structure; (b) Local details 

(a)

 

(b)

Fig. 8  Frequency-impedance chart of the FEA simulation
and test results 
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中文概要 
 

题 目：面向恶劣环境的基于 AlN/4H-SiC 材料的声表面

波谐振器设计与制作 

目 的：在高温等恶劣工作环境下，燃气轮机有着迫切

的温度等工况参数的实时监测需求。声表面波

（SAW）技术与微机电系统（MEMS）技术的

结合可提供一种很有发展前景的解决方案。本

文旨在探讨 SAW 谐振器的设计与仿真方法，研

究高质量 c 轴择优取向的 AlN 压电薄膜制备工

艺及与 MEMS 工艺兼容的 SAW 谐振器制作工

艺，并测试其电学性能以验证 SAW 谐振器设计

与制作的正确性与可行性。 

创新点：1. 首次在耐高温材料 AlN/4H-SiC 上设计、仿真

及制作 SAW 谐振器并测试电学性能；2. 在 4H-

SiC 上得到了高质量 c 轴择优取向的 AlN 压电薄

膜并开发了一套与 MEMS 工艺兼容的 SAW 谐

振器制作工艺。 

方 法：1. 通过对 SAW 谐振器所有结构参数的设计与仿

真，得到谐振器的谐振频率与反谐振频率等

（图 2 和 3）；2. 利用磁控溅射方法在 4H-SiC

衬底上溅射高质量 c 轴择优取向的 AlN 压电薄

膜，再利用光刻、湿法腐蚀等 MEMS 工艺制作

SAW 谐振器（图 4）；3. 通过扫描电镜和 X 射

线衍射等手段，检测 AlN 压电薄膜质量（图 5

和 6）及器件制作结果（图 7）；4. 利用网络分

析仪测试 SAW 谐振器电学性能并与仿真结果相

比较，验证 SAW 谐振器设计仿真方法和 MEMS

制作工艺的可行性和有效性（图 8）。 

结 论：1. 基于耐高温材料 AlN/4H-SiC，成功设计并制

作出 SAW 谐振器（尺寸：1107 µm×721 µm）；

2. 在 4H-SiC 上得到了高质量 c 轴择优取向的

AlN 压电薄膜，衍射峰为 36.10°，摇摆曲线半高

宽仅 1.19°；3. SAW 谐振器电学性能测试结果与

仿真结果一致，证明其设计仿真方法正确有

效、MEMS 制作工艺可行。 

关键词：SAW 谐振器；AlN/4H-SiC；恶劣环境；MEMS

技术；燃气轮机 

 
 
 


