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Abstract —	Surface acoustic waves (SAW)	technology is very promising to achieve 

wireless sensors able to operate in high temperature environments up to possibly 1000°C. 

However, there is currently a bottleneck related to the packaging of such sensors. The	

current high-temperature packaging solutions can withstand 600°C at most. This 

limitation could be overtaken by the development of packageless devices, based on the 

waveguiding layer acoustic waves (WLAW) principle.	In such devices, the acoustic wave 

is confined inside an inner layer and is then isolated from undesired surface perturbations	

like dust deposition.	

		In this paper, we investigate the performance of an	 AlN/IDT/GaN/Sapphire 

WLAW device	 used as a temperature sensor able to operate up to 500°C.	 After 

validating a room-temperature GaN material constant set with basic SAW measurements 

performed on IDT/GaN/Sapphire structure, the AlN/IDT/GaN/Sapphire device is 



simulated to determine the optimal relative thicknesses of AlN and GaN films	in order to 

obtain a good wave confinement. Based on these calculations, an experimental WLAW 

device is performed and electrically characterized. The full wave confinement is 

experimentally confirmed by the lamination of an acoustic absorber on top of the device: 

no change in the scattering parameters was observed. The WLAW device	 is then 

electrically characterized between the ambient temperature and 500°C. A temperature 

coefficient of frequency (TCF) value of -34.6 ppm/°C is obtained,	 demonstrating the 

potential of the	WLAW AlN/IDT/GaN/Sapphire structure as a	packageless temperature 

sensor.	 Finally, the theoretical TCF of the AlN/IDT/GaN/Sapphire structure was 

numerically calculated by changing the material constants of AlN, GaN and Sapphire 

according to the temperature coefficients available in the literature. The theoretical and 

experimental data were found in good accordance.	

Keywords — SAW; Packageless Sensor; TCF; WLAW; High-temperature	

1. INTRODUCTION 

Surface acoustic wave (SAW) devices are massively used as RF filters in mobile 

communication devices. As SAW devices are very sensitive to environmental parameters, they 

are also intensively studied for sensor applications [1]. Moreover, SAW devices being passive 

components, they can be remotely interrogated without embedded electronics or on-board 

power source. This last property makes this technology particularly suitable for high 

temperature applications. Currently, conventional wireless sensors are based on silicon 

integrated electronics, which are limited to 200°C. Many studies have been conducted in the 

last two decades to identify piezoelectric materials and metals for interdigital transducers (IDT) 

able to operate at high temperatures. Conventional SAW substrates like quartz, congruent 

lithium niobate or lithium tantalate are not suitable for temperatures above 400-450°C [2]. 

Actually, very few piezoelectric materials can withstand high temperatures beyond this 



threshold. So far, the most advanced candidate is langasite (La3Ga5SiO14; LGS) whose surface 

is stable up to 1000°C for weeks under air atmosphere [3-4]. Moreover, 4-inches LGS wafers 

of different orientations are commercially available and reliable high-temperature elastic 

constants of LGS have been recently published, allowing the prediction of the frequency-

temperature law of a given LGS-based SAW device in a large temperature range [5]. Still, the 

upper temperature range of wireless interrogation of LGS-based SAW devices is 600-700°C 

[6-7] because the electrical resistivity of this material drops in the range of 105 Ω.cm at 700°C 

[8]. In this context, the most promising candidate to achieve wireless SAW sensors able to 

operate above 700°C is AlN/sapphire bilayer structure, which shows an electrical resistivity 

five orders of magnitude higher than that of LGS [9], and could be possibly used up to 900°C 

in the air [10-12]. However, the development of a high-temperature packaging solution 

constitutes a technological bottleneck, the most advanced solutions being limited to 600°C [13]. 

Indeed, SAW devices must be packaged in order to protect the thin film electrodes from 

accidental scratches and isolate the acoustic wave from surface perturbations such as dust 

deposition. Several studies have shown the possibility to achieve packageless acoustic wave 

devices, using the waveguiding layer acoustic waves (WLAW) technology [14-15]. WLAW 

devices are made from a tri-layer structure, in which the inner layer shows a significantly lower 

acoustic velocity and thus lower acoustic impedance than both surrounding materials (Fig.1). 

Consequently, the acoustic wave is trapped inside the inner layer, and thus is insensitive to 

surface perturbations but still sensitive to bulk influences like temperature or strain 

modifications. In practice, at least one of the layers has to be a piezoelectric material in order 

to generate the acoustic waves. One additional advantage of packageless WLAW sensors is that 

the electrodes are buried and thus protected from physical and chemical alterations [16]. The 

extreme miniaturization of the device, achieved by removing the package, is also interesting for 

industrial perspectives. 



III-Nitride materials as well as sapphire are well known for their robustness regarding 

harsh environments and their high electrical resistivity [17-18]. Moreover, sapphire and AlN 

are very stiff materials which show high acoustic velocity: the velocity of Rayleigh waves is 

around 5600 m/s for both c-oriented AlN and sapphire. In the case of gallium nitride (GaN), 

this velocity is significantly lower, being equal to 3700 m/s [19]. Consequently, we consider in 

this paper the AlN/IDT/GaN/Sapphire structure as a promising WLAW structure for high-

temperature applications.  

 
Fig. 1: Schematized WLAW structure. 

 
In order to develop fully operational WLAW sensors based on this layered structure, it 

is necessary to simulate the device behavior using reliable physical constant sets in a large 

temperature range for the three constitutive materials. Thus, the robustness of some constant 

sets available in the literature is checked by comparing experimental and calculated results of 

basic AlN/Sapphire and GaN/Sapphire SAW devices. The most reliable sets are then used to 

determine numerically the possibility to generate WLAW in the AlN/GaN/Sapphire structure 

at room temperature, and to optimize the films’ respective thicknesses. Based on these 



calculations, an AlN/GaN/Sapphire WLAW device is fabricated and electrically characterized 

between room temperature and 500°C.  

2. METHODS 

2.1. Model description and selection of material constants sets 

The numerical results including dispersion and S11 curves are calculated by a 2D-FEM 

modeling (software Comsol Multiphysics®), using the general partial differential equations 

interface, and applying the Bloch periodic boundary conditions to the unit cells (Fig. 2) along 

the X-axis and considering one period of SAW structure as shown in fig. 5. The used model 

describes an infinite aperture IDT with infinite number of fingers. Thus, the electromechanical 

coupling coefficient K², and the wave velocity are calculated using the admittance of the unit 

cell. Sapphire is a well-known crystal for which reliable room temperature-data, as well as 

associated first-order temperature coefficients, are available [20]. Besides, a room-temperature 

constants set of AlN/Sapphire bilayer structure had already been validated in previous studies 

[21]. In the present work, the GaN/Sapphire bilayer structure is firstly considered to find reliable 

room temperature GaN material constant sets. To do so, calculated velocity dispersion curves 

are compared with the experimental one obtained from the characterization of GaN/Sapphire 

SAW devices (see next section). Then, the full AlN/IDT/GaN/Sapphire WLAW structure is 

simulated, using aluminum as metal for IDTs, and using the separately validated constants sets 

of the four considered materials. Finally, different first-order temperature coefficient sets are 

tested for GaN and AlN by comparing calculated and experimental temperature coefficient of 

frequency (TCF) dispersion curves for GaN/Sapphire and AlN/Sapphire SAW bilayer 

structures. The experimental data come from previous studies in the case of AlN/Sapphire [22, 

23, 24]. 

Table I summarizes the room temperature physical constants considered for sapphire, 

Al and AlN, and the three different sets tested for GaN. Table II gives the various sets of first-



order temperature coefficients of elastic constants Cij(T),	and thermal expansion coefficients αii	

considered in the calculations. 

 
Fig. 2: Schematic 2D representation of the unit cell of the investigated structures: 

Al/AlN/Sapphire, Al/GaN/Sapphire and AlN/Al/GaN/Sapphire. 

 

Tab. I: Room-temperature physical constants of Al, AlN, GaN and Sapphire (Tref = 25°C). 

Material Elastic Stiffness (GPa) Piezoelectric 
constants (C/m²) 

Dielectric constants 
(10-11 F/m) 

Density 
(kg/m3) Ref 

Constant C11 C12 C13 C14 C33 C44 C66 e15 e31 e33 ε11 ε22 ε33 ρ  

Al 107.3 60.8 X X X 28.3 X X X X X X X 2702 [25] 

Sapphire 497 164 111 -23.5 498 147 X X X X 8.28 8.28 0.12 3980 [20] 

AlN 345 125 120 X 395 118 110 -0.48 -0.58 1.55 8 8 9.5 3260 [26] 

GaN 350 140 104 X 376 101 115 0.5 -0.32 0.63 8.9 8.9 8.9 6150 [27] 

GaN 390 145 106 X 398 105 123 0.5 -0.32 0.65 8.9 8.9 8.9 6150 [27] 

GaN 370 145 110 X 390 90 113 0.5 -0.32 0.65 8.9 8.9 8.9 6150 [27] 

 

 



Tab. II: First-order temperature coefficient of elastic constants and expansion coefficients of the 
AlN, GaN and Sapphire. 

Material Temperature coefficients (ppm/°C) Thermal expansion 
coefficients (10-6/°C) Ref 

Constant C11(T) C12(T) C13(T) C14(T) C33(T) C44(T) C66(T) α11(T) α22(T) α33 (T)  

Sapphire -75 40 -80 -70 -85 -180 X 7.28 7.28 8.11 [20] 

AlN 80 180 160 X 100 50 X 5.27 5.27 4.15 [21] 

AlN -28 -35 -40 X -30 -11 X 5.27 5.27 4.15 [28] 

AlN -37 -1.8 -1.8 X -65 -50 -57 5.27 5.27 4.15 [26] 

GaN 47.1 94.7 94.7 X 52.5 9.9 16.7 5.2 5.2 3.95 [27]-
LDA 

GaN 49.5 97.9 97.9 X 52.9 12.7 19.8 5.2 5.2 3.95 [27]-
GGA 

GaN -15 -16.9 -33.7 X -23.6 -6.9 -6.9 4.45 4.45 3.03 [29] 

GaN -42.5 -45.9 -53 X -59.4 -15.8 -15.8 4.45 4.45 3.03 [28] 

 

The reference [27] contains multiple constants sets for the GaN material. One of them is 

calculated by local-density-approximation (LDA), and the other by the generalized-gradient-

approximation (GGA). 

 

2.2 Experimental 

Commercial GaN/Sapphire bilayer structures were purchase from Kyma Technologies, 

Rayleigh, NC, USA. The 2 µm-thick, c-oriented, non-intentionally doped GaN films were 

hetero-epitaxially grown by MOCVD on c-cut sapphire substrates. 200 nm-thick aluminum 

films were deposited onto the GaN/Sapphire structures and patterned by conventional contact 

ultraviolet (UV) photolithography and wet etching to achieve SAW synchronous single-port 

resonators. The Al IDTs were made of 100 finger pairs, with a metallization ratio of 50% and 



an aperture of 40·λ. Different wavelengths comprised between 5 and 24 µm were used. The 

resonators were equipped with 200 reflectors on each side of the IDT. The propagation path of 

the acoustic waves was along the X-direction of the sapphire substrates.  

Finally, AlN/Al/GaN/Sapphire WLAW structures were fabricated. 12 µm-thick AlN 

film was grown onto the previously described Al/GaN/Sapphire SAW structures with a 

wavelength of 5 µm, using reactive magnetron sputtering. The AlN thickness was measured by 

in-situ reflectometry and its microstructure was determined by X-ray diffraction (XRD) θ-2θ 

measurements (Bruker D8 Advance CuKα1). The IDTs contacts were protected by a tantalum 

hard mask during the AlN deposition in order to keep a subsequent electrical access to the 

device. 

Both SAW and WLAW devices were electrically characterized up to 500°C in air 

atmosphere using a network analyzer (PNA 5230a, Agilent Technologies Inc., Santa Clara, CA) 

and an RF probe station (S-1160, Signatone Corp., Gilroy, CA) equipped with a S-1060 series 

Signatone thermal probing system and water-cooled RF probes (Z-Probe, Süss Microtech AG, 

Garching, Germany) so that it can withstand temperatures up to 600°C. Before all 

measurements, the RF setup was conventionally calibrated in order to obtain reliable 

measurements.  

In order to verify experimentally the confinement of the wave in the inner layer of the 

WLAW device, an elastomeric material was placed on the surface of the top AlN film (Fig. 3). 

Whereas a SAW should suffer from strong viscous losses in the soft medium placed at the 

surface of the structure, a WLAW should be insensitive to it [30]. To make this test as selective 

as possible, a particularly soft elastomer (Solaris®, Smooth-on, USA, EYoung = 172 kPa) has 

been chosen. The results of this test are shown on figure 10. 

 

 



 
 

 
 

 

 

 

 

 

 

Fig. 3: Measurements of the WLAW scattering parameters, during the Solaris elastomer test. 

 

3. RESULTS AND DISCUSSION 

3.1. Room Temperature results 

The comparison between the calculated Rayleigh wave dispersion curves and the ones obtained 

from the experimental characterization of GaN/Sapphire SAW devices is shown in Fig. 4. A 

good agreement is obtained in a large range of GaN relative thicknesses, with the room-

temperature constant calculated by the local-density-approximation (LDA).	

Probe 
Devices 
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Fig. 4: Comparison between experimental (yellow stars) and calculated (lines) phase velocity 
dispersion curves of Rayleigh waves propagating in GaN/Sapphire bilayer structure, made by 

using the material GaN constants taken from references [27]. 

 

To simulate the whole AlN/Al/GaN/Sapphire structure we consider the sets from 

references [20], [21] and [27] respectively for AlN, Sapphire and GaN. As the trapping of the 

acoustic wave inside the inner layer becomes more efficient when the respective thicknesses of 

the surrounding layers increase, a thick AlN overlayer of 20 µm was firstly considered to ensure 

the hypothetical confinement of the wave. Simulations show that the expected WLAW mode 

can propagate in the structure under certain conditions (Fig. 5). 
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Fig. 5: Total displacement in the AlN/Al/GaN/Sapphire structure with different AlN 
thicknesses: (a) 0 µm, (b) 6 µm, (c) 12 µm and (d) 20 µm. 

 
 

The phase velocity dispersion curve of the AlN/Al/GaN/Sapphire structure was 

calculated for fixed AlN thickness (20 µm); figure 6 shows the phase velocity and K² dispersion 

curves. Both experimental and theoretical values of K2 was determined using from admittance 

versus frequency curves considering resonance (fr) and antiresonance (fa) frequencies and using 

the following formula [31-32]: 

𝐾"(%) = 2 ×
𝑓* − 𝑓,
𝑓*

× 100 

One can observe that the maximum value of K2, namely 0.21%, is reached when the relative 

thickness of the GaN layer khGaN is in the range between 2.6 and 2.9, with a WLAW velocity 

between 5100 and 4900 m/s respectively. Taking into account that the actual GaN thickness of 

the samples is 2 µm, obtaining the maximum K2 requires a wavelength close to 5 µm. 

The figure 7 shows the particles displacement and their position inside the three-layer 

structure following the thickness of the AlN thin film. As we can see in this figure, the particles 

displacement at the surface of the device decreases when the AlN thickness increases. For 

subsequent calculations, the GaN thickness was set to 2 µm, the wavelength to 5 µm, and the 



AlN overlayer thickness was steadily reduced in order to find the minimum value allowing the 

propagation of the WLAW, i.e. an acoustic wave trapped inside the GaN inner layer. We used 

as numerical criterion for the wave confinement, a surface displacement below 1% of the wave's 

maximum displacement. Using this criterion, the minimum thickness of AlN for our structure 

was found to be equal to 12 µm. Then, it was decided to grow a 12 µm-thick AlN film onto the 

Al/GaN/Sapphire SAW devices, where The AlN thin film have been grown using a sputtering 

power of 200 W. The gas used was composed with only N2 at 5 mTorr pressure, with a 

substrate-target distance of 5 cm. The substrate was not subject to any heating. The growth rate 

obtained with those parameters was of 100 nm in 12 min. 

 
Fig. 6: Phase velocity and K2 dispersion curves of the WLAW mode in 

AlN(20 µm)/Al/GaN/Sapphire structures. 
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Fig. 7: Intensity of the particles vertical displacement related to the WLAW propagating in the 

AlN/Al/GaN/Sapphire structure, versus vertical coordiante.  Four different AlN thicknesses 
were considered in the simulations. 

 

 Figure 8 shows the θ-2θ XRD spectrum obtained from the new AlN/Al/GaN/Sapphire 

stacking. The three AlN, GaN and materials show crystalline behavior, unlike Al IDTs which 

shows amorphous structure.  

The sapphire substrate (stars) shows a clear (006) orientation of two peaks, the first close 

to 42° is the (006) orientation, the second, next to 91° being the (0012) orientation. An 

additional (024) orientation is visible. This could indicate some defect into the substrate, but 

the intensity of this (024) peak is small compared to the principle (006) orientation. Thus it does 

not affect our experiments. 

The (002) expected orientation for the epitaxial GaN film is confirmed. This orientation 

can be observed through the (002) and (004) peaks, respectively located at 34.7° and 73°. As 

for the sapphire substrate, the GaN layer can contain some defects illustrated by the weak (103) 

orientation close to 64.7°, which is not an issue in our case.  



The AlN thin film shows polycrystalline behavior. Most of AlN usual orientations are 

visible, which means that the deposed AlN won’t show any monocrystallic behavior. Thus, the 

elastic constants of the experimental AlN won’t fit the simulated constants. A difference of 

wave velocities between the simulated structure, and the experimental one is therefore expected. 

However, the AlN films shows a significant (002)-texture, by the (002) and (004) peaks 

respectively located at 36.2° and 76.7°. This kind of structure is still interesting for the hoped 

oxygen diffusion barrier behavior.  

 

Fig. 8: θ-2θ XRD measurement of the AlN/Al/GaN/Sapphire device, where the thicknesses of GaN 

and AlN are respectively of 2 µm and 12 µm. 

 

Figures 9 shows the magnitude of the S11 scattering parameters measured on a 

GaN/Sapphire resonator with a wavelength of 5 µm before and after the deposition of the 12µm 

thick AlN overlayer. Before deposition, the Rayleigh surface mode can be observed at 860 

MHz, which gives a wave velocity of 4300 m/s. That is in good agreement with the theoretically 
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expected velocity (4250 m/s). After deposition, the peak shifted towards 953 MHz, while the 

Q-factor strongly decreased to 30 from 600. The corresponding phase velocity is close to 4800 

m/s, in good agreement with the expected 5000 m/s for the calculated WLAW mode. 

The confined nature of this mode was finally experimentally confirmed by the specific 

test described in the experimental section: the S11 signal remains unchanged after the lamination 

of the soft Solaris elastomer onto the sample (Fig. 10).  

The slight discrepancy of 200 m/s between the experimental and the calculated velocity 

for this WLAW mode could come from the polycrystalline nature of the AlN film. We attribute 

the reduction in Q to both the decrease of the reflection coefficient of the resonator electrodes 

and to the dielectric loss in the AlN deposited over the electrodes. The former feature is common 

to devices in which the resonator is coated by different layers. In filters dense metal electrodes 

are used (Cu) to oppose this phenomenon [33]. In high-temperature sensors, electrodes based 

on Pt and Ir are often the only choice [34] and can efficiently fit the purpose. For moderate 

temperature sensors with Al electrodes, the number of electrodes in reflecting gratings should 

be increased accordingly. So that this feature can be taken care-of with known methods. The 

latter feature is observed as a substantial increase in the electrical loss level. This effect 

manifests itself as a visible decrease of S11 (from about -0.1 dB to about -0.7 dB) outside of the 

WLAW excitation region. We can attribute it to the dielectric loss in AlN deposited over the 

IDT electrodes. The damage of Al electrodes cannot be excluded either, but it seems less 

probable as the deposition temperature was not very high. Future development will have to take 

care of all of these effects.  

The experimental K² of the Al/GaN/Sapphire SAW structure have been measured and 

is equal to 0.30%, which is in agreement with the simulated K², equal to 0.39%. The 

deterioration of the signal after the AlN film deposition is too important to extract an accurate 

value of K² for the WLAW structure. 



 

 

Fig. 9: Room-temperature S11 magnitude of two resonators respectively based on the 
Al/GaN/Sapphire and the AlN/Al/GaN/Sapphire structures. 

 

Fig. 10: Comparison of the S11 magnitude of the AlN/Al/GaN/Sapphire WLAW device with and 
without the Solaris elastomer top layer. 
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3.2. High Temperature Results 
 
 3.2.1 AlN/Sapphire and GaN/Sapphire SAW devices	
 
 

All investigated SAW devices based on both AlN/Sapphire and GaN/Sapphire 

structures exhibit a quasi linear dependence of the operating frequency with the temperature up 

to 500°C, independently from the film normalized thickness. In order to simulate the behavior 

of the SAW devices with the temperature, several sets of first-order temperature coefficients of 

elastic constants and thermal expansion coefficients were added to the model (see Table II). 

Figure 11 shows the experimental and calculated dispersion of the TCF with the piezoelectric 

layer relative thickness for the AlN/Sapphire SAW structures. A good correlation is obtained 

for this structure when the AlN constant set from Ref. [26] are used. Thus, this set is considered 

as the most accurate and it is selected for the high-temperature study of the complete WLAW 

structure. The reliable constants coming from Ref. [20] are used for sapphire. 

The same study was conducted regarding the GaN/Sapphire SAW devices. All the measured 

TCF values are reported on figure 12 and compared to the calculated ones.	In that case, no set 

of GaN first-order temperature coefficients of elastic constants and thermal expansion 

coefficients leads to a good convergence in the full range of GaN normalized thicknesses	

considered here.	 Consequently,	 all the four GaN sets are considered in the subsequent 

simulation study of the AlN/Al/GaN/Sapphire WLAW device. 



 
 

Fig. 11: Comparison between the experimental and calculated AlN/Sapphire TCF SAW 
dispersion curves.  

 

Fig. 12: Comparison between the experimental and calculated GaN/Sapphire TCF SAW 
dispersion curves. 
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3.2.2 AlN/Al/GaN/Sapphire WLAW device	
 
 As for the GaN/Sapphire SAW devices, the complete WLAW device was electrically 

characterized between the ambient temperature and 500°C. After cooling, the devices were 

characterized a second time in the same temperature range. The results are reproducible for both 

structures (Fig. 13). The WLAW device shows a linear frequency-temperature law, with a TCF 

value of -34.6 ppm/°C, corresponding to a slightly larger temperature sensitivity than the 

GaN/Sapphire SAW devices (TCF = -29.6 ppm/°C).  

 

Fig. 13: Experimental frequency-temperature laws of the Al/GaN/Sapphire SAW device and the 
AlN/Al/GaN/Sapphire WLAW device. 

 
Finally, the theoretical TCF of the AlN/Al/GaN/Sapphire WLAW structure was calculated 

using the coefficients coming from Ref. [20] for Sapphire, Ref [26] for AlN, and the four 

available data for GaN, as explained hereinabove (Tab. II). Calculated TCF values were equal 
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from references [27-GGA], [27-LDA], [27], and [29] respectively. The better agreement is 

obtained with sets from Ref. [27-GGA] and [27-LDA], which were also those giving the most 

accurate predictions concerning the TCF values of GaN/Sapphire SAW devices with large 

values of GaN relative thickness (kh ≥ 3), i.e. those in which the acoustic wave is mostly located 

in the GaN film, which is one of the feature the WLAW mode. 

 

4. CONCLUSION 

The suitability of the WLAW AlN/Al/GaN/Sapphire structure for the future	

achievement of high-temperature packageless sensors has been evidenced in this study.	

Simulations based on reliable room-temperature constant sets of AlN, GaN and sapphire	

materials show that a WLAW mode can be generated in this structure under certain conditions. 

Based on these calculations, an experimental device has been performed and characterized, 

confirming the possibility to excite a WLAW mode in the AlN/Al/GaN/Sapphire structure. 

Future developments will be focused on the improvement of the resonator device Q-factor 

which remains currently too weak, likely because of inadequate reflectors design	and dielectric 

losses in the AlN film.	

The behavior and the stability of the WLAW device was in situ investigated	 at 

temperatures up to 500°C with success.	The frequency-temperature law appears to be linear 

and the temperature sensitivity	 is large, with a TCF value of -34.6 ppm.	This value can be 

retrieved by simulations means using first-order temperature coefficients of material constant 

sets for AlN, GaN and sapphire, whose robustness has been checked by basic SAW 

measurements.	
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