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Abstract—1 µm thick sputtered Al1-xScxN films were used to 
fabricate SAW resonators with 2-20 µm wavelength and the 
frequency response was measured in the range of 20 °C to 140 °C. 
Extracted phase velocity dispersion curve was in good agreement 
with the simulated dispersion curve by FEM model. Moreover, for 
each investigated temperature, the corresponding phase velocity 
shift dispersion curves as a function of normalized thickness were 
shown in detail for each resonator layer (Si substrate, AlScN 
piezoelectric layer, and Pt electrode), and the independent thermal 
influence of the Si, AlScN, and Pt were evaluated. The temperature 
coefficients of frequency (TCF) of Al1-xScxN (x = 0, 0.14, 0.32) layer 
was calculated independently and compared with the combined 
TCFs of the resonators.    

Keywords—AlN, AlScN, SAW Resonator, TCF, FEM 

I. INTRODUCTION 

Among the available piezoelectric materials, aluminum 
nitride (AlN) has been widely used in current mobile 
communication application [1]–[3]. Introducing scandium (Sc) 
into AlN to form aluminum scandium nitride (Al1-xScxN with 
up to x≈0.43) can lead to four-fold increase in the piezoelectric 
coefficient [4] and three-fold increase in the electromechanical 
coupling coefficient [5],  which leads to AlScN being a very 
promising piezo-acoustic material for next generation mobile 
communications. 

Surface acoustic wave (SAW) devices are key components 
in telecommunication systems [6] and physical/chemical 
sensing systems [7], especially when targeting operation in 
harsh environmental condition [8], [9]. For design and 
simulation of AlScN-based SAW resonators, the electro-
acoustic properties [10] have to be thoroughly investigated. 
Moreover, as mobile devices’ internal temperatures could reach 
up to 90°C [11], [12] , the temperature dependence of the 
mentioned properties becomes important. While several reports 
on thermal characteristics of AlScN-based SAW resonator have 
been published [13]–[17],  obtaining Al1-xScxN temperature 
coefficients of elasticity which would allow to predict how 
material coefficients change with temperature remains a 
challenge. Moreover, future SAW devices will consist of 
complex layer structure [18], [19], hence it is important to 
investigate how each layer’s behavior contributes to the overall 
performance of the devices at elevated temperatures. However, 
such investigation have not been performed until now.  

In this work, the theoretical independent thermal influence 
of the substrate and interdigitated transducer (IDT) materials 
(Si and Pt, respectively) towards the performance of the 
Al0.68Sc0.32N-based SAW resonators was simulated in 20-
140 °C range. Then, resonators were fabricated and their 
thermo-electro-acoustic performance was evaluated. Based on 
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the theoretical predictions and the experimental results, the 
influence of different components of the SAW resonator could 
be decoupled, enabling us to obtain the thermal influence of 
Al0.68Sc0.32N material itself. As a result, TCF of Al0.68Sc0.32N 
was calculated to be -16.41 ppm/K and previously obtained 
TCF for AlN and Al0.86Sc0.14N based SAW resonators [20] were 
used to extract the TCF of the piezoelectric layer without the 
influence of the substrate and the IDT using the same approach.  
The results obtained here will contribute to the further 
extraction of much sought for thermal elastic and piezoelectric 
material parameters of AlScN in the future. 

 

II. EXPERIMENTAL 

1 μm thick Al1-xScxN (0001) thin films (x = 0, 0.14 and 0.32) 
were sputtered on 100 mm diameter high resistivity 
(>>3.6 kΩ cm) Si(001) substrates using reactive pulsed-DC 
magnetron co-sputtering from 99.995 % pure Al and 99.99 % 
pure Sc targets (Evatec Radiance sputter cluster tool, base 
pressure < 5∙10−6 Pa ). To remove the native oxide and improve 
nucleation of the grown layer the substrates were cleaned in-
situ for 1 min by a pure argon (Ar) inductively coupled plasma 
(ICP) etching prior to thin film deposition [21], The total 
combined magnetron power on Al and Sc targets (PAl+PSc) was 
kept constant at 1000W. More details about deposition 
parameters, growth process optimization, and deposited AlScN 
film structural characterization can be found elsewhere [22], 
[23]. 

Then SAW resonators with wavelengths λ = 2, 2.5, 3, 4, 5, 
10, 12, 14, 16, and 20 µm were fabricated. The metallization 
ratio was kept constant at 50%. Electron beam (e-beam) 
evaporation together with stepper photolithography/lift-off 
processes were employed to transfer 100 nm thick platinum (Pt) 
patterns of the IDT and the reflectors onto the thin films. The 
IDTs consisted of 50 finger pairs, and each reflector bank at 
both sides had 40 short-circuited fingers. More details on the 
device fabrication and characterization can be found elsewhere 
[20]. 

The frequency response at every 20 °C from 20°C up to 
140 °C and then back to 20°C was measured using Agilent 
E8361C vector network analyzer (VNA), Cascade Microtech 
Summit 12151B-S semi-automatic probe station and 
Temptronic TP03215A thermal chuck in ambient atmospheric 

conditions. The resonators were allowed to stabilize for 5 
minutes at each heating and cooling step before starting the 
measurements to avoid the drift. Cascade Air Coplanar SG 
probes (350 µm pitch) were used for all measurements. 
Calibration was performed on an impedance standard substrate 
(ISS) from Cascade Microtech using the open-short-load 
configuration prior measuring.  

The modified Butterworth-Van Dyke (mBVD) model [24] 
was used to fit the measured frequency response of the 
resonators. The series and parallel resonance frequencies fs and 
fp, respectively, were then calculated from the mBVD 
parameters: 

 ,
 (1) 

 ,
 (2) 

where Lm, Cm, and Cn are the motional inductance, motional 
capacitance, and static capacitance, respectively [24]. 

The relationship between frequency fs and the resonator 
wavelength λ was used to calculate the SAW phase velocity vph 

[25]:  

 . (3) 

The elastic material constants Cij and their temperature 
coefficients (TCE) Tcij for Si were taken from literature [26]. The 
elastic constants at elevated temperatures were calculated using: 

 𝐶𝑖𝑗(𝑇) = 𝐶𝑖𝑗(20) ∙ (1 + 𝑇𝐶𝑖𝑗
(1)
∙ (𝑇 − 20) + 𝑇𝐶𝑖𝑗

(2) ∙ (𝑇 − 20)2) (4) 

Si density ρ at elevated temperatures was calculated based on 
coefficients of thermal expansion (CTEs) taken from [27]. The 
Young’s modulus E = 127 GPa and Poisson’s ratio υ = 0.3457 
of Pt were taken from [28]. All material parameters for Si and Pt 
used in calculations are given in . 

By employing the values in Table 1 in COMSOL MEMS 
module, 2D SAW model was built and the overall resonator fs 
and fp were extracted from frequency domain sweep as well as 
the independent influence of Si substrate and Pt IDT at each 
experimental temperature. Additional details about the 
geometry of the simulation model and approach could be found 

Table 1. Material properties used for calculations [26], [27], [28]. 

 
ϱ 

(kg/m3) 
α(T) (10-6/K) i,j 

Cij at 20°C 
(GPa) 

1st order TCE 

𝑇𝐶𝑖𝑗
(1)

 (10-6/K) 

2nd order TCE 

𝑇𝐶𝑖𝑗
(2) (10-9/K) 

Si 3325.89 

−3.0451 +0.035705 ∙ T −7.981 ∙ 10−5 ∙ T2 

+9.5783 ∙ 10−8 ∙ T3−5.8919 ∙ 10−11 ∙ T4 

+1.4614 ∙ 10−14 ∙ T5 

1,1 165.7 -73.25 -49.26 

1,2 63.97 -91.59 -32.70 

4,4 79.53 -60.14 -51.28 

Pt 21450 N/D υ = 0.3457, E = 127 GPa -238.5 N/A 
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in our previously published work [29]. The detailed explanation 
of the experimental determination of TCF and hysteresis errors 
can be found elsewhere [20].  

III. RESULTS AND DISCUSSION 

Rayleigh mode was excited in SAW resonators in the 
whole investigated temperature range independently if Sc 
concentration. Phase velocity dispersion curves were extracted 
[20] for Al1-xScxN with x = 0, 0.14, and 0.32 using eq. (3). The 
results are shown in Figure 1. The phase velocity is decreasing 
monotonically as a function of normalized thickness due to the 
decreasing substrate influence until the SAW becomes fully 
confined in the piezoelectric layer at h/lambda ≈ 0.2 [20]. In 
addition, dispersion curves were computed using finite element 
method (FEM) based on AlScN material parameters in [29] and 
they are in good agreement with the experimental data, 
confirming the good performance of the fabricated structures.  

The thermal influence of the substrate and the IDT 
materials towards the phase velocity vph at 40°C, 60°C, 80°C, 
100°C, 120°C, 140°C was calculated by simulated resonance 
frequency and are shown in Figure 2 and Figure 3 for Si and Pt, 
respectively, as a function of normalized thickness hAlScN/λ. 
Here, the piezoelectric layer thickness h is fixed at 1 μm and the 
SAW wavelength λ is an independent variable defined as the 
pitch of the IDT. It is known, that the depth to which the SAW 
wave penetrates depends on its wavelength [29]–[31] .  
Therefore, the ratio hAlScN/λ shows the fraction of SAW energy 
inside the piezoelectric layer. As it can be seen in Figure 2, the 
thermal influence of substrate material is high at low hAlScN/λ, 
because the SAW mostly propagates inside the substrate. With 
increasing hAlScN/λ, SAW propagation becomes increasingly 
confined to the piezoelectric layer and the substrate influence 
diminishes, as also shown for the room temperature 
measurements in Figure 1. On the other hand, as it can be seen 
in Figure 3, with increasing hAlScN/λ the thermal influence of Pt 
IDT, which is on top of the piezoelectric layer, increases. 

Additional, the total relative vph shift of Al0.68Sc0.32N SAW 
resonators at 20°C, 40°C, 60°C, 80°C, 100°C, 120°C, 140°C 
was calculated by using the VNA measured frequency 
response. Afterwards, the previous mentioned relative 
theoretical vph shifts caused by Si and Pt (Figure 2 and 3) were 
subtracted yielding the relative vph shift only caused by 
piezoelectric layer Al0.68Sc0.32N itself, as shown in Figure 4. It  

 

   

Figure 1. Experimental phase velocity vph dispersion curves of AlN, 
Al0.86Sc0.14N and Al0.68Sc0.32N-based resonators [20], [29] and the theoretical 
Al0.68Sc0.32N-based resonator dispersion curve computed using extracted 
material parameters in FEM. 

can be seen, that at low hAlScN/λ the thermal influence of 
Al0.68Sc0.32N is minimal and it increases with increasing 
hAlScN/λ. This is in agreement with the results of theoretical 
calculations shown in Figure 2 and 3. With higher hAlScN/λ, the 
fraction of SAW energy inside the Al0.68Sc0.32N increases and 
higher difference in relative phase velocity shift is observed 
between the different temperature curves. 

By combining the values from Figure 1, 2, 3, and 4, a 
distribution of influences from different layers in the SAW 
resonator can be decoupled, and, in the case of 80°C, all 
contributions are shown in Figure 5 as a function of normalized 
thickness hAlScN/λ. Here, the total relative vph shift changes only 
slightly throughout the whole investigated hAlScN/λ range, this 
can be attributed to the the transfer of influence from the 
deeper-located substrate to the at the surface-located 
Al0.68Sc0.32N thin film and Pt electrodes.  
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Figure 2. Phase velocity vph shift dispersion curves at different temperatures 
relative to 20°C caused solely by thermal change in Si (substrate) material 
properties as a function of normalized thickness hAlScN/ λ. 

 

Figure 3. Phase velocity vph shift dispersion curves at different temperatures 
relative to 20°C caused solely by thermal change in Pt (IDT) material 
properties as a function of normalized thickness hAlScN/ λ. 
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Figure 4. Phase velocity vph shift dispersion curves at different temperatures 
relative to 20°C caused solely by thermal change in the Al0.68Sc0.32N 
(piezoelectric layer) material properties as a function of normalized thickness 
hAlScN/ λ. 

 

Figure 5. Distribution of the influence of the thermal changes in used materials 
towards the overall phase velocity vph shift at 80°C (relative to 20°C) as a 
function of normalized thickness hAlScN/ λ.  

Furthermore, the decoupling of individual influences of the 
materials towards phase velocity enabled to calculate the 
temperature coefficients of frequency (TCF) of the active 
piezoelectric layer Al0.68Sc0.32N independently. The TCF for 
AlN and Al0.86Sc0.14N based SAW resonators were previously 
published elsewhere [20] and as the influence of the substrate 
and IDT stays the same for Al1-xScxN SAW resonators 
regardless of Sc concentration, the corresponding TCF for the 
AlN and Al0.86Sc0.14N could also be calculated independently. 
The overview of combined TCFs of the Al1-xScxN based SAW 
resonator devices and TCFs of the piezoelectric layer alone, i. e. 
Al1-xScxN, are summarized in Table 2.  

 

 

IV. CONCLUSIONS 

Individual thermal influence of the substrate and 
interdigitated transducer materials (Si and Pt, respectively) 
towards the performance of the Al0.68Sc0.32N-based SAW 
resonators was calculated at 40°C, 60°C, 80°C, 100°C, 120°C, 
and 140°C. These theoretical values together with the 
experimentally obtained phase velocity dispersion curves of the 
SAW resonators with λ = 2-20 µm fabricated on 1 µm thick 
sputtered AlScN thin films in the same temperature range were 
then used to obtain the influence of Al0.68Sc0.32N material itself. 
Additionally, the independent TCF of Al1-xScxN (x = 0, 0.14, 
0.32) piezoelectric layer was calculated and compared with the 
TCF of the SAW resonator. The results obtained here will 
improve the understanding of how each layer’s behavior 
contributes to the overall performance of the electroacoustic 
devices at elevated temperatures. Moreover, the developed 
methodology can be further used for the extraction of thermal 
material parameters as TCE as well as strengthen the design and 
simulation models for future SAW resonator devices with 
complex layered structures.  
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