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Abstract—In this paper, multiferroic magnetic sensors based 
on AlN and Al0.7Sc0.3N thin films have been studied by Finite 
Element Analysis (FEA). Magnetostrictive material FeGaB is 
utilized as the sensing element to detect external DC magnetic 
fields. The bilayer composite magnetoelectric structure is designed 
to operate at contour mode resonance in order to increase the 
sensitivity. A detailed description of the device model and 
simulated parameters are introduced. Under different DC 
magnetic fields, the device resonant frequency will change due to 
∆E effect. Furthermore, the thickness influence of AlN and 
Al0.7Sc0.3N thin films on the resonator characteristics has been 
analyzed.  

Keywords—Multiferroic, Contour mode resonator, 
Magnetic sensor, COMSOL simulation 

I. INTRODUCTION  
 Recently,  the integration of multiferroic magnetic field 
sensors into microelectromechanical systems (MEMS) has 
received great attention as they are highly attractive for 
various applications. Generally, magnetic sensors including 
search coil, fluxgate, optical pumps, SQUID, Hall-effect, 
magneto-resistance, TMR and giant magneto-impedance[1-3].  
However, applications of these devices are usually limited by 
low sensitivity and/or complex actuation requirements for 
sensing mechanisms. Multiferroic resonator composed of 
piezoelectric thin film and magnetostrictive thin film can be 
used to form magnetic field sensors, which can detect the 
magnetic field with ultrahigh sensitivity [2, 4, 5]. In such 
composite structure, the magnetostrictive and piezoelectric 
materials are mechanically coupled. The strain or 
characteristic change generated in magnetostrictive material is 
transferred to piezoelectric material. Therefore, additional 
changes in the magnetic field will lead to changes in 
characteristics of devices, particularly in resonant frequency, 
such as a series of resonators introduced in [6-8]. Furthermore, 
the multiferroic magnetic sensors with contour mode 
piezoelectric resonator has high electromechanical 
performance, high operate frequency and high sensitivity [9-
12] .  

In this work, we presented the analysis of the MEMS 
resonant magnetic field sensor. The bilayer composite nano-
plate consists of Iron Gallium Boron (FeGaB) with wither 
Aluminum Nitride (AlN) or Aluminum scandium nitride 
(Al0.7Sc0.3N). Due to the relative high piezoelectric 
coefficients, CMOS compatibility and potential applications 
in integrated circuits, the AlN and AlScN are currently being 
considered as attractive alternative materials in RF front-end 
components [13-16]. Compared to AlN, AlScN thin film 
shows higher performance in piezoelectric constant, quality 
factors and electromechanical coupling coefficients, 

especially when the content of scandium is more than 20% 
[17-20]. And FeGaB as one of the low-loss self-biased soft 
magnetic films [21] has a low saturation magnetic field and a 
relatively high magnetostriction constant of approximately 
over 70 ppm [22, 23]. We incorporated these two materials 
into the device model to form a composite multiferroic MEMS 
magnetic field sensor. The characteristics of the model were 
analyzed by simulation. 

 The characteristic changes of magnetic materials caused 
by external magnetic fields as well as its influence on 
resonator devices are analyzed through finite element analysis 
(FEA). It is proved that the resonant frequency shift is 
primarily caused by magnetic field strength induced Young’s 
Modulus change of FeGaB.  This paper consists of the 
following parts. Section II describes the principle and mode of 
the introduced device. Section III simulation method includes 
the details of the modeling and parameters of materials. In 
section IV, simulation results are present and discussed. 
Conclusions are provided in the last section.  

II. PRINCIPLE AND MODE 
 The three-dimensional (3D) structure of the presented 
device is shown as Fig. 1. Interdigital transducers (IDT) is 
employed for device resonance exciting. The piezoelectric 
material and magnetostrictive material form the main body of 
the resonator.  Moreover, the magnetostrictive film transfers 
the electric field as a floating metal and senses the magnetic 
field as the sensing element. In this structure, there will be 
vertical electric field in the piezoelectric film to exciting and 
forming the resonant contour mode. Contour mode usually 
occurs on piezoelectric films with d31  parameters and 
generated by vertical electrical excitation. The exited contour 
mode usually has a good quality factor, typical over 1000. The 
resonant frequency, f, of the introduced device is determined 
by the pitch, W0, and the resonant device parameters: 

 

 
Figure 1: The model 3D structure 
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equivalent Young’s Modulus Eeq and equivalent density ρeq 
by  

 𝑓𝑓 = 1
2
𝑊𝑊0�

𝐸𝐸𝐸𝐸𝐸𝐸
𝜌𝜌𝑒𝑒𝑒𝑒

  (1) 

This formula can be calculated by 𝐸𝐸𝑒𝑒𝑒𝑒 = ∑𝐸𝐸𝑖𝑖  𝑣𝑣𝑖𝑖   and 
  𝜌𝜌𝑒𝑒𝑒𝑒 = ∑𝜌𝜌𝑖𝑖  𝑣𝑣𝑖𝑖 , respectively. The 𝐸𝐸𝑖𝑖  and 𝜌𝜌𝑖𝑖  is the Young’s 
modulus and density of every single material, 𝑣𝑣𝑖𝑖 is the volume 
ratio for each layer in the device.  

Magnetostrictive materials exhibit a change in Young’s 
modulus E depending on their magnetization, which is usually 
called ∆E effect. Equation (1) shows the mechanical resonant 
frequency will shift due to the changing of magnetic field. Not 
only the material properties will affect the characteristics of 
the resonator, but also the different geometric structure will 
bring corresponding changes, such as the change of material 
thickness. 

III. SIMULATION METHOD 
 The simulation is based on the FEA software COMSOL® 
Multiphysics, the advantage of the software is to solve the 
problem of multi-physical field coupling. Two-dimensional 
(2D) model were built in the software, and the general 
schematic is shown in Fig. 2. This 2D-simulated model 
accurately reflects the resonator structure and also reduces 
calculation time. The electrode material is platinum (Pt) with 
a thickness 𝑡𝑡𝑒𝑒 of 0.2 µm. The piezoelectric layer is either AlN 
or Al0.7Sc0.3N, and the thickness 𝑡𝑡𝑝𝑝  is set to 1 µm. The 
magnetostrictive material is FeGaB, of which the thickness, 
𝑡𝑡𝑚𝑚, is 0.1 µm. The spacing between electrode centers, 𝑊𝑊0, is 
17.5 µm. 

Two physical fields are used in the simulation, one is 
electrostatics and the other is solid mechanics. Because the ∆E 
effect cannot be well simulated and characterized in finite 
element modeling, no additional physical field is added. We 
utilize the change of Young's modulus of FeGaB to represent 
the change of magnetic field. Some key material parameters 
used in the simulation are shown in Tables I and II. Table I 
mainly shows the basic parameters of the materials, including 
the thickness, density and Young's modulus of each layer. 
Table II is a supplement to Table I, which shows the stress-
change form of AlN and Al0.7Sc0.3N. The parameters of 
Al0.7Sc0.3N in Table II can be calculated by the following 
formula[24]. Moreover, due to the crystal structure 
characteristics of Al0.7Sc0.3N, some parameters have 
symmetry. 

𝑐𝑐11    𝐸𝐸  =  410.2(1 − 𝑥𝑥) + 295.3𝑥𝑥 − 210.3𝑥𝑥(1 − 𝑥𝑥), 
𝑐𝑐12    𝐸𝐸  =  142.4(1 − 𝑥𝑥) + 198.6𝑥𝑥 − 61.9𝑥𝑥(1 − 𝑥𝑥), 
𝑐𝑐13    𝐸𝐸  =  110.1(1 − 𝑥𝑥) + 135.5𝑥𝑥 − 78.9𝑥𝑥(1 − 𝑥𝑥),            (2) 
𝑐𝑐33    𝐸𝐸  =  385.0(1 − 𝑥𝑥) − 23.8𝑥𝑥 − 101.4𝑥𝑥(1 − 𝑥𝑥), 
𝑐𝑐44    𝐸𝐸  =  122.9(1 − 𝑥𝑥) + 169.5𝑥𝑥 − 137.3𝑥𝑥(1 − 𝑥𝑥).       

in which x means the content of Sc in Al1-xScxN and the 
unit of the Young’s Modulus is given in GPa. FeGaB is a 
magnetostrictive and conductive material, which serves as a 
floating metal and magnetic field sensing element in the 
multiferroic sensor. The ∆E effect in FeGaB means that the 
overall performance of the resonator will change under the 
influence of DC magnetic field. The change value of Young’s 

modulus that we used is from [25], which is used to represent 
the change of DC magnetic field. The varying frequency 
responses had been studied and analyzed under different 
external DC magnetic fields ranging from -30 Oe to 30 Oe. In 
this range, the change of FeGaB properties is most obvious. 

IV. RESULTS 
The resonant mode shape of our presented device is shown 

in Fig. 3 (a). It shows contour mode of multiferroic bilayer 
resonator structure. The main body stretches and shrinks 
periodically to form a contour-shape Lamb wave. The 
wavelength of this resonator is 23 µm, which is twice of the 
spacing between two electrode centers. Fig. 3 (b) shows the 
simulated admittance using the initial material parameters 
which are listed in in Tables Ι and ΙΙ. The resonant frequency 
is 342.15 MHz for Al0.7Sc0.3N/FeGaB composite resonator, 

 
Figure 2: Two-dimensional model for simulation 

 

TABLE I.  SIMULATION PARAMETERS 

Materials 
Parameters 

Thickness 
(µm) 

Density 
(kg/m3) 

Young's modulus 
(GPa) 

AlN 1 3300 Anisotropy 

Al0.7Sc0.3N 1 3319 Anisotropy 

FeGaB 0.1 7860 215 

Pt 0.2 21450 168 

TABLE II.  STRESS-CHARGE FORM OF ALN AND AL0.7SC0.3N 

Parameters 
Value (GPa) 

AlN Al0.7Sc0.3N 

𝑐𝑐11    𝐸𝐸 410 327.7 

𝑐𝑐12    𝐸𝐸 = 𝑐𝑐21    𝐸𝐸 149 146.9 

𝑐𝑐13    𝐸𝐸 = 𝑐𝑐31    𝐸𝐸 99 135.4 

𝑐𝑐14    𝐸𝐸 , 𝑐𝑐15    𝐸𝐸 , 𝑐𝑐16    𝐸𝐸 = 𝑐𝑐41    𝐸𝐸 , 𝑐𝑐51    𝐸𝐸 , 𝑐𝑐61    𝐸𝐸 0 0 

𝑐𝑐22    𝐸𝐸 410 327.7 

𝑐𝑐23    𝐸𝐸 = 𝑐𝑐32    𝐸𝐸 99 135.4 

𝑐𝑐24    𝐸𝐸 , 𝑐𝑐25    𝐸𝐸 , 𝑐𝑐26    𝐸𝐸 = 𝑐𝑐42    𝐸𝐸 , 𝑐𝑐52    𝐸𝐸 , 𝑐𝑐62    𝐸𝐸 0 0 

𝑐𝑐33    𝐸𝐸 389 232.1 

𝑐𝑐34    𝐸𝐸 , 𝑐𝑐35    𝐸𝐸 , 𝑐𝑐36    𝐸𝐸 = 𝑐𝑐43    𝐸𝐸 , 𝑐𝑐53    𝐸𝐸 , 𝑐𝑐63    𝐸𝐸 0 0 

𝑐𝑐44    𝐸𝐸 125 107.9 

𝑐𝑐45    𝐸𝐸 , 𝑐𝑐46    𝐸𝐸 = 𝑐𝑐54    𝐸𝐸 , 𝑐𝑐64    𝐸𝐸 0 0 

𝑐𝑐55    𝐸𝐸 125 107.9 

𝑐𝑐56    𝐸𝐸 0 0 
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and is 412.35 MHz for AlN/FeGaB composite resonator, 
respectively. The differences between the two composite 
resonators is attributed to various material properties and 
effective resonant frequencies in (1).  

The magnetic field is from -30 Oe to 30 Oe, and the 
simulated results is shown in Fig. 4. Results show that the 
resonant frequency of the whole resonator will shift as the 
magnetic field changes. Approximately, the frequency shift 
increases from 0 Oe and reaches a maximum value at 14 Oe, 
due to the decrease of Young's modulus of FeGaB. Then, the 
frequency shift decreases from 14 Oe until the frequency shift 
basically reaches saturation after 30 Oe. The trend is also 
consistent with the change of Young's modulus of FGB under 
magnetic field. This is also consistent with the change trend of 
Young's modulus of FGB under external magnetic field. Due 
to the symmetric properties of magnetostrictive FeGaB film, 
the change trend from 0 Oe to -30 Oe is similar to that from 0 
Oe to 30 Oe.  

The maximum frequency shift of Al0.7Sc0.3N composite 
resonator  is 8 MHz, and the maximum frequency shift of 
AlN/FeGaB composite resonator is 6.9 MHz. The frequency 
shifts of Al0.7Sc0.3N/FeGaB composite resonator show larger 
value than the shifts of AlN/FeGaB composite resonator 
because the overall Young's modulus of Al0.7Sc0.3N/FeGaB is  
smaller than that of AlN/FeGaB. Similarly, from (1), the 
influence caused by ∆E effect in FeGaB for Al0.7Sc0.3N 
composite resonator is greater than the AlN resonator.  

 Moreover, the thickness ratio as one of the parameters of 
geometry significantly affect the characteristics of bilayer 
resonator. We selected the magnetic field at 14 Oe which has 
the largest change of Young's modulus for analysis. Fig. 5(a) 
shows the value of frequency shift as a function of the 
piezoelectric layer thickness in the multiferroic composite 
resonator. In general, the frequency shift increases with the 
decrease of piezoelectric material thickness. The blue solid 
line is the frequency shift of the AlN/FeGaB resonator, and 
the maximum value is 22.9 MHz at AlN thickness of 0.1 µm. 
The red solid line is the frequency shift of the 

Al0.7Sc0.3N/FeGaB resonator, which also reaches a maximum 
value of 25.2 MHz at the Al0.7Sc0.3N thickness of 0.1 µm. 
Four different thickness (0.1 µm, 0.4 µm, 0.8 µm, 1 µm) of 
piezoelectric materials Al0.7Sc0.3N are selected for further 
analysis of the resonance in response to the external magnetic 
fields. As shown in Fig. 5 (b), the magnetic field ranges from 
0 Oe to 14 Oe. In this region, the magnetic field linearity is 

(a) 

 
(b) 
 

 
Figure 3: (a) The resonant mode and (b) the admittance of AlN 

composite resonator and Al0.7Sc0.3N composite resonator. 

 

(a)  

 

(b) 
 

 
Figure 5: (a) Thickness vs frequency shift from 0.1 µm to 1 µm, and 

(b) Magnetic field vs frequency shift for Al0.7Sc0.3N composite resonator of 
different thickness. 

 
Figure 4: Frequency shift with different magnetic field. 
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relatively high, especially in the range of 5 Oe to 9 Oe. For 
Al0.7Sc0.3N/FeGaB composite resonator with a thickness of 
0.1 µm, the sensitivity of the magnetic field sensor is 
approximately 4.2 MHz/Oe.  It indicates that the multiferroic 
magnetic sensor can be used to detect extremely weak 
magnetic field. 

V. CONCLUSION  
 In summary, we have developed a model for multiferroic 

magnetic sensors based on FeGaB and AlN or Al0.7Sc0.3N thin 
films, and compared the device performance between these 
two designs. The Al0.7Sc0.3N based contour mode sensor 
shows higher frequency shift than that of AlN in response to 
the external magnetic field. The maximum value of the 
frequency shift, is 8 MHz for Al0.7Sc0.3N/FeGaB composite 
resonator and is 6.9 MHz for AlN/FeGaB composite resonator 
at the thickness of 1 µm. As the thickness of piezoelectric film 
decreases from 1 µm to 0.1 µm, the frequency shift will 
increase due to the thickness ratio change in the bilayer 
structure. The frequency shift in response to external magnetic 
field reaches the maximum at 0.1 µm for both device designs. 
Finally, the Al0.7Sc0.3N/FeGaB multiferroic sensor has 
demonstrated a high sensitivity of 4.2 MHz/Oe with proper 
magnetic bias and optimized design. The analysis of these two 
different materials are helpful for the development of 
multiferroic MEMS magnetic sensor utilizing new materials.  
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