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Abstract—This paper reports on a piezoelectrically actuated 

and sensed flexural-mode microelectromechanical (MEMS) 
resonant device with electrothermally and piezoelectrically 
tunable resonant frequency. The device is designed as a 
multilayer circular membrane (diaphragm) resonator with a 
lead-zirconium-titanate piezoelectric actuator and sensor as well 
as platinum electrothermal tuning electrodes placed on the top of 
a silicon-carbide diaphragm. The design enables active 
electrothermal frequency tuning independent of the piezoelectric 
input/output operation of the device. The performance of the 
fabricated device has been tested using two-port transmission 
frequency response measurements that are performed at 
atmospheric conditions. Electrothermal tuning and piezoelectric 
tuning introduce the unique feature of shifting the resonant 
frequency downward and upward, respectively. The resonant 
frequency has been tuned by applying DC voltages in the range 0 
V – 5 V. The measurements have shown that an 886 kHz device 
exhibits a frequency tuning range of about –8,400 ppm when 
tuned electrothermally, and a tuning range of about +2,400 ppm 
when tuned piezoelectrically. Simulated results have shown that 
the wider frequency range for electrothermal tuning is a result of 
larger change in induced stress in the diaphragm for a given DC 
voltage, as well as the fact that the electrothermal tuning 
mechanism effectively serves to relax the residual tensile stress in 
the diaphragm. 
 

Index Terms—MEMS, resonator, tunable filter, piezoelectric 
actuation, piezoelectric sensing, electrothermal tuning, 
piezoelectric tuning. 
 

I. INTRODUCTION 
ICROELECTROMECHANICAL SYSTEMS (MEMS) 
resonators have been used in wide range of applications, 

such as oscillators [1], [2], filters [2], gyroscopes [3], 
accelerometers [4], and sensors [5]. One of the main problems 
affecting MEMS resonators consists of resonant frequency 
shifts arising from changes in the ambient conditions 
(variations of temperature and pressure) or fabrication process 
uncertainties (variations of geometrical dimensions and 
material properties, residual stress) [6]. Therefore, capability 
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of active frequency tuning that is repeatable and reversible is a 
vital feature for MEMS resonators to work effectively on a 
specific frequency [7]. 

Piezoelectric and electrostatic transductions are leading 
techniques for electrical induction and detection of mechanical 
vibrations in MEMS resonators. The advantages of 
piezoelectric transduction over the electrostatic transduction 
include stronger electromechanical coupling, lower impedance 
and lack of the need for any DC voltage for the operation [8]. 
In addition, the fabrication process of piezoelectric resonators 
is relatively simpler as the electrostatic transduction requires 
stringent nanometric control of the electrode-to-resonator gap 
spacing. However, one of the major drawbacks of 
piezoelectric resonators is the need of active frequency 
tunability to maintain performance. The reported active 
frequency tuning solutions for piezoelectric MEMS resonators 
include the fine-tuning induced piezoelectrically [9], [10], 
electrostatically with integrated capacitive structure [11]-[13], 
and electrically via feedback-based tuning technique [14] and 
by using phase change material programmable vias [15].  

On the other hand, the use of electrothermal transduction 
for performing tuning has been attracting increasing attention 
as a means of allowing simple design and fabrication process. 
Electrothermal tuning has been integrated together with a 
variety of actuation techniques (electrostatic [16]-[19], 
electrothermal [20], [21] and magnetomotive [22]) showing 
the possibility of achieving wide tuning range with low DC 
voltages. In addition, electrothermal transduction has been 
used for introducing localized heating on contour-mode 
aluminium nitride (AlN) film bulk resonators in order to fine-
tuning the operating frequency of the devices [23]-[25]. 

This paper reports on the design, testing and simulation of a 
piezoelectrically transduced flexural-mode MEMS resonator 
with electrothermally and piezoelectrically tunable resonant 
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Fig. 1.  Optical micrograph of a fabricated device with the piezoelectric 
input and output ports and with the electrothermal tuning electrodes placed 
on the top of the diaphragm with a central hole. 
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frequency (Fig. 1). The device is designed as a multilayer 
structure with two piezoelectric ports placed on top of the 
resonant layer made of cubic silicon-carbide (3C-SiC). 
Additional top electrodes are integrated to perform 
electrothermal tuning independently of the piezoelectric 
transduction. The design and position of the piezoelectric ports 
and electrothermal electrodes are optimized to achieve 
effective piezoelectric transduction and electrothermal tuning 
respectively. The performance of the fabricated device has 
been tested by performing two-port transmission frequency 
response measurements in atmospheric conditions. In addition, 
finite element method (FEM) simulations have been 
performed in order to relate the resonant frequency tuning of 
the resonator to the piezoelectrically or electrothermally 
induced stress in the multilayer structure. 

II. THEORY 

A. Piezoelectric actuation and sensing 
The piezoelectric effect refers to the ability of a material to 

deform mechanically when applying an electric field. In 
addition, the piezoelectric effect is associated with the reverse 
process, where the electrical polarization of a material is 
altered as a result of a mechanically induced deformation. The 
structure of the fabricated device consists of a piezoelectric 
material layer deposited on the top of the resonant structure 
allowing for piezoelectric actuation and sensing. 

If a voltage is applied across the material, creating an 
electric field, E3, then the induced stress, σx, is given by [26] 

 

eff

eff
x

x s
Ed

11

331−
=
ε

σ  (1) 

 
where εx is the strain, seff

11 is the effective elastic compliance 
and deff

31 is the effective piezoelectric coefficient. The strain, 
εx, can be expressed as 

 
εx = s11

E + d311E3( )σ x + d31 +m31E3( )E3  (2) 

 
where sE

11 the elastic compliance, d311 is the electroelastic 
compliance coefficient, d31 is the piezoelectric strain 
coefficient and m31 is the electrostrictive compliance 
coefficient. 

Applying an AC voltage will result in an alternating 
compression and expansion of the piezoelectric layer, which 
will actuate the entire multilayer structure. For sensing, the 
mechanical oscillations of the resonator can be detected by 
measuring the induced alternating voltage, which will match 
the oscillation frequency of the structure. 

 

B. Electrothermal and piezoelectric tuning 
The resonant frequency of a structure can be modified by 

including built-in stress in the device, as will be discussed 
later, and by inducing additional stress [21]. If a DC voltage is 
applied across an electrode that is positioned on top, then the 
temperature increase, ΔT, is proportional to the power 

dissipated per unit volume. The power dissipation will result 
in electrothermal heating of the resonator. A material will 
expand by a change in length, δL, as given by 

 
TLL Δ=αδ  (3) 

 
where α in the thermal expansion coefficient (TEC) and L is 
the initial length. As a result of the fixed anchors of the 
resonator, the thermally-induced expansion of the material is 
impeded, which results in a thermal stress, σT, given by 

 

L
EL

T
δ

σ =  (4) 

 
If (4) and (5) are combined, the thermal stress can be 
expressed in terms of the change of temperature, as follows 

 
TET Δ=ασ  (5) 

 
It can be seen that the thermal stress will be increased when 
the temperature of the structure increases as a result of the 
Joule heat induced by the DC voltage applied to the electrode 
[21]. 

In addition to electrothermal tuning, the resonant frequency 
can be tuned by applying a DC voltage to the piezoelectric 
material on top of the diaphragm. As has been shown in (1), a 
stress proportional to the electric field will be induced in the 
piezoelectric layer. 

III. DEVICE DESIGN AND OPERATION PRINCIPLE 
The device is designed as a multilayer circular membrane 

(diaphragm) resonator. In this work, 3C-SiC as been used as 
structural material due to its excellent mechanical properties 
and robustness compared to other materials such as silicon 
nitride or oxide [27]-[29]. The high value of Young’s modulus 
and the relatively low mass density allow 3C-SiC structures to 
resonate at higher frequencies than Si structures of identical 
dimensions. The use of 3C-SiC as structural material 
contributes towards the stability of the resonant frequency in 
critical environmental conditions (i.e., temperature higher than 
room temperature). The piezoelectric actuator (input port) and 
sensor (output port) formed of lead-zirconium-titanate (PZT) 
sandwiched between two platinum (Pt) electrodes are placed 
on the top of the 3C-SiC layer forming vertical flexural-mode 
resonator. The piezoelectric ports are placed close to the 
central hole of the diaphragm in order to maximize vibration 
amplitude and, on the sensing side, to achieve a high electrical 
output. In addition, effective piezoelectric ports area covering 
the diaphragm’s surface from the hole to the edge is reduced 
to increase the quality (Q) factor [30], [31]. When applying an 
AC signal to the input port, the PZT layer induces a time-
varying bending moment that excites the structure into 
vibration. The resulting vertical vibration is experienced as a 
strain in the PZT layer of the output port and an alternating 
voltage with a frequency equal to the mechanical vibration 
frequency can be detected. The use of PZT, due to its high 
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piezoelectric coefficient, offers enhanced electromechanical 
coupling [8].  

In order to combine the advantages of the piezoelectric 
transduction with the electrothermal tuning method, heating 
electrodes made of Pt have been designed on the top of the 
3C-SiC diaphragm. The two-layer structure consisting of two 
different thermal expansion coefficient materials allows an 
enhanced electrothermally induced mechanical strain [32]. 
The configuration of two electrodes positioned close to the 
central hole was chosen to maximize the induced temperature 
and heated area [33]. As the thin Pt layer electrodes cover a 
small part of the diaphragm surface, they do not significantly 
reduce the piezoelectric sensitivity of the fundamental 
resonant frequency. 

IV. EXPERIMENTAL DETAILS 

A. Fabrication 
The device is fabricated with diaphragm radius of 150 µm 

and central hole radius of 10 µm. In [34], we have presented 
the detailed fabrication process of piezoelectrically transduced 
3C-SiC diaphragm resonators. The fabrication process consists 
of three major phases: (i) growth of a 2 µm thick 3C-SiC layer 
on Si followed by the deposition of a Pt/PZT/Pt layer with 
thicknesses of 100/500/100 nm; (ii) patterning of the 
piezoelectric ports and electrothermal electrodes by processing 
Pt and PZT layers; (iii) patterning of the circular hole in the 
3C-SiC layer and release of the Si sacrificial layer. The 
fabrication process flow together with the layers thicknesses 
and the diaphragm with a central hole dimensions are shown 
in Fig. 2. 
 

B. Measurement setup 
The fabricated device testing has been carried out using an 

HP 8753C network analyzer in the two-port measurement 
configuration. The device has been tested in an RF probe 
station and directly connected with ground-signal-ground 
probes to the network analyzer, without use of any interface 
electronic circuitry between the device and the network 
analyzer. The transmission frequency response measurements 
have been performed after calibrating the network analyzer 
(two-port short-open-load-through method) and under 
atmospheric condition and at room temperature. The resonant 
frequency tuning has been performed with an external 
stabilized DC power supply.  

 

C. Simulations 
In order to explain the resonant frequency tuning behavior 

of the devices, FEM simulations have been performed with 
CoventorWare. A meshed model of the final structure depicted 
in Fig. 2 has been created and used for simulation. The 
mechanical response of the fabricated device under the 
influence of the applied electrothermal and piezoelectric 
tuning DC voltages has been investigated with the induced 
stress in the 3C-SiC layer being extracted from the simulation 
results. 

 

V. RESULTS AND DISCUSSION 

A. Electrothermal tuning 
Fig. 3 shows transmission magnitude plots of the device that 

was piezoelectrically actuated and electrothermally tuned. A 
resonant frequency (untuned resonant frequency) of 886 kHz 
has been measured using an input AC signal power of 10 dBm 
provided by the network analyzer and with no DC voltage 
applied. Quality factor of 205 has been calculated by taking 
the ratio of the resonant frequency and the 3-dB bandwidth of 
the device. The resonant frequency has been tuned 
electrothermally by simultaneously applying DC voltages to 
both electrothermal electrodes (see the inset of the Fig. 3). As 
the DC voltage is increased from 0 V to 5 V, a resonant 

 

 

 
 

Fig. 2.  Fabrication process flow and physical dimensions of the fabricated 
device. 

 

 
 

Fig. 3.  Two-port measurements of the transmission frequency response for 
the piezoelectrically actuated device using the AC signal with 10 dBm 
power, and tuned with different DC voltages VET,DC simultaneously applied to 
the both electrothermal tuning electrodes. 
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frequency shift of about -8,400 ppm (frequency tuning range 
of about 7.4 kHz) has been measured (Fig. 4). A wider tuning 
range would be achieved probably if the measurements, under 
the same actuation conditions, were performed in vacuum 
conditions [35], [36]. The decrease of the resonant frequency 
detected as the DC voltage increases is attributed to the 
change of stress in the diaphragm induced by the 
electrothermal heating [20], [37]. Fig. 4 also shows the Q 
factor in air as a function of the electrothermal DC tuning 
voltage. Vacuum measurements should provide significantly 
higher Q factor values [38]. The observed small variations of 
the Q factor in air (within 5 %) as the electrothermal DC 
tuning voltage increases, together with the almost constant 
transmission magnitudes (insertion losses) in Fig. 3, suggest 
that the device under the electrothermal frequency tuning 
operation still preserve steady bandwidth with limited 
influence of the motional impendence, which is very important 
for use in filtering and oscillator applications. The negligible 
variation of the insertion loss (Fig. 3) is consistent with 
previous findings with the electrostatically actuated and 
electrothermally tuned resonators [18]. 

 

B. Piezoelectric tuning 
Piezoelectric transduction can be used for actuation but also 

for tuning the resonant frequency by applying DC bias voltage 
[9]. Fig. 5 shows the transmission magnitude plots of the 
device tuned piezoelectrically using the same DC bias 
voltages as in the case of the electrothermal tuning. The 
piezoelectric tuning has been performed by superimposing a 
DC signal provided by an external DC power supply on the 
actuating AC signal from the network analyzer. A constant 
input AC signal power of 10 dBm has been applied while DC 
voltage has been swept in the range of 0 V - 5 V with a step of 
1 V. In these measurements, the electrodes reserved for 
electrothermal tuning have been grounded. With a DC voltage 
increase from 0 V to 5 V, the frequency tuning range of about 
2.1 kHz has been obtained (frequency shift of about 2,400 
ppm). The obtained frequency tuning range is about three 

 
times narrower than the electrothermally tuning range. The 
increase in resonant frequency detected when increasing the 
DC voltage is attributed to the effect of the DC bias field on 
the stress of the piezoelectric layer (1) [26]. As the DC bias 
voltage increases, the stress within the structure induced by 
the piezoelectric layer increases thus influencing the resonant 
frequency of the device [10]. Unlike electrothermal tuning, 
piezoelectric tuning has shown a noticeable increase in 
transmission magnitude (decrease of the motional resistance) 
and a decrease of the Q factor in air, corresponding to our 
previous findings with piezoelectrically transduced double-
clamped beam resonators [10], as well as other research 
groups [9], [39]-[42]. 
 

C. Stress Analysis  
In order to gain a better understanding of the difference 

between the measured electrothermal and piezoelectric  

 
Fig. 4.  Measured resonant frequency shift and Q factor in air of the 
piezoelectrically actuated device using the AC signal of 10 dBm power, and 
tuned with different DC voltages VET,DC simultaneously applied to the both 
electrothermal tuning electrodes. 

 

 
 

Fig. 5.  Transmission magnitude plots of the device actuated by applying the 
the AC signal with 10 dBm power and different DC voltages VPE,DC to the 
input piezoelectric port. The electrothermal electrodes were grounded. 

 
Fig. 6.  Measured resonant frequency shift and Q factor in air of the 
piezoelectrically actuated device using the AC signal of 10 dBm power and 
different DC voltages VPE,DC to the input piezoelectric port. The 
electrothermal electrodes were grounded. 
 



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 

5 

 
frequency tuning range, a finite element model of the resonant 
device (including all the layers shown in Fig. 2) has been 
created using CoventorWare. Simulations have been 
performed to investigate the change in radial stress when the 
tuning voltages used in the experiments are applied to the 
structure. The radial stress is the stress in the direction 
between the center of diaphragm structure and the anchor and 
it has been extracted at the position below the input 
piezoelectric port (see Fig. 1). 

First, a simulation has been performed to determine the 
value of built-in stress that should be assigned to the 3C-SiC 
layer. While the device is designed as a multilayer structure, 
only a small portion of the 3C-SiC diaphragm is covered with 
the piezoelectric ports and electrothermal electrodes (Fig. 1) 
and therefore, the influence of the residual stress of layers 
other than the 3C-SiC layer has been disregarded. It has been 
found that by including a tensile radial stress of 525 MPa, the 
simulated resonant frequency can be matched to the 
experimental value of 886 kHz for a 0 V DC tuning voltage. 
The model, now including the initial built-in stress, has been 
used to simulate the effect of electrothermally and 
piezoelectrically induced shifts in the radial stress. 

Fig. 7 shows the change in simulated radial stress, together 
with the measured frequency shift previously given in Fig. 4, 
as a function of the electrothermal tuning DC voltage. The 
change in simulated induced radial stress of the 
piezoelectrically tuned device, together with the measured 
frequency shift previously given in Fig. 5, is shown on Fig. 8. 
The simulation results show clearly that the change of stress 
influences the resonant frequency of the device. 

From Figs 7 and 8, it can be seen that electrothermal tuning 
reduces the radial stress, whereas piezoelectric tuning 
increases the radial stress, which corresponds to the decrease 
and increase in resonant frequency that has been measured. As 
the 3C-SiC diaphragm has a fairly large tensile residual stress, 
the simulation results indicate that electrothermal tuning 
mechanism effectively serves to reduce the tensile stress, 
relaxing the diaphragm. In addition, for a DC voltage increase 
from 0 V to 5 V, the resonant frequency shift has been 
simulated as -103,000 ppm for electrothermal tuning and  

 
+20,000 ppm for piezoelectric tuning, which is 12 times and 8 
times, respectively, larger than the measured value, 
attributable to the lack of atmospheric damping in the FEM 
model. The observed frequency tuning range widening with 
atmospheric pressure reduction is consistent with previous 
experimental findings [35], [36].  

In addition to the stress simulations, vertical displacements 
of the multilayer structure induced electrothermally (Fig. 9a) 
and piezoelectrically (Fig. 9b) by applying DC voltage of 1 V 
have been simulated. In the case of the electrothermally 
induced displacement, it can be seen that a temperature 
increase is induced throughout the structure, which leads to a 
deflection of the entire structure, as shown in Fig. 9a. 
However, the deflection induced piezoelectrically is seen only 
in the portion of the structure at the piezoelectric input port  

 

 
Fig. 7.  Simulated electrothermally induced stress in 3C-SiC layer and 
measured resonant frequency shift versus tuning DC voltage. 

 
Fig. 8.  Simulated piezoelectrically induced stress in 3C-SiC layer and 
measured resonant frequency shift versus tuning DC voltage. 

 
Fig. 9.  Simulated vertical displacement of the multilayer structure induced (a) 
electrothermally and (b) piezoelectrically by applying DC voltage of 1 V. 
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(Fig. 9b). The observed simulation results indicate that 
localized nature of the piezoelectrically induced deflection 
affects the resonant frequency in a smaller manner compared 
to the electrothermal method, since only the piezoelectric 
input port has been used for tuning. 

VI. CONCLUSIONS 
A piezoelectrically transduced flexural-mode MEMS 

resonator that can be tuned electrothermally and 
piezoelectrically using DC voltages compatible with electronic 
circuits has been reported. The piezoelectric input and output 
ports composed of Pt/PZT/Pt together with electrothermal Pt 
electrodes are placed on the top of the 3C-SiC diaphragm with 
a central hole. The port and electrode designs are optimized to 
achieve high piezoelectric transduction efficiency and 
effective electrothermal tuning independently of the 
piezoelectric transduction. While the electrothermal tuning 
offers a downward frequency shift, the piezoelectrically 
induced tuning can be used to shift upward the untuned 
resonant frequency. The electrothermal tuning has been shown 
to be more efficient than the piezoelectric one, achieving more 
than three times wider frequency tuning range, with steady 
bandwidth and limited influence of the motional impendence, 
when applying equal DC voltages. FEM simulations have 
shown that a larger change in stress in the diaphragm is 
induced by an electrothermal tuning voltage, explaining the 
wider frequency tuning range compared to the piezoelectric 
case. In addition, the electrothermal tuning mechanism has 
been shown to lead to the relaxation of the tensile residual 
stress in the 3C-SiC diaphragm. The low voltage tunability, 
independency of the input/output operation, simple fabrication 
process, minimal effect on the piezoelectric sensitivity and the 
fundamental resonant frequency make the integration of the 
electrothermal tuning very attractive for implementation in 
most piezoelectric resonators. 
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