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Fault Detection Considerations in Silicon Based 

MEMS Resonators by Observing Changes in 

Dynamic Behaviour 

Abstract- This study is about fault detection in silicon-

based MEMS resonators. The main idea in finding out the 

failure is to establish a proper relationship between the 

mechanical structure and its electrical equivalent and 

prosecuting related measurements. In order to determine the 

type of defect, the electrical equivalent circuit is referenced 

considering the parasitic effects. Among various possible faults 

cracks in the beam and particle adhesion are selected to verify 

the validity of the approach. Simulations are carried out to 

study the effect of defects on the resonance frequency and 

amplitude. Results coincide greatly with those of similar 

investigations giving motivation for further studies to 

penetrate deep into the matter, thus not being restricted with 

defining the trouble, but even locate the failure. 

Index Terms- MEMS Resonator, resonance frequency, quality 

factor, transduction factor 

I. INTRODUCTION 

AY by day the application of MEMS devices is 

growing up rapidly in various areas due to their 

superior advantages such as low power consumption, small 

size, long life and low cost [1]. Among numerous 

application areas MEMS resonators find also remarkable 

place [2-4]. This is because the MEMS resonators offer 

excellent properties than their IC-counterparts with their 

long-term stability and extremely high quality factor [5]. 

Thus, they are widely used in oscillators and filters. 

On the other side, with the increasing demand toward 

MEMS devices, the requirement for reliability is also 

ascending rapidly. Concerning this issue, several 

precautions are taken and measurements are carried out 

during the fabrication process. Additionally, observations 

are made in dynamic conditions. Investigations put forward 

that there are several reasons which cause malfunction of 

MEMS resonators. Among all, faults caused by particle 

adhesion and cracks are at the top of the list [6]. Besides 

these, friction due to particle contaminants, fatigue of the 

material, deformation, etching faults etc. also lead to 

failure. Several studies have been carried out to describe the 

relationship between the defect and the corresponding 

parameter [7-10].  
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In this paper we will mainly focus on faults caused by 

cracks and particle adhesion, but the way we define the 

source of the trouble is also valid to find out of others. Any 

defect in the structure leads to changes in the natural 

frequency of the MEMS resonator, in the amplitude of the 

vibration or in the value of the quality factor. Thus, 

representing the electrical circuit with its y-parameters will 

be helpful for the analysis. The parameter y21 relates the 

output current to the input voltage giving the highest value 

at the resonance frequency.  

II. MEMS RESONATOR MODEL 

There are various structures for MEMS resonators. 

While the comb structure is becoming popular in recent 

years, micro-flap and bridge resonators are also used in 

different applications [11]. Since for all structures we speak 

of ‘distributed’ mass and elasticity, MEMS resonators are 

investigated using the ‘lumped’ mass-spring or electrical-

equivalent model. The mass-spring model (Fig. 1a) has its 

well- known equation as 
 

  ̈    ̇                              (1) 
 

where m represents the effective mass and γ and k stand for 

damping constant and effective spring constant, 

respectively; F is the external force acting on the system. 

Here, 
 

    
              (2) 

 

where ω0 is the first natural frequency of the resonator 

beam. The mass-spring model can be related to the 

electrical model (Fig.1b) with following equivalencies: 

 ̇    ,     ,     ,       ,     

where u is the voltage applied, and i is the current through 

the series circuit. 

 

Fig.1. a) Mass-spring model b) Electrical equivalent 
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In MEMS resonators, first the excitation voltage is 

converted into mechanical vibration which is further 

converted into current i defined in the electrical equivalent 

circuit. This capacitive transduction can be formulated as 

follows:  

U=UDC+UAC is applied to the resonator, where UDC 

serves for two the purposes: The one is that the resonator 

does not oscillate at twice the fundamental resonance 

frequency [12]. It further is directly effective on the 

transduction. The capacitance C0 of the capacitor that is 

formed by the base electrode and the beam changes due to 

the excitation voltage U as 

   
 

   
   

 

   
           (3) 

with C0=εA/d , where A is the effective area, ε the dielectric 

constant, d the plate separation and x the change in d due to 

exerted electrostatic force. Thus, the energy of the capacitor 

is         and the force acting onto the beam is given 

as 

  
  

  
 

 

 

  

      
            (4) 

Assuming x<<d, the AC component of this force can 

be approximately calculated as 

    
        

 
               (5) 

Here, 

                    (6) 

is called the transduction factor. Since the current is defined 

as i= Q/ t (Q: charge) and for a capacitor C= Q/ U, the 

current through the resonator can be expressed as 

  
     

  
  

  

  
  

  

  
  

  

  
   

    

  
        (7) 

Consequently the electrical equivalent circuit of the 

resonator can be drawn as in Fig.2. 

 

 

 

 

Fig.2. Electrical equivalent circuit of a MEMS resonator 

In Fig.2 following equivalencies are valid [13]: 

  
    

     
  

    
   

√        

            (8) 

Here meff and keff stand for effective mass and effective 

stiffness of the resonator, respectively;         

represents the quality factor. At this point it is worth to note 

that the effective spring constant has two main components 

and is given as 

                     (9) 

where ki is the initial spring constant and ks represents the 

softening effect given by  

   
         

 

           (10) 

with Aeff being the exposed area of the beam and d the plate 

separation [13]. 

III. MODEL INCLUDING PARASITIC EFFECTS 

A. Resonator Model 

The common used model of a MEMS resonator is as in 

Fig.2. Fig.3 shows the cross section of a micro-flap 

resonator [14]. Here, Cp1 and Cp2 represent shunt 

capacitances of field oxide between the electrodes and the 

substrate. Thus, Tanaka et al suggest that according to Fig.3 

the electrical equivalent circuit of a resonator should be 

constructed as in Fig.4 which takes the parasitic effects into 

consideration [14]. Here, Cpad represents the shunt 

capacitance between Si-substrate and the measurement pad 

and  
 

  
 

 

   
 

 

   
 . 

 

 

 

 

 

 

Fig.3. Cross section of a micro-flap resonator. 

 

 

 

 

Fig.4. Equivalent circuit of the MEMS resonator considering parasitic 

effects. 
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B. y-parameter Equivalent Circuit 

For the equivalent circuit in Fig.4 it is obvious that at 

the resonance frequency of the resonator, y12 (=y21) 

parameter will have its highest value. For this circuit the 

expression for y12 can be derived as follows: 

    
              

            
        (11) 

where  

A= RpC0CpLC 

B= RpC0CpRC+C0LC+ CpLC 

D= CCpRs+C0RpCp+ C0RC+ CCpRp  

E= C0+C+Cp 

F= RpCpLC 

G= RpRsCpC+CL 

H= CpRp+RC 

IV. EFFECT OF FAULTS ON CHARACTERISTIC 

CURVES 

In order to examine the effect of the changes in several 

parameter values on the resonance frequency, a set of initial 

values are taken as reference with:  

 

C0=25e-15F;  

Cp=20e-15F;  

Cpad=0.8e-12F;  

C=1e-15F;  

R=100e3Ω;  

L=100e-3H;  

Rp=0.01Ω.  

 

These values give a resonance frequency of f0=15.883MHz, 

while this frequency would be 15.915MHz for the 

equivalent circuit in Fig.2. 

Below is investigated how several deviations from the 

initial values would affect f0.  

Change in transductance η: The relative sensitivity of 

L toward η is  L/ η/L= -2/ η. Thus, a change of 1% in η 

results in a change of -2% in L. On the other side, a change 

in η (Δη) leads to a change in C as ΔC/C=2Δη/η, thus 

cancelling the effect of the change in L for the resonance 

frequency, if the equivalent circuit is taken as in Fig.2. But 

this will not be case, if the change in η is due to a change in 

the polarization voltage UDC, because UDC is also effective 

in ks. Considering the equivalent circuit as in Fig.2, the 

resonance frequency is calculated as, 

    
 

√  
 √

    

    
 √

  

    
(  

  

  
)             (12) 

As R is also dependent on keff, not only the resonance 

frequency, but also the amplitude of the curve will be 

affected. Fig.5 shows the dependency of the resonance 

frequency on UDC with the assumption that for the initial 

case UDC=10V. 

 
Fig.5. Effect of the polarization voltage upon the resonance frequency and 

amplitude 

Change in effective stiffness: A crack in the beam will 

decrease its stiffness. If we assume that the effective mass is 

being kept constant, the decrease in stiffness increases C 

and reduces R according to Equations in (8). The result is 

demonstrated in Fig.6. 

 
Fig.6. Effect of the effective stiffness k upon the resonance frequency due 

to a beam crack. 

If a particle adhesion fault exists, the effective stiffness 

will increase and accordingly an increase in frequency 

eventuates. This condition is illustrated in Fig.7. We clearly 

observe that besides the increase in frequency, the 

amplitude decreases, thus reducing the sensitivity. 

A particle adhesion will also decrease C0 since it 

effects the separation d between the base and the beam. The 

change of the frequency characteristic only due to C0 is 

illustrated in Fig.8. It is observed that besides a slight shift 

in the resonance frequency, mainly the overall amplitude 

decreases with decreasing C0. 
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Fig.7. Effect of the effective stiffness k upon the resonance frequency due 

to particle adhesion fault. 

Fig. 8. Effect of C0 on the frequency characteristic of the resonator. 

V. CONCLUSION AND FUTURE WORK 

In this study fault detection approach for silicon based 

MEMS resonators is handled. For this purpose, an electrical 

equivalent circuit is related to the mechanical spring-mass 

model of the resonator, where parasitic effects are also 

taken into account. The main idea is based upon the fact 

that any defect in the structure leads to a certain shift of the 

resonance frequency and change in the amplitude and 

quality factor. Mainly the effect of two defects -crack in the 

beam and particle adhesion fault- is analyzed. The results 

coincide greatly with those of other studies [6,15,16]. This 

is considered as a proof of the validity of the approach and 

encourages for extending the studies to cover other possible 

faults. The next step will be to define more precisely the 

relationship between the structural troubles and related 

changes in the electrical equivalent circuit. It is clear that a 

fault may influence several parameters. On the other side 

different defects may be effective on the same parameter in 

different proportions. Hence, a detailed investigation with 

experimental approval is needed in order to concretize the 

fault. 

This study has mainly fucused on the way how to 

approach to find out the reason of the malfunction of a 

MEMS resonator. On this way several assumptions have 

been made such that the nonlinearities of the spring 

constant in the mechanical equivalent structure have been 

disregarded. Future work will cover the deep study taking 

as many effective parameters into consideration as possible. 

A major part of future work should also be constituted by 

the interrelation between the location of the defect and the 

corresponding deviation in functioning of the resonator. 
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