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Outline 

• Overview of MEMS Resonators, RF Applications and 
Products 

• MEMS Resonator Design and Transduction 

• MEMS Oscillators 

• MEMS Filters 

• MEMS-enabled RF Front-Ends 

• MEMS Resonators for Chemical Sensing 

• Concluding Remarks and Open Challenges 



   
  

MEMS Resonators, RF 
Applications and Products 



  

 

 

 

  
  

         

  

   
   

  

 

  

   

 

 
  

   
   

   
 

  

Why M/NEMS Resonators? 

mm-scale 
resonator 

MEMS resonator 

NEMS resonator 

speed 
1/power 
1/size 

MHz; mW-W;mm GHz; µW-mW; µm 100 GHz; nW-µW;nm 

1 102- 103 X 105- 106 X 

System on Chip 
(SoC) and system 
in package (SiP) 

Monolithically 

integrated AlN 

MEMS Switch and 

Resonator 

500 µm 

Filter 

Switch 

Off-chip 
application 

Quartz Crystal 

Large scale integration (LSI) 
New applications (distributed 

sensor networks, single 
molecule detection) 

AlN NEMS Resonator 



   

   

      

  

  
 

 

   
  
   

 

    
  

 

    
 

 

  

 

MEMS Resonator Applications 

Frequency 
< 100 MHz 900 MHz 

S
A
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Low Frequency 
Oscillators 

High Frequency 

Oscillators/Filters 
High Frequency 

Filters 

Low-Precision Consumer 
Electronics 

High/Low -Precision 
Consumer Electronics 

Research Environment 

Optical Comms, WAN, 
LAN, Programmable 

Clocks, IF filters, Base
band filters 

FBAR for Duplexers and 
GPS/Channel-Select in 
Research Environment 

SAW Filters and Duplexers 
in Cell-Phones 

SiTime 

Vectron, Quartz Crystal 

Penn 

Vectron, SAW VCSO 

Triquint 

Avago, FBAR 



  

       

        

   

       
      

      
  

MEMS Resonator Products 

• MEMS Oscillators on the market (SiTime, Discera) 

• Other oscillator startups (Si Clocks, Sand 9, Beat 
Semiconductors) 

• Epson (QMEMS: microfabricated quartz) 

• FBAR from Avago; EPCOS, Triquint, Murata, TDK, 
Fujitsu are other players involved in development 

• Growing interest for MEMS technology for 
oscillators and filters… 

SiTime 



   

  

RF MEMS Resonator Market 

Source: Yole Development 



   
 

       

       
 

      

MEMS Resonator Design 
and Transduction 

• Classification of MEMS resonators based on mode of 
vibration 

• General equivalent electrical model: from mechanical to 
electrical parameters 

• MEMS resonator transduction and figure of merit 
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Mode of Vibration and Frequency 

Mode of Vibration Frequency Equation 
[Range] 

MEMS Resonator 
Example 

Flexural 

[ 10 KHz- 10 MHz] 

Contour-Mode/Lamb-
Wave 

[ 10 MHz- 10 GHz] 

Thickness Extensional 

[ 500 MHz- 20 GHz] 

Shear Mode 

[ 800 MHz -2 GHz] 

MEMS beam, Nguyen, UCB 

10 µm 

MEMS CMR, Piazza, Penn 

FBAR, Fujitsu 

MEMS Shear Resonator, Bhave, Cornell 



  

          
           
       

       
   

           
    

        
          

  

Flexural Mode Resonators 

• Flexural resonators operate at their best at low frequency (ongoing 
research in NEMS beams): suitable for high Q and low frequency 
oscillator applications (10-100 MHz clocks, 32 KHz clocks) 

• Clamped-Clamped (C-C), Clamped-Free (C-F), and Free-Free (F-F) 
beams have been developed 

1D Mode shape described by combination of sinusoidal and hyperbolic functions 
(k is the wave vector) 

Frequency depends on beam thickness and length. Scaling 
to reach higher frequency. α depends on the type of beam 
(C-C, C-F, F-F) 
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Contour-Mode/Lamb-Wave Resonators 

• Contour mode or lamb-wave resonators have their frequency set primarily 
by lithographic processes (i.e. the lateral (in-plane) dimensions of the 
structure) 

• Devices have high mechanical stiffness and are suitable for high 
frequency 

AlN: 

Pt: 
T 

W 
– ++ 

–+– 

Efield: 

Mode Shape 

Lateral Expansion 

Lateral Compression 

100 µµµµm 

10 µm 

1D mode shape is described by a sinusoidal 
function 

Thickness dependence is limited and negligible if 
T < λ 



  

      

           

         

      

        
         

      

Thickness-Extensional Mode Resonators 

• Known as thin-film bulk acoustic resonator (FBAR) 

• It can be solidly mounted to the substrate via acoustic reflectors 
(SMR) 

• One frequency per wafer since thickness sets frequency of operation 

• Commercially available (main application is in duplexers) 

1D mode shape is described by a sinusoidal 
function. The device moves out of the plane (not 
like a membrane, but stretched and compressed) 

Samsung 



  

            
 

           
    

         

  

         
       

       

Shear Mode Resonators 

• Shear mode devices have a high stiffness and can operate at high 
frequency. 

• No net volume change should theoretically yield high mechanical Q (low 
damping) and lower temperature sensitivity 

• Frequency set by film thickness, therefore one frequency per wafer 

Quartz MEMS, Kubena, HRL 

Simplest 1D mode shape is described by a sinusoidal 
function. Structure shears across the film thickness 

(motion mainly in plane in the x direction) 



    

    

    

    

    

    

    

 

        
         

        
     

From Mechanical to Electrical Variables
 

MECHANICAL VARIABLE ELECTRICAL ANALOGUE 

Force (F) Voltage (V) 

Velocity (v) Current (I) 

Compliance (1/keq) Capacitance (Cm) 

Damping (ceq) Resistance (Rm) 

Mass (meq) Inductance (Lm) 

•	 Mechanical variables can be made to correspond to equivalent 
electrical variables in order to model the behavior of a 
mechanical resonator with standard LCR parameters, for which 
well established electronic circuit design techniques already 
exist. 



    

     
      

        

        
           
         

            
       

       
 

From Mechanical to Electrical Variables 

• Acoustic/MEMS resonators are generally used inside electronic 
components. Therefore the mechanical vibration (resonance) 
need to be transferred into an electrical signal. 

• A transducer is used to convert mechanical into electrical signal 
(and vice versa) so that the resonator can be directly interfaced 
with electronics. In the figure above the transducer is 
represented by a capacitor and a transformer with a turn ratio set 
by η (known as the electromechanical coupling; note that this is 
different from kt 

2 which is also known as the electromechanical 
coupling coefficient) 



    

        
  

         
          

           
            

       

       
      

          
       

  

Key Parameters of a Resonator 

• Mass, stiffness and damping are associated with a distributed 
(continuum) mechanical body 

• We need to find lumped representation of Mass (M), Spring 
(K) and Damper (C) for a mechanical resonator � equate total 
kinetic and potential energy of the system to the energy of 1 
point (can be any, but generally selected to be the point of 
max displacement, Uo) of the resonator. 

• Meq (modal mass), Keq (modal spring) and Ceq (damping) for 
the equivalent electrical circuit are given by: 

• where Q is the mechanical quality factor of the resonator and 
represents the dissipation (energy loss) occurring in the 
mechanical device 



   

           
        

      
      

       

       

         
 

       

Transduction of MEMS Resonators 

• The transducer is the last element that we need to describe in 
order to complete the representation of the equivalent circuit 

• There have been several transduction mechanisms explored 
at the MEMS level. The dominant ones are: 
– Electrostatic (validated in production of low frequency oscillator) 

– Electrostrictive (aka dielectric or internal transduction, research only) 

– Piezoelectric (validated in production of high frequency filters and 
QMEMS oscillators) 

– Thermal or thermo-elastic (w/ piezo-resistive sensing, research only) 



 

            
    

           
             

  

         
       

  

Electrostatic Transduction 

• Uses air gap to produce electrostatic forces (due to change in potential 
energy in a capacitor) 

• Electrodes are placed in such way to maximize coupling into desired 
mode of vibration. It has been used to excite any mode of vibration 
(flexural, contour, shear) 

• Electrodes do not contact vibrating body. Devices have been 
characterized by sheer high Q (f-Q ~ 1.5e13) 

Nguyen, UC Berkeley 



 

      
         

           
     

         
           

       

       
        

    

  

Electrostatic Transduction 

• The electromechanical coupling factor, η, is given by: 
– Where Vp is the polarization voltage required to operate the device 

• There has been a significant drive in shrinking the size of the 
airgap or increase the thickness of the transducer 

• Note that increasing the thickness will not affect the device kt 
2 

(ratio of mechanical energy out to electrical energy in) which will 
ultimately set the device FOM (figure of Merit) 

• This transduction is non linear and it is characterized by 
relatively low values of kt 

2 in general < 0.1 % 

Pourkamali & Ayazi, Georgia Tech 

Nguyen, UC Berkeley 



 

         
   

         
         

             
   

       
       

   

   

Electrostrictive Transduction 

• Create forces in a solid dielectric by applying a fixed polarization 
voltage (biasing point). 

• Theory can be treated in a manner similar to electrostatic 
transduction in which the air gap is filled with a dielectric 

• The transducer can also be the resonant body or used to put into 
motion a mechanical element 

• Materials with high-K (dielectric constant) have been used to 
enhance the electromechanical coupling (silicon nitride, hafnium 
oxide, BST, BTO, STO) 

Weinstein & Bhave, Cornell 



 

      

        
       

        
           

      

     

     
 

   

Electrostrictive Transduction 

• Qs are high as long as no metal layers are used 

• Highest f-Q product (~ 5e13) in MEMS resonator demonstrated 
via electrostrictive transduction (high impedance device in 
polysilicon) 

• As in the case of electrostatic transduction the kt 
2 is low unless 

the entire device is made out of the transducer, but, in that 
case, Q tends to degrade significantly (few 100s) 

• Tunable via polarization voltage (relatively large) 

Dubus & Pascal, STO (FBAR-type) Resonator, 
Minatec/ST Micro 

Mortazawi, BTO resonator, 
Michigan 



 

       

      

     
       

      

   
  

Thermal Transduction 

• Emerging technique for forcing a resonator into vibrations 

• Inefficient at low frequencies because of joule heating 

• Scales advantageously to higher frequencies since the 
thermal time constant scales faster than the mechanical one 

• Silicon was used, but other materials can be employed 

Courtesy of Pourkamali, 
U. of Denver 



 

         
      

      

        
        

      

  
 

Thermal Transduction 

• Operation has been demonstrated up to ~ 60 MHz with 
piezoresistive read out for in-plane vibrations. 

• mW power consumption possible at GHz frequencies. 

• Resonator model is different since the transducer is resistive. The 
device effectively becomes a resonant transistor (can have gain) 
and could justify additional power consumption 

Pourkamali, U. 
of Denver 



 

       
   

          
 

     

      

       

   

    

  

Piezoelectric Transduction 

• Most common transduction technique for legacy resonator 
technologies (such as quartz and SAW) 

• Slow to develop in thin-film form mainly because of difficulties with 
material deposition 

• ZnO demonstrated but not commercially successful 

• PZT not ideal for high frequency operation 

• AlN is commercially proven and established in thin-film form 

• FBAR is a commercial success 

• Thinning of quartz wafers is an alternative 

Ruby, Avago Tech 



 

        
         

             
  

      
       

 

 

 

   

  

   

   

  

   

  

  

 

  

  

 

Piezoelectric Transduction 

• Piezoelectric transduction require metal electrodes directly on the thin
film layer to apply electric field. Several piezocoefficients available 
(d31( e31), d33 (e33), d15 (e15)) can be exploited to excite the desired 
mode of vibration 

• Flexural, contour-mode, thickness-extensional and shear resonators 
have been demonstrated. Piezo generates a body force 

X (1) 

Z (3) 

Y (2) 

D = d T + εεεε E

electric
displacement

stress electric field

piezoelectric charge

coefficient

dielectric

permittivity

D = d T + εεεε E 

electric 
displacement 

stress electric field 

piezoelectric charge 

coefficient 

dielectric 

permittivity 

[ ] 
15 
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31 31 33 
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piezoelectric charge

coefficient

S = s T + dE

strain stress electric field

compliance
piezoelectric charge 

coefficient 

S = s T + dE 

strain stress electric field 

compliance 

T 

S11 = d31E3 

S22 = d31E3 



 

       
            

 

          
        

 

Piezoelectric Transduction 

• Piezoelectric coupling is strong and provide for effectively large 
kt 

2 in general at least 1 order of magnitude greater than other 
transduction mechanisms 

• Quartz has low coupling, but it is characterized by high Q. Shear 
MEMS resonators approaching GHz have shown f-Q product of 
1e13 

Kubena, HRL 



 

       
  

          
  

     

  

      

      

  

 

  

Piezoelectric Transduction 

• Lateral, in-plane vibrations can be excited in piezoelectric films at 
high frequency. 

• AlN contour-mode resonators have shown f-Q of 4e12 with kt 
2 of 

1-2 %. 

• Qs of 2000-3000 over entire frequency range 

• Low impedance demonstrated 

• Amenable for multi-frequency on a chip solutions 

Piazza, UPenn Yantchev, Uppsala Univ. Ollsson, Sandia 

10 µµµµm 1 µµµµm 

T=250 nm 

Tel= 100 nm 



 

         
 

         
        

 

         
   

            
  

Piezoelectric Transduction 

• Trade-offs between Q and kt 
2 have been played in laterally 

vibrating resonators. 

• Q enhancement at low frequency has been attained at the 
expenses of coupling by using the piezoelectric layer on silicon 
(resonator body) 

• Gains are limited at high frequency due to wavelength becoming 
comparable to silicon thickness 

Polcawich & Bhave, US Army Lab and 
Cornell 

Abdolvand & Ayazi, Georgia Tech 
and Oklahoma Univ. 



   

     

        
      

      

       
      
       

     
        

    
  

     
       

       
     

    

   
  

Equivalent Circuit: 1-port devices 

• Equivalent ckt of resonator is fully defined 

• The transformer is generally eliminated and simply the LCR 
component with the transducer capacitance is reported. 

• This is known as the Butterworth Van Dyke (BVD) model 

• At the MEMS scale (given the reduced 
size of the device) the external elements 
that provide for physical support (i.e. the 
silicon) and routing of the electrodes 
need to be taken into account via a 
parasitic series resistance, Rs, and a 
parallel resistance, Ro 

• There is also a parasitic capacitance (Cp) 
in parallel with the resonator branch, but 
this can be made negligible if the device 
is properly sized, a high kt 

2 is available, 
and the substrate resistivity is high 

Modified Butterworth Van 
Dyke (MBVD) model 



   

         
       

MEMS Resonator vs. SAW/Quartz 

• MBVD fits well the response of any 1-port MEMS resonators. 
The example refers to a 1-port AlN contour-mode resonator. 

+ 

– 

60 �m 

L 



   

        
      

        
       

       
  

 

     

 

    

  

    

  

Equivalent Circuit: 2-port devices 

• The previous MBVD model was for 1-port devices in which the 
transducer’s capacitance appears in parallel with the resonant 
branch 

• 2-port devices are also conventionally used and may be 
advantageous in certain electronic circuit. In this case a similar 
model is adopted, but the transducer capacitance effectively 
appears shunted to ground. 

C0, in 

Cm, in Rm, in Lm, in 1 : ηin 

Fin 

vin Iin 

Vin 

(a) 

(b) (c) 

Vout Fout 

vout Iout 

C0, out 

Cm, out Rm, out Lm, out ηout : 1 

Cf 

Vout Vin 
C0, out C0, in 

CM RM LM 1 : N 

Vin Vout 

CM RM LM 1 : N 

C0, in C0, out 



   

             
          
      

   
     

   
      
   

      
      

 

 

  

 

 

 

 

  

 

 

  

Equivalent Circuit: 2-port devices 

• 2-port model can be easily reduced to a PI network formed by a 
series LCR ckt with the two branches to ground formed by the 
capacitance of the input and output transducers. 

Equivalent parameter are 
calculated in the same way 
as for 1-port resonators. 
Note that for a given surface 
area each transducer 
capacitance is ½ the one of 
the 1-port device (i.e. Rm is 4 
times larger) 

(c) (a) 

P2 

W 

T 

L 

P1 (b) 

AlN 

Pt 

P1 P2 



     

         
  

      
     

       
       

       

        
      

        

       
    

  

Eq. Ckt: MEMS Resonator vs. SAW/Quartz 

• No substantial difference in the modeling of SAW or 
Quartz Crystal devices 

• Equivalent parameter values are different. In general Co is 
smaller and consequently Rm larger for MEMS. 

• Reduced size of the transducer makes the surrounding 
supports (silicon and other parasitics) play a more 
important role in defining the overall device performance 

• Scaling and miniaturization are helping MEMS over SAW 
and Quartz. Thinner films and smaller gaps permit 
attaining larger transducer capacitance in a very small 
area. 

• Example of these improvements are the FBAR, the 
piezoelectric CMR, the electrostrictive resonators and 
reduced gap devices. 



   

   
     

    

    
   

 

 

  

 

    

 

  

Damping in Mechanical Resonators 

• Equations of equivalent electrical 
model depend on device geometry, 
transducer type, and damping (Q) 

• Various factors affect Q in MEMS 
resonators (still a topic of research): 

– Viscous damping 

– Anchoring loss 

– Thermo-elastic dissipation (TED) 

– Phonon-phonon interactions 

– Material defects and surface states 

– Energy dispersion 

in superimposed modes 



      

       
    

       
        

       
  

        
     

Figure of Merit (FOM) of a Resonator 

• Resonator Figure of Merit (FOM) is defined as the 
product of kt 

2 and Q 

• kt 
2 -Q affects the value of RM in any resonator 

• kt 
2 –Q directly impacts oscillator design by setting the 

required gain (i.e. power consumption) and phase 
noise of oscillator 

• kt 
2 –Q directly impacts filter design by setting insertion 

loss in properly terminated filters and device 
bandwidth. 



 

   
 

  

  

      

    

   
 

  
 

 

FOM Comparison 

FBAR 
Ruby, Lakin 

C-C Beam, Nguyen 

WG Disk, Nguyen 

Piezo-on-Silicon 
Ayazi 

Thin Quartz 
HRL 

Piezo-Contour 
Piazza, Pisano 

Diamond Disk 
Nguyen 

Internal 
dielectric 
Bhave 



 

     
   

 
   

 
   

     

MEMS Oscillators 

• MEMS Oscillators as replacement for quartz crystals 
and high frequency SAW 

• Oscillator Design 
• Example of MEMS oscillators 
• CMOS-MEMS Oscillators 
• Frequency stability, Temperature compensation, 

Acceleration sensitivity of MEMS oscillators 



  

    
         

      
        

      
    

           
     

         

MEMS Oscillators Opportunities 

• Temperature Compensated Crystal Oscillators (TCXO) 
(used in majority of cell phones) � > $ 1 B 

• Low end Crystal Oscillators (XO) replacement (consumer 
electronics) < 100 MHz � $ 500+ M 

• VCSO High frequency Oscillators (trend is toward multiple 
and reconfigurable frequencies) � $ 300+M 

• XO > 100 MHz for high speed data rate (SONET/SDH, 10 
Gbit Ethernet, Fibre Channel, etc.) � $ 100+M 

• NDK, Epson, Kyocera and Vectron are the key players in 
this area 



 

           
    

          
        

           

             
          

 

           
       

      

          
 

         
           

MEMS Oscillators 

• MEMS-based oscillators operating at frequency < 125 MHz are already on 
the market (SiTime & Discera) 

• QMEMS (Epson) is a quartz-based product that uses MEMS manufacturing 
to reduce the form factor of conventional quartz-crystal devices. 

• High frequency oscillators (> 200 MHz) are mainly based on SAW 
resonators 

• MEMS has not played a commercial role in that area, but there are piezo
based (CMR and piezo-on-silicon) devices that offer interesting solutions in 
this space 

• MEMS have the advantage of offering solutions in a smaller (especially 
thinner) form factor and integrated with CMOS. 

• MEMS has superior resistance to shocks 

• MEMS has shown acceleration and temperature sensitivity on par with 
quartz crystals 

• Meeting phase noise requirements for high end applications simultaneously 
with tempco and frequency stability still remains a challenge for MEMS 
oscillators 



 

           
              

     

           
             

            

   

Pierce Oscillator 

• Different oscillator circuits have been devised over time. Any design is 
based on the idea of forming a ckt with positive feedback (zero phase shift) 
in which sufficient gain is provided. 

• The simplest oscillator configurations are based on a single transistor (+ 
biasing) and are known as Pierce and Colpitts. We will analyze in further 
details the Pierce oscillator and have a design example with AlN CMR 
devices. 

Images from J. Vig tutorial 



      

 

  

     
 

   
  

 

   

 

 

 

 

 

 

 

Pierce Oscillator: Design Example with AlN CMR 

50 n 
Buffer 

VDD 

VB1 

VB2 

C2 

C1 

M1 

M2 

M3 

M4 

VOUT 

Rs 

RM 

CM 

LM 

R0 

C0 

Wirebonding 

100 µm 100 µm 

VDD 

VOUT VB1 VB2 
• AMIS 0.5 µm 5 V 

CMOS process 

• 10 mW power 
consumption in 
oscillator core 

5 Mask Post-CMOS 

Compatible Process 

• Bottom Pt 

• AlN deposition 

• Via etching 

• Top Pt 

• AlN etching 

• Au Electroplating 
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Pierce Oscillator: Design Example with AlN CMR 

• kt 
2Q: FOM for resonator 

• kt 
2Q affects RM in resonator 

• kt 
2 < 3%, limited by the AlN 

contour-mode technology 

• Higher Q also lowers phase 
noise 
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0 200 400 600 800 1000 1200 
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• Adjust resonator geometry 
to minimize gmc at a certain f 

nL [µm] 

g
 m

c
 [

m
S

] 

T = 1.5 µm 

T = 2 µm 

T = 2.5 µm 

AlN: 

Pt: 
T 

W 
– ++ 

–+– 

+ 

– 

60 µm 

L 

n = 3 

• Small nL 

Large RM 

• Large nL Large C0 

R0 plays a dominant role 

Pierce Oscillator: Design Example with AlN CMR 



      

  

  

 

  
  

    

     
 

    
    

    

    
     

Pierce Oscillator: Design Example with AlN CMR 
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Frequency f [MHz] 

R0 = 200 n 

R0 = 109 n 

R0 = 0 

• gmc increases quadratically 
with frequency f 

• gmc is small below 500 MHz 

• R0 plays an important role at 
high frequencies 

• Should minimize gmc at high 
frequencies by acting on 
parasitics (R0, C1 and C2) 

2 

1 2mc Ng ω C C R = − 

• > 2gmc to ensure oscillation 
7.6 mS selected for the final 
design 
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MEMS AlN CMR Oscillator Performance 
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-
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-
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-

• Close-to-carrier phase noise 
dominated by circuit flicker 
noise 

• Far-from-carrier phase 
noise determined by circuit 
noise figure 

-

-

-

-

-

-

-

-

-

• Improved phase noise 
performance can be 
attained by conducting 
circuit noise optimization or 
adopting a lower flicker 
noise CMOS technology10 
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−81 dBc/Hz @ 1 kHz 

Phase Noise Floor:

−146 dBc/Hz 

  

 
 

   

     

 
 
 
 
 

  
   

 

 

Higher Frequency MEMS Oscillators 

• 1 GHz AlN CMR Oscillator 
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1.05 GHz MEMS Oscillator 

GSM Requirements of UHF LO GSM 
Requirements 
fm PN 

kHz dBc/Hz 
200 ≤ -118 
400 ≤ -124 
600 ≤ -127 
800 ≤ -130 

1600 ≤ -136 
> 3200 ≤ -141 

[Q. Gu, Springer 2005] 

GND 

100 µm 

VDD1 

VDD2 

VOUT 
VB2 

G S G 

G S G 

IC 

50 µm 

MEMS 



   

     

      

Higher Frequency MEMS Oscillators 

• 1 GHz AlN on Silicon Oscillator 

Abdolvand & Ayazi, Oklahoma State and GT 



   

   

   
 

      

Some Other MEMS Oscillators 

• MEMS electrostatic oscillator makes GSM specifications 

• FBAR oscillators with temperature compensation 
Nguyen, UCB 

Otis & Ruby, U. of. Washington & Avago 



    

           
          

         
      

         
           

          

 
 

     
     

 

Temperature Effects in MEMS Oscillators 

• Most MEMS resonators made out of thin-film or silicon suffer from 
frequency shifts induced by temperature variations. This is known as 
temperature coefficient of frequency (TCF) and has a significant 
impact on the performance of an oscillator 

• Most materials tend to soften (young’s modulus decreases) with 
temperature. This is the main source of TCF (plus material expansion). 
Most of MEMS resonators have TCF of – 10 to – 50 ppm/K 

-25 ppm/K 
-AlN CMR 

• Quartz has special cuts in 
which the TCF is practically 
zero 

Young’s 
modulus 

Volume 



 

        
  

          
         

 

    

 

       
        

       
 

      
    

    

Temperature Compensation 

• Several methods of temperature compensation have been attempted. 
Most effective are: 

– Mechanical compensation : incorporation of a material with positive TCF 
in the device (such as SiO2 or complex oxides) 

– Silicon doping 

– Ckt compensation (by frequency pulling) 

Mechanical Compensation 

• Addition of SiO2 layer in AlN CMR has 
yielded a first order TCF of ~ 0. 

• Oxide thickness has to be comparable to 
device thickness 

• Compensation attained over a very wide 
temperature range (also elevated 
temperatures) 

Pisano et al., UC Berkeley 



 

 

     
     

   

   

 

     
 

       
 

    
  

     
    

 

     
  

     
        

Temperature Compensation 

Substrate Doping 

• Addition of dopants in the silicon 
substrate creates strain which positively 
impact the device TCF 

• Method require silicon substrate 

• Possible dopant fluctuations 

Lakin (for FBAR), Ayazi (Silicon resonators) 
Circuit Compensation 

• Use of external circuit to pull the 
device frequency 

• Requires a temperature sensor 
on chip 

• Can be power consuming, but 
permits to use cheaper 
resonators 

• Similar solution adopted by most 
MEMS oscillator companies 

• Could be used for replacing 
TCXO with XO Otis & Ruby, Univ. of Washington & Avago 



 

           
          
            

            
            

     

         
           

 

  

Acceleration Sensitivity 

• Acceleration sensitivity, Γ, is an important aspect in limiting the use 
of a mechanical oscillator. Γ measure the amounts of frequency shift 
(in ppm) for every g of acceleration that is imparted to the structure. 

• Low frequency vibrations (up to 5 KHz generally) cause shifts in the 
resonator center frequency. Note that Γ is a vector quantity since it’ll 
depend on the direction of acceleration 

• These frequency shifts manifest as sidebands in the power 
spectrum of an oscillator and significantly impact the phase noise of 
the oscillator. 

Image from Filler 



 

            
          

         
     

       

           

    
           

   

      

    
  

 

Acceleration Sensitivity 

• Common sense would state that MEMS has small mass so it should 
theoretically have lower sensitivity. This is not necessarily true, since 
Γ depends on anchoring (way forces are transferred to resonant 
body), structural asymmetry, non-linear material properties. 

• MEMS oscillators are superior in terms of shock 

• Best quartz oscillators have Γ ~ 0.1 ppb/G (G= 9.8 m/sec2) 

• MEMS have shown comparable values: 
– Most electrostatic resonators (acceleration sensitivity affected by gap size) have 

shown ~ 10-100 ppb/G 

– AlN CMR have shown < 10 ppb/G 

Olsson, Sandia National Laboratories, 
special-clamp electrostatic lame 
resonator 



   

             
      

             
         

         
        

    

           

Fully Integrated MEMS Oscillators 

• A net advantage of MEMS resonators is that most of them are CMOS 
compatible and can be co-fabricated with circuitry. 

• This might not be very advantageous for a single device, but might be 
the only available compact solution for an array of oscillators. 

• Silicon, metal and AlN MEMS oscillators directly integrated with 
CMOS have been demonstrated. Some resonators have been 
fabricated directly into CMOS 

Li et al., Tsing Hua University, 
Taiwan 

G. Fedder et al., Carnagie Mellon 



   

   

   

    
  

   

Fully Integrated MEMS Oscillators 

• AlN-CMR integrated with CMOS 

• Nickel resonators integrated with CMOS 

Olsson, Sandia National Laboratories, 
AlN CMR resonator 

Nguyen, UCB, Nickel resonator 



   

         
           

       

        
          

 

      
   

          
    

 

Frequency Accuracy and Stability 

• General skepticism that MEMS (especially thin-film) devices will be 
able to attain the same frequency accuracy and stability shown by 
quartz crystal devices (10-100 ppm for most applications) 

• Although the skepticism might have some foundations, MEMS 
technology have come a long way and shown quite impressive 
results. 

• Packaging (see Bosch/SiTime/Kenny results) guarantees resonator 
stability over long time 

• Trimming of FBAR has shown better than 100 ppm frequency 
accuracy over a 6” wafer. 

Ruby, Avago 



 

  
 

     
   

    

MEMS Filters 

• Potential applications and opportunities 
• Design requirements 
• Example of coupling methods (electrical, mechanical, 
acoustic) and filter performance 

• Power handling and intermodulation distortion 



 

         
   

       
      

         
       

Filter Opportunities 

• IF Filters for base stations, automotive and military (< 500 
MHz) � $ 400+ M 

• RF individual filters and Duplexers, expanding market with 
new bands (LTE, GPS, etc..) � > $ 1B 

• Market dominated by SAW filters. FBAR is in all high-end 
phone duplexers. Only MEMS product/success in the filter 
market 



 

     

   

       

  
  

 

 

      
     

      
       

    

  

 

 

 

Filter Specifications 

• Filter design focus is mainly on: 

– Insertion loss (and ripple) 

– Bandwidth 

– Rejection 

– Impedance 

• Filters are formed by an array of 
resonators 

• Resonators coupling examples: 
– Electrical coupling 

– Mechanical Coupling 

– Acoustic coupling 

• Examples will refer to AlN CMR 
resonators, but techniques can be 
extended to any other resonator that 
meets the required spec (see eq. ckt 
as building block for filters) 
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Electrically Coupled Filters
 

Shunt• Electrically connected resonators 
Resonator 

to implement standard ladder or 
fs-Δflattice configuration 

Performance Factor 

Insertion Loss Q, Kt
2 and filter order  Series 

Rejection Cap Ratio  Resonator 

Shape Factor Filter Order 
fsTermination Reactance 

Kt
2Bandwidth 

 

fsInput Rterm 
fs fs Output Filter 

RCCCSSSS
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Electrically Coupled Filters 

(a) (b) 

(c) (d) 

C2=2C1 



    

        
   

 

 

  

  

 

   

Ladder Filters with Rectangular Plates 

Theory 

Experimental 

• Ladder structures with 4,6 and 8 resonators have 
been demonstrated 

4 

6 

8 

LengthExtensional 

Mode 

WidthExtensional 

Mode 

fc=93.2 MHz 

BW3dB=305 kHz 

I.L.= 4 dB 

20dB S.F.= 2.2 

2k� Termination 

Rejection 27 dB 



    

    

       

    

3rd order filter as an example 

• Electrical Coupling using Intrinsic C0 

Cf 

C0C0 

CM RM LM 

C0C0 

CM RM LM 

C0C0 

CM RM LM 

Coupling elements are intrinsic capacitors of the resonators 

Electrical Coupling w/ Device Cap 
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• Three Basic Resonance Modes 

Filter Operation 
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Filter Design 

• Bandwidth ~ 
- Set by the effective eletromechanical coupling coefficient kt 

2 of AlN 
contour-mode technology 

• Insertion Loss (IL) ~ 
- Determined by the Figure of Merit (kt 

2Q product) for AlN contour
mode resonators 

• Rejection ~ 
- Controlled by the feed-through capacitance Cf; No direct electrical 

connection between input and output 

• Termination ~ 
- Can be lowered by increasing C0 (increasing area or reducing 

thickness) of the resonators 
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Rp1 

Cp1 

Rp2 

Cp2 

Rp2 

Cp2 

Rp2 

Cp2 

Rp2 

Cp2 

Rp1 

Cp1 

C0 C0 C0 C0 C0 C0 

Cf 

CM RM LM CM RM LM CM RM LM 

Model Fitting 

Different Si areas, therefore different parasitics 

2 1p p 
C C s= ⋅ 2 1 /p p 

R R s= 

Rp Rp 

Cp Cp 
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Experimental Result 

Equivalent Circuit Model 

fc = 251 MHz 

IL = 2.3 dB 

FBW3dB = 0.53% 

SF30dB = 2.89 

SF50dB = 5.35 

Q = 2100 

kt 
2 = 1.9% 

Rp1 = 2.0 k! 
Cp1 = 81 fF 



 

          
         

  

           

  

     

  

    
   

 

Mechanical Coupling 

• Coupling of resonators via mechanical elements to create a system 
with multiple degrees of freedom and therefore modes of vibration 

M1 M2 

Kc 

2nd mode 

M1 M2 

Kc 

Frequency 
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1st mode 

Performance Factor 

Insertion Loss Q, Kt 2 and filter order 
Rejection Parasitic 
Shape Factor Filter Order 
Termination Reactance 
Bandwidth Coupling Beam, 

Resonator Mass 



Mechanical Coupling
 

C C C kcoupler M M MFBW 3dB = 1+ − 1− ≈ ≈ 
C C C kcoupler coupler coupler eq 

Theoretically unbound, the max fractional bandwidth is still limited 
by the maximum tolerable ripple and ultimately the device kt

2 
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Mechanical Coupling 
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Acoustic Coupling 

• Use of acoustic elements encompassing the entire device 
size to create multiple modes of vibration 

• Bandwidth control by modulation of the acoustic pathway 
(overhang, spacing, number of coupling elements) 

• Technique is more easily 
scaled to higher frequencies 
(no need for sub-micron 
mechanical coupling elements) 



 

          

Acoustic Coupling 

BW controlled by number of coupling elements and size of overhang 



   
  

MEMS-Based RF Front-Ends: 
A Microsystems Approach 



   

RF SAW Filter

  

 

 

 

  
   

   
 

 
  

     
   

   
 

Next Gen Integrated Modules 

RF Filter/Switch Module 

PA Module 

Transceiver Module 

Baseband Module 

• Novel RF MEMS 
technology will enable 
integrated RF Modules 
and transceivers 

• Key advantages: 
reduced components 
count, free up space for 
new applications, lower 
power consumption and 
lower costs 



        
 

  

  

   

• Discrete components (RF MEMS and electronics) are integrated 
into modules 

Vibrating RF MEMS 

are key components 

Modular Integration of Components 



Sub-Sampling RF Channel Select Receiver
 

Legacy Direct Conversion Receiver 

Requires sophisticated, power hungry RF front-end and baseband 

Information 
channels
 

interferers 

frequency 



Sub-Sampling RF Channel Select Receiver
 

Sub-Sampling RF Channel Select Receiver 

Lower complexity RF front-end, low data-rate ADC, significant overall form factor, cost, and 

power savings 

Narrow Band 

Filter Bank 

inexpensive, low 

power, low data 

rate ADC 



    

  
    
   

 
   

    
  

    
  

  
  

 

Contour-Mode Resonators for New Architectures 

• Multi-Frequency devices will 
enable frequency hopping in 
spread spectrum (FHSS) 
applications 

• Contour-mode resonators 
(laterally vibrating devices) 
will become paradigm for 
frequency agile radios 

• FHSS will permit lower 
power consumption, 
increased transmission 
capacity and security 
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Direct Frequency Synthesis 

• More aggressive approach can be 
implemented with high Q and high 
frequency resonators 

vout

Frequency

Multiplier
Low Noise

MEMS Reference

ω
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Low Noise 

MEMS Reference 
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• Narrowband filter banks with 
switches will provide new 
methods for direct frequency 
synthesis that do not require 
power-hungry and tunable 
PLLs 

vout 

Switch Controller 

MEMS Resonator 

ω 



  

     
    

 

  

 

    

   

  

Single-Chip RF Module 

• Low-temp process will permit integration with 
electronics and ultimately enable single module 

Switch 

Reconfigurable 

Antenna 

Channel-Select Filter Local Oscillator 

Multi-Frequency 

Resonators 

IF and (or) Baseband 

Electronics 

Tunable Low Noise 

Amplifier and Mixer 
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Integration of MEMS Resonators and Switches 

• Switchable filters (all mechanical switching + filtering and 
frequency synthesis) can be enabled by AlN RF components 
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Switched Resonators 

• Removing DC-bias turns resonator off. Interesting for some 
channellizer applications 

Nguyen, UC Berkeley 



  
          

           

        
       

          
 

          
 

           
     

     

CMOS Integrated Solutions 
• Monolithic integration of MEMS components with CMOS is likely to 

be the most successful approach for a reconfigurable RF front-end 

• Integration eliminates issues associated with parasitics, routing and 
complicated flip-chip especially when the mechanical component 
number (and pins) starts approaching the level of Medium Scale 
Integration (MSI) 

• Silicon, but also AlN solutions have shown capability of integration 
with CMOS 

• Only RF MEMS product based on CMOS integration and close to 
commerciallization is Wispry tunable capacitor bank. 

Barniol, Universitat Autonoma de Barcelona, Spain 



  

     

CMOS Integrated Solutions 

Dubois, FBAR on IC,CSEM and 
CEA-LETI 



   
 

  
      

      
  

MEMS Resonators for 
Chemical Sensing 

• Why MEMS/NEMS Acoustic Sensors? 
• Sensor characteristics: sensitivity and limit of detection 
• Examples of MEMS/NEMS sensors: nano beams, CMUT, 
FBAR and CMRs 



RBND = resonant bio nano detector 

Why M/NEMS Sensors? 

•	 Miniaturization is the main driving force for pursuing 
MEMS/NEMS based sensors 

•	 Improved sensitivity, limit of detection and speed of 
measurement are also advantages that will come with 
miniaturization, but are not as transformative as size reduction 

•	 Size reduction will enable a realm of applications in terms of 
distributed, low power, high throughput and low cost 
sensing that is not possible today. 



     

          
  

             
    

          
            

  

  
  

 
 

 

  

 

Competitive Advantages over Other Nano Sensors 

• Acoustic based sensors enable ultimate miniaturization (no need of external 
components for measurement) 

• Frequency is a quantity that can be monitored with the highest level of 
accuracy (probably of any other variable) 

• MEMS/NEMS solution will enable ultimate miniaturization over SAW or Quartz 
Crystal based sensors. This is a requirement in order to synthesize the 
envisioned sensing platform. 

M/NEMS 
Resonator 

QCM/SAW 
Nano 
SPR 

Solid State Nanowire 

Physical Change Mass Mass 
Optical 

parameters 
Conductance Conductance 

Readout 

Accuracy 
High High High Medium Medium 

Limit of Detection ppt ppb ppb-ppt ppb ppt 

Response time sec sec sec min min 

Manufacturability ���� ���� ����

Miniaturization ���� Hard ���� ����



  

     
          

          

         

         
          

          
     

     
   

  

   
   

    
    

 

Principle of Operation 

• Key quantities that define a sensor performance: 
– Sensitivity (amount of change in measured variable for change in measurand); 

depends on both transducer characteristics as well as chemically adsorbing 
layer 

– Limit of detection (LOD= minimum detectable change in the measurand) 

– Speed of detection (bandwidth required for accurate measurement; could 
ultimately be limited by the adsorbing layer & kinetics of reaction) 

– Selectivity (ability to distinguish one species from another: depends on the 
adsorbing layer and not the transducer) 

Frequency 

A
d

m
it

ta
n

ce

• Addition of mass onto the 
resonator affects its 
acoustic characteristics. 

• Frequency is generally 
monitored, but other 
variables such as phase 
and magnitude could also 
be measured 



Comparison of M/NEMS Resonators
 
•	 Sensitivity of a transducer (excluding adsorbing layer) used for 

gravimetric chemical sensing is given by: 

Mode of Frequency Sensitivity LOD 
Vibration Equation 

Flexural 
(Beams)
 

Shear Mode 
(Quartz)
 

Thickness 
Extensional      
(FBAR)
 

Contour (CMR) 

Note that CMR is the only transducer that can scale sensitivity at a 
given frequency by acting on device thickness
 



   

           
          

            
     

           
             

        

         
           

         

    

Limit of Detection (LOD) 

• The limit of detection depends on the minimum detectable shift above 
noise. For a gravimetric chemical sensor this corresponds to the 
minimum detectable mass per unit area (N.B. per unit area, i.e. a 
concentration, not an absolute mass value). 

• In the case of a frequency measurement, the minimum detectable shift 
is determined by the phase noise (or better the Allan Variance) of the 
oscillator used to sustain the oscillation of the transducer. 

• The square root of the Allan variance (standard deviation) 
corresponds to the minimum detectable frequency shift. The value of 
∆fmin depends on the measurement time (i.e. the measurement 
bandwidth) 

From Rubiola’s tutorial on phase noise 



             
          

        

    

LOD 

• Note that flicker frequency noise will set the ultimate floor. For small integration 
times the white phase (resonator power handling) and white frequency 
(resonator thermo-mechanical noise) set the value of Allan Variance 

From Rubiola’s tutorial on phase noise 



  
          

             

             
            

           
    

          
  

LOD and Speed 
• LOD ultimately depends on the power handling capability of the 

transducer and its quality factor (to lower phase noise for a given power 
consumption) 

• If the same phase noise can be maintained at high frequencies, it is 
convenient to scale operation at higher frequencies since a similar limit of 
detection can be attained with a faster measurement time or higher 
resolution for a given bandwidth 

• Experimental data on CMR AlN oscillators at various frequencies confirm 
the theoretical trend. 



    

   

   
     

   
   

   
    

 

NEMS Beams as Chemical Sensors 

Roukes, Caltech, NEMS sensor 

• Ultra low absolute 
detectable mass ~ 50 zg, 
but concentration is 
limited to 250 zg/µm2 

• Improvement in sensitivity 
is offset by reduced 
power handling. 



    

          
          
     

        

 

CMUTs as MEMS Chemical Sensors 

• 47 MHz device with low impedance and thin membrane. Despite 
lower Q the high power handling improves noise performance and 
gives a LOD of 11 zg/µm2 

• Low Q affects ckt power consumption (10s of mW) 

Khuri-Yakub, Stanford 



   

            
        

         

FBAR as Chemical Sensor 

• Experimental results show LOD in the order of ~ 100 ag/µm2, but 
theoretically should be able to resolve 100s of zg/µm2 

Esteve, Centro Nacional de Microelectronica, 
Barcelona 

Kim, University of South California 



  

     
       

     

   

   

 

  

    
  

 

Contour-Mode Resonant Sensors 

T 

f 
S 0∝ 

LOD can be improved by: 
- Reducing T - Increasing f0 

o f 

T 

nL 

T 
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f 
LOD ∝∝ 

Δ 
= min 

Sensor Sensitivity Sensor Limit of Detection (LOD) 

at resonator critical 

power and assuming 

thermo-mechanical noise 

Resonator Center Frequency 
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n = number of fingers 
for fixed 

device area 



T 
LOD 

CMR-S Scaling 

•	 Scaling equations show that lower LOD for a given 
measurement bandwidth (BW) or higher BW for a given 
LOD can be attained 

• Faster measurements become essential when multiplexing 
through a large number of resonators (100 +) in an array  



   

 

 

 

 

 

250 nm Thick AlN CMR-S 

C m =54.9 fF 

L m =14.5 µµµµH 

R m =16 ΩΩΩΩ 
C0=3.4 pF 

R s =28 ΩΩΩΩ 

Equivalent Circuit: 

C0 

C m R m 
L m 

R s 

Qm ≈≈≈≈ 1000 

kt 
2 ≈≈≈≈ 2% 



     

            
         

     

250 nm CMR-S Array with Oscillator 

CMR-S array is connected to a single Pierce oscillator via CMOS switches. 
Output is monitored by time multiplexing through the various resonators 

[Rinaldi, et al., MEMS 2011/Sensors 2010] 



  

         
     

    

Functionalization with ss-DNA 

• Unique decoration of SWNT with different strands of ss-DNA or 
direct attachment of ss-DNA to Au 

[Zuniga, et al., APL 2009] 



    

 
 

       
    

Array of ss-DNA functionalized CMR-S 

Seq. 2α
Seq. 1 

Seq. 1 =Thiol-5’ GACTCTGTGGAGGAGGTAGTC 3’, 
Seq. 2α = Thiol-5’ AAAACCCCCGGGGTTTTTTTTTT 3’ 



 Concluding Remarks 



 

         
    

      
 

         
       

      

     

        

         
          

   

          
       

Concluding Remarks 

• M/NEMS resonators have come a long way and are definitely 
getting ready for commercial applications 

• Startup activities confirm that the technology is gaining 
commercial traction 

• MEMS technology effectively very similar in nature to other 
acoustic devices. Miniaturization and integration with CMOS 
make it a much more attractive solution. 

• Low frequency MEMS oscillators are commercially available 

• High frequency MEMS oscillators still need to be fully 
developed 

• Filter market still dominated by SAW. FBAR is product leader 
for duplexers. FBAR is a proof that all engineering issues for 
MEMS can be solved. 

• M/NEMS resonant sensors will play a key role in enabling the 
ultimate miniaturization of future chemical and bio sensors. 



 

        
      
    

    

    

 

    

     

   

Future Challenges 

• Despite the significant progress, there are still many aspects 
of MEMS/NEMS resonators and resonant sensors that need 
to be understood and improved: 

– Cause of damping and its prediction 

– Vibration sensitivity and fundamental limits 

– Temperature compensation 

– Non linearity and power handling 

– Chemical functionalization layer for resonant sensor 

– Insertion of resonators into liquids 


