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NATHANSON E T  AL.: RESONANT  GATE  TRANSISTOR 

TABLE I 
CHANGES OF YOUKC'S  MODULUS WITH TEMPERATURE 

IN ppm/"C FOR VARIOUS MATERIALS 
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Y kg/mm2 - - kg/mm2/Co - - - 
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zlrconlum 
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gold 

41  500 
12 400 
33 600 
19 000 

29 000 
17  300 

54 000 

21 500 
7 900 

38  600 
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13 100 

9 400 
8 200 
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7 000 
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4.2 
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4.3 
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3.4 
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3.1 
3.4 
6.4 
7.7 
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101 
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133 
132 

141 

240 
196 

260 
272 
298 
315 
415 
425 

485 
430 

1400 
610 
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inherent  frequency  shift of the device to  about 50 

B-5) Integrated Oscillator: Thus  far  only  the simple 
open-loop  bandpass  properties of the  RGT have been 
mentioned. In this brief section,  one  particularly im- 
portant  area of application is described-namely, the 
construction of monolithic audio oscillators. 

I t  will be recalled that  the integration of audio-fre- 
quency RC oscillators on a silicon slice using conven- 
tional  components  has been impractical  because of the 
high RC  products needed to  obtain  the necessary  phase 
shift  to  permit oscillation. Using the  RGT, a number of 
low-frequency  monolithic  oscillators are feasible. The 
only  supplementary  components needed are  the load  re- 
sistors of the FET. The relatively low value of the load 
resistors and  the  elimination  of  any  capacitors needed 
in the device  results in a low-frequency  integrated oscil- 
lator that  is compatible  with  current  semiconductor 
fabrication  techniques. 

Because the  output of the  RGT is in quadrature 
(90") with  the device input at resonance [see (3) 1, i t  is 
necessary to introduce  an  additional 270" phase  shift 
around  the device to  get  it  to oscillate at its open-loop 
frequency. A phase  shift of 180° is easy to  obtain. How- 
ever,  the  additional 90" phase shift is just as hard  to ob- 
tain, circuitwise,  for the  RGT  as  it is to obtain  in a small 
volume for more  conventional RC oscillators. 

One  simple  solution  compatible  with  monolithic  tech- 
nology is to use two RGT's  tuned  to  the  same  frequency. 
Since both devices  exhibit a 90" phase  shift at resonance, 
two  devices in series  plus 180" additional  phase  shift  can 
result in closed-loop oscillatory  behavior. For  the 180" 
phase  shift, we take  advantage of the phase  reversal at 
the  output when the signal is applied  directly on the 
cantilever  rather  than on the  input force plate. 

In Fig.  16(a) is illustrated a simple  circuit  employing 
two  RGT's selected to be about 12 kHz at the quiescent 
voltages  indicated.  Note that only  external  resistors of 

PPm/"C- 

-1ZkHz 
output 

- 2 V P P  

(c> 
Fig. 16. Twin RGT oscillator requiring  no  external  90"  phase  shift 

network. (a) Circuit. (b)  Ouput waveform. ( c )  Twin RGT oscil- 
lator mounted on TO-5 header. 

values  quite  compatible with  integrated  circuits  are 
needed.  We  illustrate the  output waveform of the oscil- 
lator in Fig.  16(b) and  present a photograph of the final 
oscillator  encapsulated in a TO-5  header in Fig.  16(c). 
This device  oscillated at about 12 kHz  with a voltage 
output -2 volts  peak-to-peak.  Higher-frequency oscil- 
lators of this  type (47 kHz)  have  exhibited output  volt- 
ages of up  to  15  volts  peak-to-peak a t  reasonably low 
distortion level. 

The Long Path from MEMS Resonators to Timing 
Products Begins here 
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The Resonant Gate  Transistor 
HARVEY C. NATHANSON, MEMBER, IEEE, WILLIAM E. NEWELL, SENIOR MEMBER, EEE, 

ROBERT A. WICKSTROM, AND JOHN  RANSFORD  DAVIS, JR., MEMBER, IEEE 

Abstract-A device is described which permits high- Q frequency 
selection to  be incorporated into silicon integrated circuits. It is 
essentially an electrostatically  excited tuning fork employing field- 
effect transistor “readout.” The device, which is called the  resonant 
gate  transistor (RGT), can  be batch-fabricated in a manner consistent 
with silicon technology. Experimental  RGT’s with gold vibrating 
beams operating in  the  frequency  range 1 kHz <fo <loo kHz  are 
described. As an example of size, a 5-kHz device is about 0.1 mm 
long (0.040 inch).  Experimental units possessing Q’s as high as  500 
and overall  input-output  voltage gain approaching +lo dB have  been 
constructed. 

The mechanical and electrical  operation of the  RGT is analyzed. 
Expressions  are derived for both the  beam  and  the  detector char- 
acteristic voltage, the device center frequency, as  well as the device 
gain and gain-stability product. A batch-fabrication  procedure for the 
RGT is demonstrated  and theory and experiment  corroborated.  Both 
single- and multiple-pole pair band  pass filters are  fabricated  and 
discussed. Temperature coefiicients of frequency as  low as 90- 
150 ppm/”C for  the finished  batch-fabricated  device were 
demonstrated. 

GLOSSARY 
= area 
=capacitance between input force plate  and 

=capacitance between force plate  and  sub- 

=damping  constant 
=force 
=gain-frequency  stability  product 
=drain  current 
=channel pinch-off current 
=dynamic  spring  ((constant” 
=mechanical  spring  constant 
=beam length 
=channel  length 
=equivalent mass and  damping  constant of 

=substrate doping 
=quality  factor of resonator = K/wD 
= beam-induced  channel  charge 
=surface  depletion region charge 
=built-in oxide charge 
=load  resistance 
=channel  voltage 
=polarization  voltage 

resonator = e0A/lie 

strate 

resonator 

=characteristic pull-in  voltage 
=channel pinch-off voltage 
=threshold  voltage 
=channel  width 
= oxide thickness1 
=Young’s modulus 
=beam thickness 
= drain signal  voltage 
=sinusoidal input voltage of frequency w 
=sinusoidal output voltage  of  frequency w 
=resonant frequency 
= clamped-gate FET transconductance 
=electronic  charge = 1.6 x l O V 9  coulombs 
=drain  resistance 
=frequency  stability  factor 
=sinusoidal  resonator deflection 
=equilibrium  spacing  between  resonator  and 

substrate 
6 0  =equilibrium  spacing when Vp = 0 
esi ,  eoz, E O  =permittivity of silicon, silicon dioxide, and 

air, respectively 
P =material  density 
P s  =substrate resistivity 
P = amplification  factor of equivalent  clamped- 

gate F E T  
P n  =channel mobility 
4 P  =bulk  Fermi level in substrate = (Ef - Ei) 
wo = 2rf0 =angular mechanical resonant fre- 

Wr = d K / M =  angular  resonant  frequency 
quency 

E 
I. INTRODUCTION 

XPLOITATION of the unique  capabilities of 
silicon integrated  circuits in one  major area- 
namely,  digital circuits-is at a stage  where 

further progress will be self-sustaining. There  are  other 
areas, however, which could similarly benefit from these 
capabilities, but where the  application  of  integrated cir- 
cuit technology has  not progressed as rapidly. The 
classic problem which has hindered the  entry of inte- 
grated  circuits  into  many  nondigital  systems is the lack 
of a compatible  tuning  element. The difficulties en- 
countered  in  trying  to  obtain high-Q tuned  integrated 
circuits  are  bv now well known [11. 

Manuscript received October 3 ,  1966; revised December 19, 1966 A practical  integrated  tuning device must satisfy 
Avionics Laboratory, Electronics  Technology Division, Wright- various  constraints such as small size, capability of 
The work  reported here was supported in part  by  the U. S. Air  Force 

Patterson AFB, under  Contract AF-33(615)-3442. high-Q, and  the possibility of batch-fabrication.  Reason- 
Pittsburgh, Pa. able  manufacturing tolerances are also an  inherent  and 
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Very Fast Early Progress! 
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f lo~v of this  charge  results  in a current  density u-hich 
has  similar  distribution  as  (46j,  i.e., 

AIC = AI(0)  (1 - : ) ‘ I 2 .  

In  the pinch-off region,  the  capacitive  current  given  by 
(47) flows tou-ard  the  source  terminal.  Thus,  the  gate 
current  distribution  is  found  by  integrating (47) from 
x to L 

Equation (48) can  be  put in the  form 

(49) 

\\-here AIC = gAl(0)L  is the  total  gate  current which  is 
equal  to  the  total  capacitive  current  at x = 0. The  dis- 
tribution of (49) is sho\\-n in Fig.  6(bj.  The  area  under 
the  distribution  is  given b!- 
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The Tunistor: A Mechanical Resonator 
for Microcircuits 

Abstracf-The  tunistor  is  a  new  mechanically  resonant  device 
which  utilizes  piezoelectric film transducers  and  a  free-free  flexural 
mode of resonance.  Monolithic  silicon  tunistors  have  been  demon- 
strated  at  frequencies up to 500 kHz  with Qs to  several  thousand  and 
temperature  coefficients of frequency of 40 ppm/OC  or less.  Fre- 
quencies  to  several  MHz  should  be  feasible,  and  extensional  modes 
should  permit  the  frequency  range  to  be  increased  even  further. 
Metal  tunistors  which  are  compatible  with  hybrid  microcircuits  have 
been  demonstrated  down  to  several  hundred  Hz,  and  may  be  made 
relatively  immune  to  external  vibration.  This  paper  describes  the  re- 
sults  obtained  to  date,  and  the  technique  used  to  fabricate  tunistors. 
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I .  ISTRODUCTION 
HE DIFFICULTIES of obtaining  high-Q  fre- 
quency  selectivity  in a monolithic  integrated  cir- 
cuit,  and  the  advantages of using a mechanically 

resonant  device  for  solving  this  problem,  have  been  dis- 
cussed  previously [ 11, [ 2 ] .  The first  device  to  dernon- 
strate  the  feasibility of orders of magnitude size reduc- 
tion in state-of-the-art  mechanical  resonators  and of 
batch  fabrication  compatible  with  integrated  circuits 
n-as the  resonant  gate  transistor [ 3 ] .  The  limitations 
encountered  with  the  resonant  gate  transistor  include 
the follolving. 

1) The  highest  resonant  frequency \\-hich is practical 
is about 50 kHz [2 ] .  

IEEE  TR-4SS-lCTIOSS OS ELECTROS  DEI-ICES, YOL.’ED-16. NO. 9,   SEPTEhIBER 1969 781 

f lo~v of this  charge  results  in a current  density u-hich 
has  similar  distribution  as  (46j,  i.e., 

AIC = AI(0)  (1 - : ) ‘ I 2 .  

In  the pinch-off region,  the  capacitive  current  given  by 
(47) flows tou-ard  the  source  terminal.  Thus,  the  gate 
current  distribution  is  found  by  integrating (47) from 
x to L 

Equation (48) can  be  put in the  form 

(49) 

\\-here AIC = gAl(0)L  is the  total  gate  current which  is 
equal  to  the  total  capacitive  current  at x = 0. The  dis- 
tribution of (49) is sho\\-n in Fig.  6(bj.  The  area  under 
the  distribution  is  given b!- 

REFERENCES 

effect transistor,” Solid-State Electronics, vol. 8,  pp, 381-393, 
I .  Richer,  “The  equivalent  circuit of an arbitrary  doped field- 

April  1965. 
X. van  der Ziel and J .  tV. Ero,  “Small-signal high  frequency 
theory of field-effect transistors,’‘ IEEE Trans. Electron  Devices, 
vol.  ED-11,  pp. 128-135, April  1964. 
J .  A .  Guerst,  “Calculation of high-frequency  characteristics of 
thin-film  transistors,” Solid-State Electronics, vol. 8, pp. 88-90, 
January 1965. 

effect transistors,” SoEid-State Electronics, vol. 8, pp. 563-566, 
__ “Calculation of high-frequenq-  characteristics of field- 

Tune 1965. 

_ .  

__ 
thin film transistors,” Solid-State Electronics, vol. 8,  pp. 769-771, 

“Sumerical  data on the  high-frequency  characteristics of 

1965. 
J .  R. Hauser,  “Small  signal  properties of field-effect devices,” 
IEEE Trans. Electron Dezlices, vol. ED-12,  pp. 605-618, Decem- 
ber 1965. 
F. A .  Lindholm  and P. R. Gray, “Large-signal  and small-signal 

tors,!’ IEEE Trans. Electron  Devices, vol. ED-13,  pp. 819-829, 
models  for arbitrarily  doped  four-terminal field effect transis- 

B. Reddy  and F. N .  Trofimenkoff, “ F E T  high  frequency  analy- 
December  1966. 

sis,” Proc. I E E ,  vol. 113, pp. 1?:5-1762, Xovember 1966. 
R. Beaufoy  and J. J. Sparkes,  The  junction  transistors  as a 
charge-controlled  device,’’ A.T.E.  Journal, vol. 13,  pp. 310-327, 
October 1957.(( 
111. Shockley, .4 unipolar  field-effect transistor,” Proc. IRE,  vol. 
40,  pp. 1365-1376, Sovember 1952. 

son, Elementary Circuit  Properties of Transistors, ch. 9.   Sew 
C. R.  Searle, A. Boothroyd, E. Angelo, P. Gray,  and D. Peder- 

Yorl;:  LI-iIey, 1964. 
V. Reddi  and C. T. Sah, “Source to  drain resistance  beyond 
pinch-off in  metal-oxide-semiconductor  transistors-(>TOST),” 
IEEE Trans. Electron  Devices, vol. ED-12,  pp. 139-141, >larch 
1965. 
H. Loeb, R. Andrew,  and 117. Love, “.Application of two- 
dimensional  solutions of the Shocklev-Poisson eauation  to in- 
version  layer of MOST devices,‘‘ Electronics Lette;,, 1.01. 4, pp. 
352-354,  .August 1968. 

The Tunistor: A Mechanical Resonator 
for Microcircuits 

Abstracf-The  tunistor  is  a  new  mechanically  resonant  device 
which  utilizes  piezoelectric film transducers  and  a  free-free  flexural 
mode of resonance.  Monolithic  silicon  tunistors  have  been  demon- 
strated  at  frequencies up to 500 kHz  with Qs to  several  thousand  and 
temperature  coefficients of frequency of 40 ppm/OC  or less.  Fre- 
quencies  to  several  MHz  should  be  feasible,  and  extensional  modes 
should  permit  the  frequency  range  to  be  increased  even  further. 
Metal  tunistors  which  are  compatible  with  hybrid  microcircuits  have 
been  demonstrated  down  to  several  hundred  Hz,  and  may  be  made 
relatively  immune  to  external  vibration.  This  paper  describes  the  re- 
sults  obtained  to  date,  and  the  technique  used  to  fabricate  tunistors. 

in part  by  the U. S. Army  Electronics  Comtnand  under  Contract 
lranuscript received Sovember 4, 1968. This \vork was supported 

DA\ 28-043 -AlIC-02045(E). 
The  authors  are  with \Yestinghouse  Research Laboratories, 

Pittsburgh,  Pa. 15235. 

I .  ISTRODUCTION 
HE DIFFICULTIES of obtaining  high-Q  fre- 
quency  selectivity  in a monolithic  integrated  cir- 
cuit,  and  the  advantages of using a mechanically 

resonant  device  for  solving  this  problem,  have  been  dis- 
cussed  previously [ 11, [ 2 ] .  The first  device  to  dernon- 
strate  the  feasibility of orders of magnitude size reduc- 
tion in state-of-the-art  mechanical  resonators  and of 
batch  fabrication  compatible  with  integrated  circuits 
n-as the  resonant  gate  transistor [ 3 ] .  The  limitations 
encountered  with  the  resonant  gate  transistor  include 
the follolving. 

1) The  highest  resonant  frequency \\-hich is practical 
is about 50 kHz [2 ] .  
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Oriented  Piezoelectric  Film  le.g.  CdS) 
\ / r InDut   and OutDut  Electrodes A 

Fig. 1. Tunistor Xvith a free-free  flexural  resonator. 

2 )  The  temperature coefficient of frequency  is  typi- 
cally 300 ppm/OC [4]. This  value reflects the  tempera- 
ture coefficient of frequency  resulting  from  the  variation 
of Young's  modulus of the gold cantilever (-120 ppm),  
but  increased  several  times  by  the  effects of the  electro- 
static  polarization field. 

3) The exposed  channel of the FET output  trans- 
ducer  generates  a  broad-band noise output  (typically 
-1 mV) which  limits  the  usable  dJmamic  range of the 
device. 

4) An  electrostatic  polarization  voltage of 20 to 70 
volts is needed  for  operation of the  device,  and  a  voltage 
this high is frequently  not  available in transistor  cir- 
cuits. 

The  tunistor  described in  this  paper  n-as  devised  in 
an  attempt  to  alleviate  these  problems.  It differs  from 
the  resonant  gate  transistor in  tu-o  important  n-ays. 
First, in its  monolithic  configuration,  the  resonator of 
the  tunistor is formed  from  the  silicon.  This  change  re- 
duces  the  temperature coefficient of frequency  to 40 
ppm/OC [j] or less,  avoids  the  problems  associated 
n-ith electroplating  the nickel spacer  and  the gold 
cantilever,  and  permits  the use of a free-free  resonator 
geometry which extends  the  frequency  range  upward. 
Second,  the  electrostatic  transducers of the  resonant 
gate  transitor  are replaced by piezoelectric f i l m  trans- 
ducers.  This  change  eliminates  the need for a  polar- 
ization  voltage  and  avoids  the  associated  effects  on 
gain  and  frequency,  the need to  control  cantilever-to- 
substrate  spacing,  and  the noise resulting  from  the 
exposed FET. 

The  geometry which seems  to  be  appropriate for the 
tunistor is shown in  Fig. 1. The  resonator is supported 
a t   the  nodes of its  fundamental free-free  flexural  mode 
of vibration,  and is formed  by  etching holes  in the  sub- 
strate  material. A piezoelectric film together \\.it11 input 
and  output  electrodes  are  deposited on the  surface of 
the  resonator.  The  input  signal  causes  the film to ex- 
pand  and  contract  laterally, forcing the  resonator  to 
bend.  At  the  resonant  frequenq-,  the  curvature is ap- 
preciable  and  induces  a  signal  voltage on the  output 
electrode.  Therefore  the  tunistor  acts  as  a  three-termi- 
nal  bandpass  device,  the  frequenq-  response of n-hich  is 
governed  by  a  mechanical  resonance. 

11. ANALYSIS OF OPERATION 
An idealized  analysis of the  tunistor shonm in Fig. 1 

facilitates  understanding  the  applicability  and  potential 
efficiency of deposited  piezoelectric films as flexural 

transducers.  The following simplifying  assumptions  are 
made  in  this  analysis. 

1) The  piezoelectric film is CdS  oriented  with t h e  
c axis  perpendicular  to  the  substrate,  i.e.,  the  important 
field component is Ea. 

2 )  The  piezoelectric film is much  thinner  than  the 
resonator  and  adds no appreciable  stiffness. 

3) The  torsional stiffness of the nodal supports is 
negligible. 

4) The  input  electrode  covers  one  entire  surface of 
the  resonator. 

5 )  The  output  transducer is open  circuited. 
Under  these  conditions  the  general  piezoelectric 

equations in the film simplify  to 

= S l l T j  + d 3 1 E s  (1) 

0 3  = i- ~33E3 (2) 

where S, and T j  are  the  components of strain  and  stress 
in the  length  direction, D3 and E3 are  the  components 
of displacement  and  electric field perpendicular  to  the 
substrate, s 1 1  is the  compliance at   constant  Es ,  d31 is the 
appropriate piezoelectric  coefficient, and c33 is the  per- 
mittivity  at  constant  stress. 

Since  the  piezoelectric film is much  thinner  than  the 
substrate,  the  strain  resulting  from  the  application of a 
dc  input  voltage, V i n ,  will be very  small  and (1) can  be 
solved  for T j  assuming Sf = 0. The  resulting force acting 
on the  surface of the  resonator is then 

311 s11 

\\.here d j  =film  thickness  and w = resonator  width.  This 
force will cause  the  resonator  to  bend  with  a  constant 
radius of curvature  given  by 

2~ r 2 Y z1d3 ~ 1 1  Y s l l d 2  R = - . - =  _ _  .__.-  
d F  

- - _ _  (-2) d 12 ~ 1 d Z l L ' i ~  6d31Vin 

Tvhere Y= Young's  modulus, d =thickness,  and I = wd3/ 
12 =second  moment of the  resonator.  The  surface  strain 
is then 

If the  output  transducer is open  circuited,  then D8 is 
zero. The  open-circuit  output  voltage  can  then be  ob- 
tained  by  eliminating T, between (1) and (2),  and 
using ( 5 ) :  

\\-here ksl = d31/~/Sl lE3s = static  electromechanical  cou- 
pling  coefficient = 0.119 for CdS. 

I t  is seen  from ( 6 )  that  the  static  transfer  function 
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economicall?-  feasible.  Higher  frequencies  require  small- 
er  sizes,  limiting by  the  etching  process,  but  several 
RIHz  should  be  possible. 

Figs. 8 and 9 shov- the  results of temperature cycling 
of a typical  tunistor in vacuum  over  the  range  from 
room  temperature  to 100OC. Temperature coefficients 
of frequenq- I>et\veen 1.5 and 50 ppn/OC  have been 
measured. -4 temperature coefficient of 30  ppnl /OC 
would  cause  a  frequency  shift of 0.54 percent  over  the 
entire 1 I IL  temperature  range from -55' to +12.j°C 
or, in other Tvords, about 2.5 band~vid t l~s  for a Q of 500. 
If adequate  time is allon-ed for thermal  equilibrium, 
there is  no measurable  hysteresis  or  shift  from  one 
thermal cycle to  the  next.  Fig. 9 shon-s  the  variation  in 
output  voltage  n-ith  temperature. .4 tunistor which has 
been  exposed to  room  air for some  time \vi11 exhibit a 
nonrepeatable  variation  in  gain  during  the  first  thermal 
cycle,  probably  indicating  that  the  CdS  had  absorbed 
moisture  or  some  other  contaminant. Hoxvever, baking 
the  device a t  100'C in  vacuum for  one  hour  makes  it 
stable  until  again  exposed  to  room  air for an  extended 
time. I t  is  belie\-ed,  although i t  has  not been  confirmed 
experimentall!-, that  encapsulation  in a dry  ambient 
will make  the  tunistor  stable  in  output  and  frequency 
over  the I I I L  temperature  range. 

Another  preliminary  experiment  involved  the  deposi- 
tion of 1.5 pm of Si0 on  the  bottom  face of three  tunis- 
tors.  The  resonant  frequencies  \\ere  decreased  by 0.25 
to  1.25  percent.  A  temperature  run  on  one of these 

tunistors shon-ed that  the  temperature coefficient of 
frequency  n-as  not  degraded.  Although  these  results  are 
insufficient  to  prove  feasibility,  they  indicate  that a 
deposition  process  may  permit  final  trimming  of  the 
resonant  frequency  after  fabrication. 

\', DISCGSSIOX 
Only a felv years  ago,  the  idea  that  mechanical  reso- 

nators  could  be  made  to  be  compatible lvi th  monolithic 
and  hybrid  microcircuits was quite  revolutionary. Holy- 
ever,  the  feasibility of such  devices  has now been dem- 
onstrated  over a very \vide frequency  range.  The  de- 
velopment of techniques  for  depositing  high-resistivity 
u-ell-oriented films of CdS [ l l ]  has  been an  important 
factor  for high frequencies, up  to  several  hundred 3IHz.  
21 111-brid CdS-on-quartz  device is being  developed [12]  
for the high end of this  range,  and  a  similar  device  on 
silicon has been demonstrated  at 100 AIHz [IS].  Both 
of these  devices  use  the  CdS film to  excite  an  overtone 
thickness  mode of resonance in the  substrate. 

For  frequencies belolv 100 3IHz don-n to  several 
J I H z ,  the  resonant  dimension  becomes too large  for  a 
thickness  mode  in  an  IC,  and  an  extensional  mode is 
more  appropriate.  Extensional  modes  have  been  de- 
tected on tunistors,  but  have  not been  characterized 
extensively. It  has,  hon-ever, been  established that these 
modes  can  be  excited  and  sensed b ~ s  film transducers. 

The n-ork  reported  here  has  been  on  the  utilization of 
a free-free  flexural  mode of resonance  in  the  tunistor. 
'IT'ithin the  dimensional  range  n-hich is practical  in 
ICs,  these  devices  are  applicable  betn-een  about 50 kHz 
and  several  3IHz.  Tunistors  have  heen  demonstrated 
up  to  about 500 k H z ,  n i t h  Qs up  to  several  thousand, 
and \\-it11 temperature coefficients of frequent?. of 15 to 
50 ppm,:OC. A hvbrid  device \\-hich is very  similar  to 
the  tunistor  except  that  the  resonator is quartz  has heen 
described  elsewhere  [14]. 

For  frequencies  belon-  about  50  kHz,  the  resonant 
gate  transistor [ 3 ]  and  the  resonistor [ l j ]  are  appli- 
cable. Also, the  thin  metal  tunistor  has  been shon-n to  be 
an  attractive  miniaturized  resonator  don-n  to  frequen- 
cies of several  hundred Hz. 

Silicon, as the basic  material  in IC fabrication, is also 
attractive  as a mechanical  resonator  because of its high 
Q and  relatively l o ~ v  temperature coefficient of fre- 
quency. No n-ay has  been  devised  to  use  materials \\-it11 
lower temperature coefficients,  such as  crystalline 
quartz  or a nickel-iron alloy [ 7 ] ,  in a monolithic IC,  
but  hybrid  devices  are  possible.  Although  the  insertion 
loss for  these  miniaturized  resonators  tends  to be high, 
this  can  generally  be  compensated  by  additional  stages 
of gain. 

We  have now  reached a stage  where  practical  limits 
on  parameters  such  as  frequency, Q, insertion  loss,  and 
temperature coefficient can  be  estimated for  various 
microcircuit  resonators.  3Iuch  developmental n-ork re- 
mains,  hou-ever,  before  these  devices  are  marketable. 
In  particular,  the  technology for  maintaining  adequate 



Feasibility Proven in 1971. 
 
 
When did MEMS Timing Products Appear? 

 
What Took SO LONG?? 
 
Simple Answer : MEMS Wasn’t Ready in 1971 
 



 MEMS Resonators need a Vacuum Package 
  Low pressure required for high Q. 
  Package must be Compact and Hermetic. 

 

 MEMS Resonators Suffered from Aging 

  Many observations of drift, “burn-in”, fatigue. 
  MEMS Reliability Research just beginning 

 
 MEMS Resonators have too much F(Temperature) 
  30 ppm/C is too large for timing applications. 
  Compensation not practical. 
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MEMS Wasn’t Ready in 1971 
 
 
We Needed Help! 
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We needed to build a Technology! 
 



The History of Vehicle Highway Safety

1965: Nader�s �Unsafe at Any Speed, led to passage of National Highway Traffic 
Safety Act.  Soon : A requirement for seat belts as standard equip.

1971: Ford, GM, Chrysler begin providing airbags as optional equipment.  

1980s : Chrysler begins marketing Safety as a Significant Feature.  
MEMS is identified as a technology that can improve the Safety of Automobiles.

The Automotive Industry Needs Help

MEMS to the Rescue!!!



Cars Need MEMS

Safety
Pollution
Comfort
Entertainment
 

Cars and MEMS – A Symbiotic Relationship 

Auto Industry Needs led to 
Funding for Technology 
Development of Sensors for 
Automotive Industry

Indirectly, this led to MEMS
 



A Community 
is Born!



In the US – a Significant Investment from the DoD 
 
 

Dr. Kaigham (Ken) J. Gabriel most recently was the Founder, Chairman 
and Chief Technical Officer of Akustica, a semiconductor company 
commercializing Micro Electro Mechanical Systems (MEMS) sensors for 
consumer electronics products. Akustica, based in the United States with a 
global supply chain and customer base, pioneered the use of digital silicon 
microphones and shipped more than 5 million units to the PC/notebook 
industry. Since founding the company in late 2001, his responsibilities 
focused on managing continued technology innovation, product 
development, manufacturing, and business execution.

In 2003, Dr. Gabriel was named a Technology Pioneer by the World 
Economic Forum at Davos, one of 40 selected worldwide. He is the co-
founding Executive Director of the MEMS Industry Group, the principal 
trade organization representing the MEMS industry globally. Ken is widely regarded as the architect of the 
MEMS industry.

From 1992 to 1997, Dr. Gabriel was at the Defense Advanced Research Projects Agency. In 1992, he was 
recruited to start the Agency’s MEMS program and grew the effort to more than $80 million a year with 
70+ projects. He was promoted to Director of the Electronics Technology Office (1996-1997), where he was 
responsible for nearly $450 million annually in electronics technology programs including advanced lithography, 
electronics packaging, MEMS, optoelectronics, millimeter and microwave integrated circuits, and high-
definition displays.

Dr. Gabriel counts among his honors the Carlton Tucker Prize for Excellence in Teaching from the 
Massachusetts Institute of Technology; appointment to the Senior Executive Service; co-chair of the Task Force 
on Defense Technology Strategy and Management for the Defense Science Board 1999 Summer Study on “21st 
Century Defense Technology Strategies”; and two technology briefings to the Secretary of Defense.

Prior to his Government service, Dr. Gabriel was at AT&T Bell Labs in the Robotic Systems Research 
Department, where he pioneered the field of MEMS and started the silicon MEMS effort, leading a group of 
researchers in exploring and developing IC-based MEMS for applications in photonic and network systems. 
During a sabbatical year from Bell Labs, Dr. Gabriel was a Visiting Associate Professor at the Institute of 
Industrial Science, University of Tokyo, where he led joint projects at IBM Japan Research, Toyota Central 
Research Laboratories, and Ricoh Research Park. After leaving Bell Laboratories in 1991, he spent a year as a 
visiting scientist at the Naval Research Laboratory transferring micromechanics processing technology to the 
Nanoelectronics Processing Facility.

Dr. Gabriel holds an S.M. and a Ph.D. in Electrical Engineering and Computer Science from the Massachusetts 
Institute of Technology.

Dr. Kaigham Gabriel
Deputy Director, Defense Advanced Research Projects Agency
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Motorola SENSEON in close up. 

Micromachined mirror w/drive motors for optical interconnects (Rack and pinion drive). 
Courtesy of Sandia National Labs. 

target gas, combined with a micro- 
machined silicon diaphragm for re- 
duced power  consumption.  Designed 
to support  the most  current  stan- 
dards for residential CO detectors,  
the device is fitted with a stainless 
steel mesh and an active charcoal 
filter for protec t ion  against damaging 
elements, and to selectively screen 

out noise gases. The sensors are 
priced at under  $10 each in low 
quantities. Complete  research, devel- 
opment ,  and manufacturing of Mo- 
torola's chemical  sensors is being 
implemented  in Motorola's existing 
facility in Toulouse, France. Future 
products  from the MGS1000 series 
will include the 1200 methane sensor 

DARPA's newest $ 5 0  
million MEM$ initiative 
As of July, proposals are in and are 
now under  consideration at DAR- 
PA for their  newest  $50 million 
MEMS initiative (Issue: PSA 1565, 
SOL BAA 96-19). Quoting from the 
BAA: "The long-term goal of  DAR- 
PA's MEMS program is to merge  
computa t ion ,  sensors, actuators,  
and mechanical  s tructures to radi- 
caUy change the way people  and 
machines interact with the physi- 
cal world. As military information 
systems increasingly leave com- 
mand centers  and appear  in weap- 
ons and in the pockets  and palms 
of combatants,  they are getting 
closer to the physical world, creat- 
ing new opportuni t ies  for perceiv- 
ing and controlling the battlefield 
environment.  

"This phase of the DARPA MEMS 
program will build advances in 
MEMS devices, device integration, 
and fabrication resources  to devel- 
op and demonst ra te  new system 
concep t s  and result ing capabil- 
ities." DARPA seeks proposals in 
three broad technology areas: 

i. MEMS systems developments  
and demonstrat ions,  particularly 
but not exclusively in signal pro- 
cessing, con t ro l  of  distr ibuted,  
m u l t i - e l e m e n t  (10,000 senso r )  
and actuator systems, and electro- 
magnetic  beam steering; 

ii. MEMS manufacturing resource  
development ,  including but  not 
limited to: MEMS electronic design 
aids, MEMS fabricat ion/processing 
e q u i p m e n t ,  g e n e r a l i z e d  MEMS 
packaging techniques and tools, 
and visualization/analysis tools for 
MEMS device and systems; 

iii. Integrated microfluidic sys- 
tems for molecular  processing and 
detection. 

R e c e n t  a c c o m p l i s h m e n t s  o f  
DARPA's MEMS program to date 
include the demonstra t ion of an 
acce lerometer  operating at near 
80,000 g's, optical diffraction grat- 
ings tha t  e l e c t r o m e c h a n i c a l l y  
switch light in 40 nanoseconds 
and a fabrication service that has 
already provided hundreds of  dis- 
t r ibuted users from diverse back- 
grounds wi th  affordable access to 
micromachining processes  at reg- 
ular, scheduled intervals. 

For the latest information via the 
web: ht tp: / /e to .sysplan.com/ETO/ 
MEMS/index.html 
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Research on MEMS Packaging 
, I - 

6 mm 

F i g . 6  D i f f e r e n t i a l  c a p a c i t a n c e  s i 1  i c o n  a c c e l e r o m e t e r  

T h e  v e r t i c a l  f e e d t h r o u g h  s t r u c t u r e  
p a d s  b e c a u s e  t h e  p a d s  p i t c h  i s  l im i  
d i a m e t e r  o f  t h e  g l a s s  h o l e .  L a t e r a  
s t r u c t u r e  s h o w n  i n  F i g .  1 w a s  d e v e l o  
a b o v e  m e n t i o n e d  p r o b l e m s  ( F i g . 4 )  a n  
p i t c h  p a d s .  

a n  n o t  h a v e  m a n y  
t e d  t o  lmm b y  t h e  

e d  t o  o v e r c o m e  t h e  
f e e d t h r o u g h  

t o  m a k e  f i n e  

T h e  p r o c e s s  s t e p s  a r e  a s  f o l l o w s .  M e t a l ( A l  o n  C r )  i s  
e m b e d e d  i n  a g r o o v e  o f  S i 0 2  u s i n g  t h e  s a m e  r e s i s t  m a s k  
f o r  t h e  S t 0 2  e t c h i n g  ( F i g .  l ( a ) )  a n d  f o r  t h e  l i f t  o f f  
p r o c e s s  o f  t h e  m e t a l  ( F i g . l ( c ) )  i n  a s e l f  a l i g n m e n t  
p r o c e s s .  T h e  f e e d t h r o u g h  i s  c o v e r e d  w i t h  a s p i n - o n -  
g l a s s  t o  i n s u l a t e  a n d  t o  p l a n e r i z e  t h e  s u r f a c e  ( F i g . ]  
( d ) ) .  S i n c e  t h e  s p i n - o n - g l a s s  u s e d  ( H S C - 2 2 0 8 s  
H i t a c h i  C h e m i c a l )  c o n t a i n s  a l k y l  g r o u p s  a n d h e n c e  h a s  
r e d u c e d  s t r e s s ,  t h i c k  l a y e r  ( I l ~ m  t h i c k )  c o u l d  b e  
f o r m e d  w i t h o u t  c r a c k  b y  t h e  s h r i n k a g e .  A f t e r  t h i s  
p r o c e s s ,  t h e  s u r f a c e  i s  c o v e r e d  w i t h  s i l i c o n  b y  
s p u t t e r  d e p o s i t i o n  ( F i g . l ( e ) ) .  F i n a l l y  t h e  P y r e x  
g l a s s  i s  a n o d i c a l l y  b o n d e d  t o  t h e  s i l i c o n  l a y e r  
( F i g .  1 ( f ) )  

AI t h o u s h  
r o u g h n e s s  
h e r m e t  i c a  
s i l i c o n  I 
( b )  s h o w  
o b s e r v e d  

h e  s i l i c o n  l a y e r  s u r f a c e  
o f  a b o u t  ZOnm, t h e  g l a s s  
I y  f o l l o w i n g  t h e  s u r f a c e  
y e r .  T h e  p h o t o m i c r o g r a p  
h e  s m o o t h e d  s u r f a c e  a n d  
h r o u g h  t h e  g l a s s .  

h a s  g r a d u a l  
c o u l d  b e  b o n d e d  
c o n t o u r  o f  t h e  
s i n  F i g .  E ( a )  a n d  
h e  s t e p p e d  s u r f a c e  

R e s i s t  

S i  

( a )  O x i d a t i o n ,  P h o t o r i  t h o g r a t h v  
S i o s  E t c h i n g  

S i  

( b )  C r ,  A I  E v a p o r a t i o n  

( c )  L i f t  O f f  

SOG 

i d )  S O G  C o a t i n g  
S i  

( e )  S i  S p u t t e r i n g  

P y r e x  G l a s s  - 
( f )  P y r e x  G l a s s  A r o d i c  B o n d i n g  

F i g . 1  P r o c e s s i n g  s t e p s  f o r  a l a t e r a l  f e e d t h r o u g h  
s t r u c t u r e .  
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Cav i ty  I CMOS I 
I Circuit I 

U . E s a s h i ,  N . U r a ,  Y . U a t s u m o t o  

F a c u l t y  o f  E n g i n e e r i n g ,  T o h o k u  U n i v e r s i t y  
A z a  A o b a  A o b a k u ,  S e n d a i  9 8 0  J A P A N  

A B S T R A C T  

A n o d i c  b o n d i n g  o f  s i l i c o n  t o  P y r e x  g l a s s  h a s  b e e n  
s t u d i e d  f r o m  t h e  v i e w  p o i n t  o f  i t s  a p p l i c a t i o n  t o  
i n t e g r a t e d  c a p a c i t i v e  s e n s o r s .  E q u i p m e n t s  w h i c h  
e n a b l e s  s u b s t r a t e s  b o n d i n g  n o t  o n l y  i n  a t m o s p h e r e  b u t  
a l s o  i n  v a c u u m  w e r e  d e v e l o p e d .  

V e r t i c a l  a n d  l a t e r a l  e l e c t r i c a l  f e e d t h r o u g h  s t r u c t u r e s  
w h i c h  h a v e  e x c e l l e n t  e l e c t r i c a l  p r o p e r t i e s  a n d  a i r  
t i g h t  p e r f o r u a n c e  w e r e  d e v e l o p e d .  T h e  v e r t i c a l  
f e e d t h r o u g h  s t r u c t u r e s  w e r e  a p p l i e d  t o  c a p a c i t i v e  
s e n s o r s .  

0 1  h e r  
c i  r c u  

A n o d  i 

b o n d i n g  r e l a t e d  p r o b l e m s  a s  w a f e r  d i s t o r t i o n ,  
t d a m a g e  a n d  m e t a l i r a t i o n  w e r e  s t u d i e d .  

b o n d i n g  
i m p o r t a n t  m e a n  
t h e  s i l i c o n  c h  
b e c a u s e  i t  i s  
s u r r o u n d i n g  e n  
p a c k a g e ,  b u t  a 
p r o c e s s  p a c k a g  

I H T A O D U C T I O N  

o f  s i l i c o n  t o  P y r e x  g l a s s  i s  a n  
o f  e n c a p s u l a t i n g  s e n s o r s .  

p i t s e l f  t o  b e  u s e d  a s  a p a c  
e r m e t i c a l l y  s h i e l d e d  f r o m  t h  
i r o n m e n t l l ] .  N o t  o n l y  s m a l l  
s o  l o w  c o s t  e n c a p s u l a t i o n  b y  
n g  a t  t h e  w a f e r  l e v e l  c a n  b e  

t a I l o w s  
a g e  

s i z e  
t h e  b a t c h  
a c h i e v e d  

F i g . 1  s h o w s  t h e  s t r u c t u r e  o f  a n  i n t e g r a t e d  c a p a c  
p r e s s u r e  s e n s o r  [ I ] .  C a p a c i t a n c e  d e t e c t i o n  c i r c u  
i n t e g r a t e d  i n s i d e  t h e  h e r m e t i c a l l y  s h i e l d e d  c a v i  
w h i c h  p e r f o r m e s  h i g h  s e n s i t i v i t y  a n d  s t a b i l i t y .  

A c a p a c i t o r  i s  m a d e  o f  t w o  p a r a l l e l  p l a t e s  e l e c t  
O n e  o f  t h e m  i s  t h e  s i l i c o n  d i a p h r a g m  a n d  t h e  o t h e  
b e i n g  d e p o s i t e d  o n  t h e  P y r e x  g l a s s .  S u c h  a p a r a 1  
p l a t e s  s t r u c t u r e  c a n  b e  a p p l i e d  n o t  o n l y  f o r  
c a p a c i t i v e  s e n s o r s  b u t  a l s o  f o r  e l e c t r o s t a t i c a l l y  
d r i v e n  a c t u a t o r s .  A p p l i c a t i o n s  of t h e  p a r a l l e l  p 
s t r u c t u r e  a r e  c a p a c i t i v e  a c c e l e r o m e t e r s  i n c l u d i n g  
e l e c t r o s t a t i c  s e r v o  c o n t r o l  t y p e  a n d  e l e c t r o s t a t i  

t t v e  
t i s  
Y *  

o d e s .  

e l  

a t e s  
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Fig. 9. Design layout a vacuum-encapsulated lateral microresonator.

more away from the thick PSG layer. These extensions are
to ensure that safe margins are established during the wet
PSG etching process. The etch channels are represented by the
gray rectangles around the microshell and will be subsequently
filled by low-stress nitride during the sealing process. Those
large white rectangles which are right next to etch channels
are the landing anchors of the shell. Finally, the light grey
squares are etch holes which are 5 m in width.
Fig. 10 illustrates the process sequence. Standard surface-

micromachining steps which have been used to fabricate
the microelectromechanical filters are carried out through
the second polysilicon patterning in four masks as shown
in Fig. 10(a). Without etching away the sacrificial PSG
(phosphorus-doped LPCVD SiO ), 7 m of additional PSG is
deposited to cover the microstructure. This thick PSG layer is
deposited using two sequential depositions and densifications
to reduce the nonplanar topology. After the vacuum shell
area (Mask #5) is patterned, 5:1 BHF (buffered HF) is used
to define the microshell area as illustrated in Fig. 10(b). A
1- m-thick PSG is deposited, patterned, and etched in 5:1
BHF to form etch channels (Mask #6) as shown in Fig. 10(c).
A 1- m-thick LPCVD low-stress nitride is then deposited,
and etch holes are defined (Mask #7) and etched in a plasma
etcher [Fig. 10(d)]. All PSG inside the shell is then etched
away in concentrated HF. After rinsing in water and methanol,
the wafer is dried using the supercritical CO process [25].
A yield of over 90% freestanding comb-shape resonators is
achieved in the initial tests. Finally, a 2- m-thick LPCVD
low-stress nitride layer is deposited at a deposition pressure
of 300 mTorr to seal the shell, and contact pads are opened
(Mask #8) as shown in Fig. 10(e).

B. Fabrication Results
Fig. 11 is the SEM microphoto of a vacuum-sealed lateral

microresonator, with beams 150 m long and 2 m wide. A

(a)

(b)

(c)

(d)

(e)

Fig. 10. Process flow for the vacuum-encapsulated microresonators.

contact pad is shown with the covering nitride layer removed.
The nitride shell has a height of about 12 m as seen standing
above the substrate. There are microbubbles in the surface
of the nitride shell which are created during the thick PSG
deposition process [26]. It is suspected that these microbubbles
are also produced by residual polystringers.
Fig. 12 is an SEM micrograph of a cleaved wafer showing a

cross section of a resonator in the microshell. It was observed
that the surface of the resonator has a uniform light blue
color on both sides (top and bottom). This color indicates that
the nitride-forming gas (dichlorosilane and ammonia) diffused
into the nitride shell through the etch channels. Fig. 13 is a
micrograph showing a magnified cross section of the broken
comb finger in Fig. 12. It can be identified in Fig. 13 that a
layer of nitride of about 1500 A has covered the polysilicon.
Different colors from light yellow to light blue with good
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Abstract— Microelectromechanical filters based on coupled
lateral microresonators are demonstrated. This new class of
microelectromechanical systems (MEMS) has potential signal-
processing applications for filters which require narrow band-
width (high ), good signal-to-noise ratio, and stable temperature
and aging characteristics. Microfilters presented in this paper
are made by surface-micromachining technologies and tested by
using an off-chip modulation technique. The frequency range of
these filters is from approximately 5 kHz to on the order of 1 MHz
for polysilicon microstructures with suspension beams having
a 2- m-square cross section. A series-coupled resonator pair,
designed for operation at atmospheric pressure, has a measured
center frequency of 18.7 kHz and a pass bandwidth of 1.2 kHz.
A planar hermetic sealing process has been developed to enable
high-quality factors for these mechanical filters and make possible
wafer-level vacuum encapsulations. This process uses a low-stress
silicon nitride shell for vacuum sealing, and experimental results
show that a measured quality factor of 2200 for comb-shape
microresonators can be achieved. [265]

Index Terms— Coupling springs, microelectromechanical fil-
ters, resonators, vacuum encapsulation.

I. INTRODUCTION

THE USE OF electromechanical filters for signal process-
ing dates to the 1940’s. In early filters, steel plates were

used as the resonators, and wires were used as the mechanical
coupling elements [1]. Mechanical filters were refined between
1950–1970 into effective signal processing components and
were designed into a variety of applications [2], [3].
Mechanical filters have been used where narrow bandwidth,

low loss, and good stability are required. They typically
have high-quality factors ( ) combined with excellent aging
characteristics. In present-day mechanical filters, nickel–iron
alloys are used in constructing the resonant elements, which
are capable of quality factors ranging from 10 000 to 25 000
[4]. Piezoelectric crystals, such as those commonly used in
oscillators, are also sometimes used in mechanical filters.
Mechanical filters have been displaced in audio-frequency

applications by the advent of integrated switched-capacitor
filters, which are implemented in MOS technologies [5].
In addition, integrated analog-to-digital and digital-to-analog
converters have made digital filtering attractive in some ap-
plications. Where their special properties were not essential,
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mechanical filters were noncompetitive because of higher
manufacturing cost and larger size (typically, cylinders several
centimeters in length and approximately 1 cm in diameter).
With the advent of CMOS very large-scale integration (VLSI)
technology, it became feasible to integrate switched-capacitor
filters with other functional blocks to fabricate single-chip
microsystems (e.g., in a one-chip modem).
If a filter using micromechanical elements could be fabri-

cated by integrated circuit (IC) processes, then many of their
technological drawbacks would be eliminated. In particular,
micromechanical filters could emerge as functional blocks in
integrated microsystems. Somewhat similar motivations were
behind efforts at the Westinghouse Research and Development
Center in the 1960’s to develop micromechanical resonant
structures for filtering and other applications [6]. The pio-
neering “resonant gate transistor” was a field-effect transistor
with a vibrating metal beam replacing the gate. The beam was
resonated vertical to the substrate using electrostatic forces
applied by an underlying electrode. Typical dimensions of
the metal thin-film beams were 0.1 mm long and 5–10 m
thick. Typical quality factors were 500 at 5 kHz. The project
was abandoned due to low ’s, high-temperature coefficients
of the resonant frequency, and aging of the metal films. In
addition, the nonlinear electrostatic drive would impose severe
constraints on the amplitude of the input signal and, thus, the
dynamic range of the filter.
The advances in micromachining processes and in microres-

onator materials and design [7], [8] have opened the feasibility
of integrated micromechanical filters. Microresonators fabri-
cated from polycrystalline silicon (a low-loss material), driven
by interdigitated electrodes (which provide a linear excitation),
and suspended by folded flexures (for a linear spring-rate to
very large displacements) are very attractive as building blocks
for mechanical filters. In addition, laterally driven structures
benefit from having all critical features defined in one masking
level, which enables the designer to implement such features
as differential drive and split combs for levitation suppression
without the need for process changes [9]. To be generally
useful, these micromechanical structures must be integrated
together with associated microelectronic interface circuits.
Several processes have already demonstrated the capability of
integration of circuitry and moving polysilicon microstructures
[10], [11].
The operation of comb-drive microstructures in the ambient

atmosphere results in low-quality factors of less than 100 due
to air damping [12] above and below the moving microstruc-
ture. Resonance quality factors from 100 to 10 000 are required
for these filters for practical applications, hence, the hermetic
sealing process has to be established. Previously, several

1057–7157/98$10.00 © 1998 IEEE
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Fig. 5. Processing sequence for sealed polysilicon resonators. The different stages of the process are explained in the text: (a)-(h) cross- 
sectional view B-B’; (i) cross-sectional view A-A’ of Fig. 2. 

complish this, but experiments revealed buckled beams 
even after growing oxide layers as thin as 10 nm at a 
temperature of 800 “C. It was found that the leakage 
currents of the pn-junctions that are passivated with 
silicon nitride are of the order of 10 PA cm-*, which 
is considered to be satisfactory. 

The contact windows for the substrate, beam and 
cap electrodes are defined using RIE in a CHFJO, 
plasma (Mask #9). Metallization consists of a 1 pm 
thick aluminium layer. Prior to the metallization, the 
thin films that have accumulated on the backside of 
the wafer are stripped by means of RIE in SF, and 
CHF, plasmas. Metal patterning (Mask #lo) is done 
by wet chemical etching. The final step is a 5 min 
anneal in an N&&O ambient at 450 “C to obtain good 
ohmic contacts. Final cross sections of the sealed res- 
onator are shown in Fig. 5(h) and (i). 

5. First results 

The SEM photograph of Fig. 6(a) shows a top view 
of a sealed resonator. To inspect the inside of the 
cavity for residues, and check whether or not the beams 
are free standing, caps have been manually removed. 
This was done by peeling off a carefully attached tape. 
The cavity inside turned out to be clean and displayed 
free-standing beams having smooth surfaces (see Fig. 
6(b)). Cross-sectional views of the resonator are shown 
in Fig. 6(c), (d). These SEM photographs clearly indicate 
(part of) the free-standing beam and the shape of the 
cap (compare Fig. 5(h)). 

5.1. Electrical and electromechanical behaviour 

Electrical measurements indicated sheet resistances 
of 24, 30 and 22 a/square for the bottom electrode, 
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Abstract 

Basic design issues and a fabrication process based on surface-micromachining ‘techniques for electrostatically driven vacuum- 
encapsulated polysilicon resonators are presented. A novel freeze-drying method that does not require vacuum equipment is 
presented. Reactive sealing with LPCVD silicon nitride is used to create the evacuated cavity, resulting in cavity pressures 
close to the deposition pressure. Design issues regarding choice of materials, technology and layout are discussed, First 
experimental results, including an admittance plot of the one-port resonator and a plot indicating the dependence of the Q- 
factor on the resonator geometry and ambient pressure, are presented. 
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1. Introduction 

Resonant sensors are very attractive for the precise 
measurement of mechanical quantities such as pressure 
and force. They offer high sensitivity and resolution 
together with a semidigital output, i.e., a frequency 
[l-4]. The central part of the sensor is a vibrating 
mechanical element called the resonator, which provides 
the frequency (shift) output. 

Surface-micromachined resonators that are operated 
in a flexural mode of vibration have been used by 
several research groups in the past [S-7]. Without taking 
special precautions, these resonators suffer from small 
signal responses as a result of a low mechanical quality 
factor. The low quality factor is a direct consequence 
of the introduction of a second surface in close proximity 
to the resonator surface. This leads to so-called squeeze- 
film damping, which can be observed for the normal 
vibrational motion of two closely spaced surfaces [.5,8]. 
Squeeze-film damping becomes significant if the gap 
spacing is small compared to the lateral dimensions of 
the resonator. Evacuating the surroundings would elim- 

*Present address: Katholieke Universiteit Leuven, Departement 
Elektrotechniek-ESAT, Kardiiaal Mercierlaan 94, B-3001 Heverlee, 
Belgium. 

inate this effect. At the same time, unwanted envi- 
ronmental effects, such as changes in the density of 
the surrounding medium, humidity and dust, are elim- 
inated as well. Thus, the resonator must be placed 
inside a vacuum housing. This was realized in a very 
elegant way by Ikeda et al. in 1988 [9,10]. They fabricated 
single-crystalline silicon resonators housed locally in 
on-chip vacuum shells, fabricated using a self-aligned 
selective epitaxial technology in combination with se- 
lective anisotropic etching and hydrogen evacuation 
techniques. The same concept, but based on a different 
fabrication technology, was presented by Guckel et al. 
in 1990 [ll,lZ]. They employed the polysilicon/silicon 
dioxide sacrificial-layer etching technique to realize a 
similar structure. 

This paper deals with electrostatically driven vacuum- 
encapsulated polysilicon resonators. It forms Part I of 
a set of two papers. In Part I, design and processing 
issues are discussed, whereas Part II [13] deals with 
a discussion of the resonator performance, including 
a description of the theoretical model. The process is 
based upon the polysilicon/silicon dioxide sacrificial- 
layer etching technique. A novel freeze-drying proce- 
dure, which, as opposed to earlier reports, takes less 
time and does not require any vacuum equipment, is 
presented. For the excitation and detection of the 
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Abstract 

Micromachined (100) silicon cantilever beams with and without coating materials have been excited to study their 
aging process. The center frequency and the full width at half amplitude (FWHA) of the spectra are obtained as a 
function of time to study internal friction. The dynamic Young’s modulus is determined from the resonance 
frequency of the cantilever beams. In uncoated silicon cantilever beams, the dynamic Young’s modulus increases as 
a function of aging from 129 to 136 GPa in 2 x 10’ cycles. The Young’s modulus in these heavily boron-doped 
beams is smaller than the Young’s modulus in silicon with low doping. In coated cantilever beams, the effective 
dynamic Young’s modulus decreases as function of aging and the amount of this change depends on the coating 
material, being largest in the AI/Si system. In all the cantilever beams the FWHA increases as a function of time, 
indicating that the amount of energy dissipated internally increases as the cantilevers age. Also, the observed FWHA 
values of the resonances in these systems are too large to be caused by thermoelastic effects; microcracks are 
probably generated as the beams age. This is the first study of aging in micromachined p+ heavily boron-doped 
single-crystal silicon. 

1. Introduction 

Micromachining has become an important re- 
search area in recent years [ l-31. Using an- 
isotropic etchants and sacrificial layers, 50 pm 
diameter electromotors [ 31 and other mechanical 
members [2] are fabricated using this technology. 
These mechanical passive and active members 
have begun to be applied in microsurgery [4]. One 
goal is the development of self-sufficient micro- 
robots. Although significant progress is being 
made in this area at many research facilities, some 
of the current micromachined devices (especially 
micromotors) have a high failure rate. Our work, 
some of which is presented here, addresses aging 
and fatigue phenomena in the simplest of micro- 
machined devices, coated and uncoated silicon 
cantilever beams. 

Mechanical and electrical properties of bulk 
crystalline silicons have been studied extensively in 
the past few decades. However, the properties of 
thin-film crystalline silicon have drawn re- 
searchers’ attention only recently. Among the in- 
teresting differences in the mechanical properties 
of bulk versus thin-film material is the smaller 

0924-4247/92/$5.00 

dynamic Young’s modulus of the latter, which is 
attributed to heavy doping levels [5]. Studying the 
aging process of silicon thin films is useful in 
understanding the failure mechanisms in microma- 
chined mechanical members. To study the me- 
chanical properties of micromachined silicon, 
we fabricated 600 pm x 50 pm x 1.78 pm silicon 
cantilever beams using heavy boron doping and 
ethylenediamine pyrocatechol in water (EPW) an- 
isotropic etchant [6]. We excited the cantilever 
beams resonantly for seven to fourteen days at 
room temperature and monitored the oscillation 
spectra changes in order to study aging in thin 
silicon films. The dynamic Young’s modulus and 
the internal energy dissipation were calculated 
from the resonance curves. We also studied aging 
in Al-, SijN4-, and SiO,-coated silicon cantilever 
beams. In micromachined members, a coating may 
reduce friction and increase the longevity of me- 
chanical parts. 

We modeled the second-order cantilever beam 
system with an RLC equivalent circuit [7]. In this 
model, R represents the internal energy dissipation 
and L and C represent the energy-storage mecha- 
nisms. The resistance increases as the internal 
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TABLE 1. Mechanical and electrical parameters calculated from the resonance curve of silicon cantilever beams 

Aging 0 1 2 3 4 

Cycle of excitation O.OOOE + 00 9.022E + 08 1.4648 + 09 1.908E + 09 2.05E + 09 
fo (kW’ 5.915 6.000 6.025 6.150 6.150 
Young’s modulus (GPa)b 129 130 131 136 136 
Damping co&. (Hz) 600.84 644.69 730.12 749.56 769.74 
Inductance (mH) 5.2 5.6 6.3 6.2 6.3 
Capacitance (uF) 0.14 0.13 0.11 0.11 0.11 
Resistance (a)= 9.9 11.3 14.3 14.5 15.3 

“Resolution of frequency reading is + 25 Hz. bUncertainty is f 1 GPa. ‘Uncertainty is f0. I R. 

TABLE 2. Mechanical and electrical parameters calculated from the resonance curve of aluminum-coated silicon cantilever beams 

Aging 0 1 2 3 4 

Cycle of excitation O.OOE + 00 3.288 + 09 6.34E + 08 7.368 + 09 9.34E + 09 
fo W-W 5.975 5.950 5.925 5.900 5.875 
Young’s modulus ( GPa)’ 117 116 114 114 113 
Damping coeff. (Hz) 741.6 756.2 766.0 770.82 179.13 
Capacitance ( pF) 0.83 0.81 0.80 0.79 0.78 
Resistance (a) c 19.9 20.8 21.6 22.0 22.7 

“Resolution of frequency reading is f 25 Hz. bUncertainty is + 1 GPa. ‘Uncertainty is + 0.2 R. 

TABLE 3. Mechanical and electrical parameters calculated from the resonance curve of nitrite-coated silicon cantilever beams 

Aging 0 1 2 3 4 

Cycle of excitation O.OOOE + 00 3.61E + 09 7.51E f09 8.888 + 09 l.O4E+ 10 
h  (kW" 6.950 6.925 6.850 6.750 6.725 
Young’s modulus ( GPa)b 134 133 130 126 125 
Damping coeff. (Hz) 436.471 485.294 505.294 558.824 588.235 
Inductance (mH) 3.59 4.02 4.28 4.87 5.16 
Capacitance (uF) 0.14 0.13 0.12 0.13 0.11 
Resistance (Q)= 4.93 6.13 6.79 8.55 9.55 

“Resolution of frequency reading is &-25 Hz. bIJncertainty is &- 1 GPa. ‘Uncertainty is +0.2 R. 

TABLE 4. Mechanical and electrical parameters calculated from the resonance curve of oxide-coated silicon cantilever beams 

Aging 0 1 2 3 4 

Cycle of excitation O.OODE + 00 3.21E + 09 6.92E + 09 8.11E + 09 9.51E+09 
h  (k-Y  6.950 6.925 6.900 6.875 6.850 
Young’s modulus ( GPa) b 127 126 125 124 123 
Damping coeff. (Hz) 631 670 680 682 685 
Inductance (mH) 5.2 5.6 5.7 5.7 5.8 
Capacitance ( pF) 0.14 0.09 0.09 0.09 0.09 
Resistance (Q)c 10.3 11.7 12.1 12.3 12.5 

“Resolution of frequency reading is f25 Hz. ‘Uncertainty is + 1 GPa. ‘Uncertainty is kO.1 D. 

the percentage change in dynamic Young’s mod- In coated silicon the magnitude of the change in 
ulus as a function of continuous excitation. Except Young’s modulus with time depends on the coat- 
in uncoated silicon cantilever beams, Young’s ing material. In the Al/Si system, Young’s mod- 
modulus decreases as a function of aging. In un- ulus changes from 117 to 113 GPa (9.3 x log 
coated silicon, the modulus increases as a function cycles). In the Si3N4/Si system, Young’s modulus 
of aging from 129 to 136 GPa over 2 x 10’ cycles. changes from 134 to 125 GPa ( 1 x 10” cycles), 
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and in the SiOJSi system it changes from 127 to 
123 GPa (9.5 x IO9 cycles). With approximately 
equal aging periods in the above experiments, the 
amount of change in Young’s modulus was the 
largest in the Si,N,/Si system (-9 GPa). It was 
lowest in the Al/Si and SiOz/Si systems ( -4 GPa). 

Figure 5 shows the percentage change in resis- 
tance as a function of aging (cycles of excitation) 
for silicon micro-cantilever beams. The resistance 
increases with aging in both coated and uncoated 
silicon cantilever beams. Taking R as a measure of 
quality, we conclude that these cantilever beams 
have no infant mortality [ 131. The observed aging 
was within the limits of a useful lifetime for such 
cantilever beams. Near failure, one expects R to 
increase very quickly with time. 

It is interesting to note that in bare silicon 
cantilever beams, the resonance frequency, the 
damping coefficient, and the dynamic Young’s 
modulus all increase as a function of time. As 
expected, the FWHA increases as the cantilever 
beams age. However, the increase of the center 
frequency is not readily obvious. Since the reso- 
nance frequency is inversely proportional to the 
square root of the cross-sectional area [6, 9, 111, 
the generation of cracks may result in a reduced 
cross section in the high-stress regions, increasing 
the resonance frequency in the uncoated beams. 
More work is needed to identify the mechanisms 
that are responsible for the increase in the reso- 
nance frequency in the uncoated beams. 

In all coated beams, the resonance frequency 
and Young’s modulus decreased and the damping 
coefficient increased over time. The decrease of the 
center frequency indicates that coated thin silicon 

j/ 60: 

d 

140: 

B 
20 - 

Fig. 5. Normalized change in the resistance of the electrical circuit, 
used to model the cantilever beam, as a function of aging (excitation 
cycles) in coated and uncoated silicon cantilever beams. 

becomes less stiff as it ages, perhaps due to interfa- 
cial relaxation between the film and the silicon. 
The aging rate for the Si,N,-coated cantilever 
beam was the fastest of all microbeams studied 
(see Fig. 4). 

Tables 1 through 4 give the dynamic Young’s 
modulus, calculated from the dimensions, effective 
densities, and resonance frequencies of the 
cantilever beams and from the RLC parameters of 
the beams. 

5. Fatigue in brittle thin single-crystalline silicon 

The observed FWHAs of the resonant curves 
are indeed too large to be explained by thermo- 
elastic effects [ 15, 161. Other sources of energy 
dissipation, in addition to the generation of micro- 
cracks and thermoelastic effects, are viscous damp- 
ing by the air, acoustic emission into the bulk of 
the silicon, and energy redistribution into higher 
vibrational modes. Limitations of our detection 
scheme prevented us from detecting any change as 
a function of air pressure down to lo-’ Torr. We 
see no reason for the magnitude of the acoustic 
emission and redistribution of energy to change 
with aging (for that matter, viscous damping by 
air should not change over time either). These 
changes could only be caused by the generation of 
microcracks, which would increase the coupling 
between different vibration modes or the coupling 
between the cantilever beam and the base. There- 
fore, wherever the energy goes, it is affected by 
aging of the cantilever beams. 

At room temperature, silicon is a brittle material 
and its stress-strain relationship is almost linear 
up to its ultimate strength of 1.57 GPa [ 1, 51. Also, 
a single crystal of silicon can be assumed to be free 
of structural defects (this might not be the case in 
heavily boron-doped silicon). In fatigue-failure or 
aging tests, the specimen is subjected to repeated 
cycles of stress (with the maximum stress below 
the ultimate strength of the material (silicon)) 
[ 13, 151. We have studied aging, not failure, in 
silicon cantilever beams under subcritical repeated 
cycles of stress. Under these circumstances, the 
aging process can be divided into the initiation of 
cracks (microcracks) and the propagation of 
cracks (macrocracks) [ 161. In heavily boron-doped 
silicon, it is well known that there are optically 
visible dislocation networks with a density of 
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Abstract

Stability of wafer level vacuum encapsulated micromechanical resonators is characterized. The resonators are etched of silicon-on-insulator
(SOI) wafers using deep reactive ion etching (DRIE) and encapsulated with anodic bonding. Bulk acoustic wave (BAW) resonator show drift better
than 0.1 ppm/month demonstrating that the stability requirements for a reference oscillator can be met with MEMS. The drift of flexural resonators
range from 4 ppm/month to over 500 ppm/month depending on resonator anchoring. The large drift exhibited by some flexural resonator types is
attributed to packaging related stresses demonstrated by the sample temperature–frequency coefficients differing from the bulk silicon value.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Stable frequency references are required in wide range of
electronic equipment. The typical stability requirements range
from a few ppm a year for low cost clocks to less than a ppm
for reference oscillators [1]. Conventionally, quartz crystals are
used for the frequency reference as the good material stability
of quartz allows low aging rates that meet the strict frequency
precision requirements [2]. Furthermore, the quartz oscillators
can provide excellent spectral purity (low phase noise), which
is utilized in receivers for improved sensitivity and frequency
selectivity [3]. A major disadvantage of quartz crystals is their
large size which makes the frequency reference a significant
space consumer in the today’s highly integrated electronics.

Micromechanical resonators have been researched as a
potential alternative to the size consuming quartz crystals.
Clamped–clamped beam resonators, also referred to as the
bridge resonators, have been used to demonstrate oscillator
with a noise floor of −110 dBc/Hz [4]. In addition, temperature
compensation of clamped–clamped beam resonator has also

∗ Corresponding author.
E-mail address: ville.kaajakari@vtt.fi (V. Kaajakari).

been demonstrated [5]. Unfortunately, the power handling
capacity of clamped–clamped resonators limit the achievable
phase noise [6,7]. Order-of-magnitude larger power handling
capacity has been obtained with a bulk acoustic mode (BAW)
silicon resonators leading to noise floor of −150 dBc/Hz at
13 MHz meeting the typical phase noise requirements for
wireless communication [8,9]. Recently, comparable noise
performance has been obtained with a polycrystalline silicon
disk resonator and integrated electronics [10].

While the short term stability (phase noise) has received
significant attention, very little published information exists on
the long-term frequency stability of the microresonators. This
is probably due to the fact that in order to obtain stable per-
formance, hermetic sealing is required. Research laboratories,
however, are not typically equipped with vacuum encapsulation
equipment. The poor performance of unpackaged components
is exemplified by the torsional mode resonators that show
drift of more than 100 ppm/day [11]. Unpackaged BAW res-
onators demonstrate stability better than 50 ppm/week [12]. The
superior stability performance of the BAW resonators may be at-
tributed to their larger volume-to-surface ratio making the BAW
resonators less susceptible to surface effects. Water adsorbing is
believed to be the main cause of drift in unpackaged components
and surface treatment of the unpackaged torsional resonators

0924-4247/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.sna.2005.10.034
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for reference oscillators [1]. Conventionally, quartz crystals are
used for the frequency reference as the good material stability
of quartz allows low aging rates that meet the strict frequency
precision requirements [2]. Furthermore, the quartz oscillators
can provide excellent spectral purity (low phase noise), which
is utilized in receivers for improved sensitivity and frequency
selectivity [3]. A major disadvantage of quartz crystals is their
large size which makes the frequency reference a significant
space consumer in the today’s highly integrated electronics.

Micromechanical resonators have been researched as a
potential alternative to the size consuming quartz crystals.
Clamped–clamped beam resonators, also referred to as the
bridge resonators, have been used to demonstrate oscillator
with a noise floor of −110 dBc/Hz [4]. In addition, temperature
compensation of clamped–clamped beam resonator has also

∗ Corresponding author.
E-mail address: ville.kaajakari@vtt.fi (V. Kaajakari).

been demonstrated [5]. Unfortunately, the power handling
capacity of clamped–clamped resonators limit the achievable
phase noise [6,7]. Order-of-magnitude larger power handling
capacity has been obtained with a bulk acoustic mode (BAW)
silicon resonators leading to noise floor of −150 dBc/Hz at
13 MHz meeting the typical phase noise requirements for
wireless communication [8,9]. Recently, comparable noise
performance has been obtained with a polycrystalline silicon
disk resonator and integrated electronics [10].

While the short term stability (phase noise) has received
significant attention, very little published information exists on
the long-term frequency stability of the microresonators. This
is probably due to the fact that in order to obtain stable per-
formance, hermetic sealing is required. Research laboratories,
however, are not typically equipped with vacuum encapsulation
equipment. The poor performance of unpackaged components
is exemplified by the torsional mode resonators that show
drift of more than 100 ppm/day [11]. Unpackaged BAW res-
onators demonstrate stability better than 50 ppm/week [12]. The
superior stability performance of the BAW resonators may be at-
tributed to their larger volume-to-surface ratio making the BAW
resonators less susceptible to surface effects. Water adsorbing is
believed to be the main cause of drift in unpackaged components
and surface treatment of the unpackaged torsional resonators

0924-4247/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.sna.2005.10.034
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ABSTRACT 

A unique MEMS encapsulation process on the use of epi-
polysilicon as a packaging and sealing layer is demonstrated.  
This process provides a very clean and stable environment for 
MEMS, is compatible with CMOS integration, and can be 
carried out in a conventional CMOS facility with standard 
tools. Silicon resonators fabricated inside the ‘epi-seal’ 
encapsulation showed quality factors over 10,000 and 
commercial level long-term stability (ppm level drift for over 1 
year of operation). In addition, several modifications and 
improvements, such as Si-SiO2 composite resonators for 
reduced temperature coefficient of frequency and thermal 
isolated anchors for direct temperature control were 
successfully added to this process for improvements in 
resonator stability over temperature.  

INTRODUCTION 
Among many MEMS devices, silicon resonators are 

one of the most promising devices due to their potential 
application as frequency references in electronic circuits [1]. 
Reduced size and batch fabrication will make silicon resonators 
cost effective compared to the quartz oscillators which are the 
most widely used as circuit frequency references. Moreover, 
the integration with CMOS circuitry is potentially expected to 

bring many advantages in reduced system cost and reduced 
physical volume. However, the packaging of MEMS resonators 
has been a major obstacle to their commercialization [1].  Like 
many other MEMS devices, resonators have very fragile 
mechanically movable structures and need to be protected to 
withstand any kind of harsh post process such as die separation 
and 2nd level packaging. Resonators which oscillate at very 
high frequency (kHz to MHz level) can be extremely sensitive 
to any form of environmental effect, such as dust addition, 
humidity absorption, and temperature changes [2], thus, wafer-
level packaging [3] is one of the keys for successful 
commercialization of MEMS resonators. The proposed wafer-
scale packaging technique, called ‘epi-seal’ [4], is a thin-film 
encapsulation technique, using silicon dioxide as a sacrificial 
layer and polycrystalline silicon deposited in an epitaxial 
reactor as the encapsulation layer. In this paper, the fabrication 
process flow will be introduced first, followed by the 
discussion of the packaging performance. Then the benefits of 
this encapsulation to the resonator performance will be 
discussed together with some extended applications.  
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ABSTRACT 

A unique MEMS encapsulation process on the use of epi-
polysilicon as a packaging and sealing layer is demonstrated.  
This process provides a very clean and stable environment for 
MEMS, is compatible with CMOS integration, and can be 
carried out in a conventional CMOS facility with standard 
tools. Silicon resonators fabricated inside the ‘epi-seal’ 
encapsulation showed quality factors over 10,000 and 
commercial level long-term stability (ppm level drift for over 1 
year of operation). In addition, several modifications and 
improvements, such as Si-SiO2 composite resonators for 
reduced temperature coefficient of frequency and thermal 
isolated anchors for direct temperature control were 
successfully added to this process for improvements in 
resonator stability over temperature.  

INTRODUCTION 
Among many MEMS devices, silicon resonators are 

one of the most promising devices due to their potential 
application as frequency references in electronic circuits [1]. 
Reduced size and batch fabrication will make silicon resonators 
cost effective compared to the quartz oscillators which are the 
most widely used as circuit frequency references. Moreover, 
the integration with CMOS circuitry is potentially expected to 

bring many advantages in reduced system cost and reduced 
physical volume. However, the packaging of MEMS resonators 
has been a major obstacle to their commercialization [1].  Like 
many other MEMS devices, resonators have very fragile 
mechanically movable structures and need to be protected to 
withstand any kind of harsh post process such as die separation 
and 2nd level packaging. Resonators which oscillate at very 
high frequency (kHz to MHz level) can be extremely sensitive 
to any form of environmental effect, such as dust addition, 
humidity absorption, and temperature changes [2], thus, wafer-
level packaging [3] is one of the keys for successful 
commercialization of MEMS resonators. The proposed wafer-
scale packaging technique, called ‘epi-seal’ [4], is a thin-film 
encapsulation technique, using silicon dioxide as a sacrificial 
layer and polycrystalline silicon deposited in an epitaxial 
reactor as the encapsulation layer. In this paper, the fabrication 
process flow will be introduced first, followed by the 
discussion of the packaging performance. Then the benefits of 
this encapsulation to the resonator performance will be 
discussed together with some extended applications.  

 



Transducers 1993

Research on Temperature Control 



All related to 
Packaging 

By 2000, We Still Couldn’t Make Stable MEMS Resonators 

 MEMS Resonators need a Vacuum Package 
  Low pressure required for high Q. 
  Package must be Compact and Hermetic. 

 

 MEMS Resonators Suffered from Aging 

  Many observations of drift, “burn-in”, fatigue. 
  MEMS Reliability Research just beginning 

 
 MEMS Resonators have too much F(Temperature) 
  30 ppm/C is too large for timing applications. 
  Compensation not practical. 

  
  
  



Wafer-Scale Encapsulation 
Process for Inertial Sensors 
 
Proposed in 1999 by Markus Lutz, 

of Bosch RTC. 
  

•   Initial Description on Scraps of Paper 
•   Objective was Miniaturization of Inertial 

 Sensors for Automotive Applications 
•   Process development MUST be 

 compatible with Bosch Production 
 Fabrication Facilities in Germany. 

•   Objective – Encapsulate the Minimum 
 Volume for the minimally-sized 
 inertial sensor chip. 
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Temperature Sensitivity of Silicon Resonators 
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Temperature Stability Strategy 

●  Silicon becomes softer with increase in temperature 
●  Silicon dioxide (SiO2) becomes stiffer as temperature increases 
●  Combination of Si and SiO2 will compensate resonant frequency change 

due to temperature change 
●  SiO2 can be added to our fabrication sequence. 
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Temperature-Insensitive Composite
Micromechanical Resonators

Renata Melamud, Member, IEEE, Saurabh A. Chandorkar, Bongsang Kim, Member, IEEE,
Hyung Kyu Lee, James C. Salvia, Student Member, IEEE, Gaurav Bahl,

Matthew A. Hopcroft, Member, IEEE, and Thomas W. Kenny

Abstract—Utilizing silicon and silicon dioxide’s opposing tem-
perature coefficients of Young’s modulus, composite resonators
with zero linear temperature coefficient of frequency are fab-
ricated and characterized. The resulting resonators have a
quadratic temperature coefficient of frequency of approximately
−20 ppb/◦C2 and a tunable turnover temperature in the
−55 ◦C to 125 ◦C range. Reduction of the temperature de-
pendence of frequency is shown in flexural-mode resonators
(700 kHz–1.3 MHz) and extensional-mode ring resonators
(20 MHz). The linear temperature coefficient of Young’s mod-
ulus of silicon dioxide is extracted from measurements to be
+179 ppm/◦C. The composite resonators are fabricated and
packaged in a CMOS-compatible wafer-scale hermetic encapsula-
tion process. The long-term stability of the resonators is monitored
for longer than six months. Although most devices exhibit less than
2 ppm frequency drift, there is evidence of dielectric charging in
the silicon dioxide. [2009-0072]

Index Terms—Composite, resonators, temperature coefficient,
temperature compensation, Young’s modulus.

I. INTRODUCTION

M ICROMACHINED silicon resonators are an
attractive replacement for conventional quartz-crystal

resonators in frequency reference applications due to their
compatibility with high-volume bulk-fabrication processes and
potential for CMOS integration [1]. Silicon resonators can be
packaged at the wafer level, which reduces overall product
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size and cost. However, silicon resonators exhibit a negative
linear temperature coefficient of frequency of approximately
−31 ppm/◦C, which complicates their commercialization.

Quartz resonators are the current standard for frequency
references. In part, this is due to the existence of temperature-
insensitive cuts in the crystal, which allow frequency stability
of less than 300 ppm over a −55 ◦C to 125 ◦C temperature
range. In high-precision applications, quartz-crystal resonators
are combined with active temperature-compensation schemes
which further improve their frequency stability. In oven-
controlled quartz-crystal oscillators (OCXO), the frequency
stability can be better than 0.01 ppm. Although active tempera-
ture compensation can be applied to silicon resonators, the lack
of a temperature-insensitive crystal cut and the resulting high
sensitivity to temperature prevent them from competing with
OCXOs.

The existence of temperature-insensitive cuts in the quartz
crystal, a crystalline form of silicon dioxide (SiO2), is due to
the positive temperature dependence of the c66 elastic con-
stant [2]. Measurements of amorphous SiO2 have also shown
a positive temperature dependence of Young’s modulus [3]–
[6]. This paper presents a method to take advantage of the
positive temperature coefficient of Young’s modulus of SiO2

to passively improve the frequency stability of silicon-based
resonators to levels that are comparable with uncompensated
quartz-crystal resonators.

One of the earliest demonstrations of silicon dioxide for
temperature compensation was by sputtering a SiO2 layer on
YZ LiNbO3 and YZ LiTaO3 surface acoustic-wave delay lines
[7]. Cambon et al. [8] demonstrated a SiO2 compensated silicon
surface acoustic-wave delay line with a quadratic temperature
coefficient of frequency of −45 ppb/◦C2. Pang et al. [9]
demonstrated a film bulk acoustic resonator composed of
Al–ZnO–Al–SiO2 layers with a linear temperature coefficient
of frequency which varies from −1.6 ppm/◦C to −0.4 ppm/◦C
over a 40 ◦C to 110 ◦C temperature range. Sandberg et al. [6]
and Shen et al. [10] suggested the use of SiO2 to temperature-
compensate flexural-mode silicon resonators. The feasibility of
this concept was demonstrated by Melamud et al. [11], [12].
More recently, Grogg et al. [13] and Baborowski et al. [14]
used silicon dioxide to reduce temperature dependence of bulk-
and flexural-mode silicon resonators, respectively.

Other methods to passively temperature-compensate silicon
resonators have been reported. Hsu et al. [15] demonstrated
that by thermally inducing axial loads in flexural-mode beam
resonators, the frequency variation can be reduced to 200 ppm

1057-7157/$26.00 © 2009 IEEE
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Dual Composite Resonators in Micro-Oven 
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Oscillator Stability Comparison 
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Heavy doping for Temperature Compensation 

Proposed Mechanism: Free Charge Carrier Effect 

!  Acoustic vibrations strain the crystal lattice 

!  Strain shifts the energy bands by the deformation 
potential effect 

!  Charge carriers in the raised valleys transfer to 
lower energy valleys to minimize free energy 

!  Lowered free energy (due to charge carrier 
effects) results in a decrease in elastic constants 
that is temperature dependent 
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Silicon constant energy 
ellipsoids near the 
conduction band minima 
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Dependent!!



Doped Silicon Devices Exhibit Reduced TCF 

!  Heavily doped silicon reduces the temperature sensitivity of silicon 
!  Temperature dependence varies with dopant type, level, and 

geometry 
!  Need a predictive model for the temperature dependence of doped 

silicon resonators 
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Samarao!&!Ayazi,!Trans.!Elec.!Dev.!59!1,!2012!
(GeorgiaTech)!

Boron ~E20 

Shahmohammadi!et!al.,!!Freq.!Ctrl.!Symp.!2012!
(Oklahoma!State!University)!

Pensala!et!al.,!Ultrasonics!Symp.!2011!
(VTT,!Finland)!

Phosphorus ~5E19 



Temperature Dependence of Elastic Constants 

!  Use'experimental'data'to'obtain'frequencyStemperature''
dependence'

!  Use'Finite'Element'Analysis'to'relate'resonant'frequency'to'
elasUc'constants'

!  Extract'the'elasUc'constants�'dependence'on'temperature'
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For official use only – Not for public release

Our runs include a huge variety of devices 
– opportunity to determine materials 
properties. 

Encapsulation Process – High Yield 
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Parameter extraction 
car r ied out through 
extensive “Data Mining” 
F(T) results from our 
“library” of devices. 
C11, C12, C44 as a function 
o f t e m p e r a t u r e a n d 
doping extracted. 

 
 
 
 

 
 



Status: Temperature Compensation 

•  Model Verification: Dual Breathe-mode Ring Resonator 
 

 
 
 
 

 
 

Frequency at 25°C (MHz) 

Measured Predicted 

Boron 19.764 19.697 

Arsenic 19.586 19.542 

Phosphorus 19.459 19.432 

 �   Experimental data 
---  Model prediction 



Status: Temperature Compensation 

JMEMS ’14 in press 
Available at JMEMS Website – 
Open Access 

•  Data and Paper can be downloaded from: 

http://micromachine.stanford.edu/projects/doping/ 
 
 
 

 
 



UltraRClean!ChipRScale!Package!
!Eliminates!all!�MEMS!Packaging!Issues�!for!high!reliability!
!Allows!use!of!Standard!electronics!packaging!
!Enables!minimumRvolume!integrated!products!
!Maintains!all!2Rchip!opportuniWes!for!Agile!and!Diverse!Product!PorXolio!
!CompaWble!with!Temperature!CompensaWon!Schemes!

All!helpful!for!CommercializaWon!!
!

Product Reliability through Packaging 

Encapsulated Structures for MRIG  -  A Stanford/Draper/Bosch Collaboration 
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interconnects.  Parallel fabrication effort at Draper will demonstrate a bonded-wafer version of 
the process suitable for rapid-turnaround optimization of the device design and anchor design.   
 The Phase 2 effort at Stanford will focus on the mask design and fabrication processing of 
the first complete encapsulated resonating structures.  These structures will serve to demonstrate 
agreement between models and parameters, and verify the path to a complete system that can 
meet all the requirements of the MRIG program.  Draper will support design and optimization 
activities in this task through quantitative modeling of the mechanical and dissipation properties. 
 Phase 3 will focus on fabrication of the complete encapsulated resonating structures that can 
meet all the performance requirements for the program.   Stanford will lead this activity, with 
fabrication support from Bosch and modeling/optimization from Draper. 
  
Task 2 : Balancing and Trimming Methods 
 Our goal is to rely on high-quality lithography and etch process control to develop the mode 
matching necessary to get close to the requirements, and then it develop electrostatic tuning to 
complete the matching.  In phase 1, we will work with Draper to identify the geometric 
requirements, and then with Bosch to develop the process controls.  In Phase 2, we will gather 
first data on process variations and the resulting parameter value variations, and perform first 
experiments on mode-tuning.  In phase 3, demonstration of mode tuning during device operation 
will be completed, and fabrication process requirements will be developed as needed to 
implement >3-! process controls in full production. 
 
Task 3 : Control and Readout System Development and Integration 
 Bosch will lead design and development of the gyro control systems.  In Phase 1, this effort 
will begin with identification of requirements on frequency, voltage, or control process that 
represent extensions from the capabilities of modules in existing Bosch ASICs.  First designs of 
breadboard characterization and control modules will be built.  In Phase 2, preliminary interface 
ASICs will be designed that are suitable for operation of prototype gyros fabricated in Task 1, 
and complete, full-function breadboard control modules will be constructed, including all 
necessary voltage-based tuning.  In Phase 3, electronics design revisions and modifications will 
be completed as needed for the final MRIG product, and interface ASICs will be built. 
 
Task 4 : Integrated Device Demonstration 

 In this task, we will utilize existing die thinning, 
flip chip integration, and final packaging of complete 
MRIG systems.  An important advantage of our 
program is that we will rely on existing techniques and 
vendors for all the dicing, thinning, mounting, and 
packaging of the final systems, consistent with full 
production capabilities at SiTime.  There are no 
activities in the first phase of this task, with modest 
initiation of package design for our 5mmx5mm die in 
the second phase, and execution of prototype lots in 
phase 3.  There is no risk in this task for our project. 
 





MEMS Process: > 99% Yield 

200mm thinned wafer with ~70,000 resonators 
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SiTime  IFCS'13 
 

Uses Compensated Silicon and Calibration for Stability 
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SiTime  IFCS'13 
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•  Better than Quartz 
 
•  Far better than any 

other MEMS made 
in any other 
technology 

30 Years 

Aging Projections for Current SiTime Products 



SiTime Status, 10 years after launch 

•   >250M Oscillators shipped

•   High-Yield MEMS + Advanced Mixed Signal CMOS = Diverse and 
adaptive product portfolio.

•   50,000g shock survival

•   No Failed MEMS in any shipped products

•   Entering TCXO, OCXO, Low-Power Real-Time Clock and Ultra 
low-cost baseline oscillator markets.

•   Advantages over Quartz in Cost, Size, Performance, Power

•   ALL Enabled by PACKAGING!



SiTime Status, 10 years after launch – 
Why did it take SOOOO Long?

•  We had MEMS, needed CMOS
•  Mixed signal, low power, PLL, temp sensor, NVM,…

•  We had devices, needed products
•  Complete set of specifications

•  By the time we had products, we needed customers
•  Why would anyone take a risk on a ~$0.30 part?

•  Only recently have we had compelling products.
•  Finally, serious customers with serious interest!



•  2014 IEEE International Solid-State Circuits Conference 978-1-4799-0920-9/14/$31.00 ©2014 IEEE

ISSCC 2014 PAPER CONTINUATIONS

Figure 12.9.7: Micrograph of MEMS and CMOS dies and final CSP package.

The Smart Timing Choice¥The Smart Timing Choice¥

SiTime Corporation 990 Almanor Avenue Sunnyvale, CA 94085 (408) 328-4400 www.sitime.com
Rev 0.77 Revised July 18, 2013

SiT1532  
Smallest Footprint (1.2mm2), Ultra-Low Power 32.768 kHz 
Oscillator in CSP

Preliminary

Notes: 
1. Stability is specified for two operating voltage ranges. Stability progressively degrades with supply voltage below 1.5V.
2. Core operating current does not include output driver operating current or load current.
3. To derive total operating current (no load), add core operating current + (0.065 µA/V) * (output voltage swing).

Features Applications
� Smallest footprint in chip-scale (CSP): 1.5 x 0.8 mm � Mobile Phones

� Ultra-low power: <1µA � Tablets

� Supports coin-cell or super-cap battery backup voltages � Health and Wellness Monitors

� Vdd supply range: 1.5V to 3.63V over -40°C to +85°C � Fitness Watches

� Oscillator output eliminates external load caps � Sport Video Cams

� NanoDrive™ programmable output swing for lowest power � Wireless Keypads

� Internal filtering eliminates external Vdd bypass cap � Ultra-Small Notebook PC

� Fixed 32.768 kHz � Pulse-per-Second (pps) Timekeeping

� <20 PPM initial stability � RTC Reference Clock

� <100 PPM stability over -40°C to +85°C � Battery Management Timekeeping

� Pb-free, RoHS and REACH compliant

Electrical Characteristics
Parameter Symbol Min. Typ. Max. Unit Condition

Frequency and Stability
Fixed Output Frequency Fout 32.768 kHz

Frequency Stability

Frequency Stability [1] F_stab

20

PPM

TA = 25°C, Vdd: 1.5V – 3.63V

75 TA = -10°C to +70°C, Vdd: 1.5V – 3.63V. Stability includes initial, 
power supply, and temperature stability components.

100 TA = -40°C to +85°C, Vdd: 1.5V – 3.63V. Stability includes initial, 
power supply, and temperature stability components.

250 TA = 10°C to +70°C, Vdd: 1.2V – 1.5V. Stability includes initial, 
power supply, and temperature stability components.

25°C Aging -3 3 PPM 1st Year

Supply Voltage and Current Consumption

Operating Supply Voltage Vdd
1.2 3.63 V TA = -10°C to +70°C

1.5 3.63 V TA = -40°C to +85°C

Power Supply Reset Voltage Reset 0.3 V Over temperature

Core Operating Current [2, 3] Idd

0.9

ȝA

TA = 25°C, Vdd: 1.5V – 3.63V. No load

1.3 TA = -10°C to +70°C, Vdd max: 3.63V. No load

1.35 TA = -40°C to +85°C, Vdd max: 3.63V. No load

Output Stage Operating Current[3] Idd_out 0.065 0.125 ȝA/Vpp TA = -40°C to +85°C, Vdd: 1.5V – 3.63V. No load

Power-Supply Ramp t_Vdd_
Ramp 100 ms TA = -40°C to +85°C, 0 to 100% Vdd

TSTART-UP at Power-up T_start 150 300 ms TA = -40°C to +85°C

Operating Temperature Range
Commercial Temperature

T_use
-10 70 °C

Industrial Temperature -40 85 °C

LVCMOS Output Option, TA = -40°C to +85°C, typical value is TA = 25°C
Output Rise/Fall Time tr, tf 100 200 ns 10-90%, 15 pF load, Vdd = 1.5V to 3.63V

Output Clock Duty Cycle DC 48 52 %

Output Voltage High VOH 90% V Vdd: 1.5V – 3.63V. IOH = -10ȝA, 15 pF

Output Voltage Low VOL 10% V Vdd: 1.5V – 3.63V. IOL = 10ȝA, 15 pF

NanoDrive™ Programmable, Reduced Swing Output
Output Rise/Fall Time tf, tf 200 ns 10-90%, 15 pF Load

Output Clock Duty Cycle DC 48 52 %

AC-coupled Programmable 
Output Swing V_sw 0.25 0.80 V Vdd: 1.2V – 3.63V, 15 pF Load, 10 pF, IOH / IOL = ±0.2uA

DC-Biased Programmable 
Output Voltage High Range VOH 0.5 1.20 V Vdd: 1.2V – 3.63V. IOH = -0.2ȝA, 10 pF Load

DC-Biased Programmable 
Output Voltage Low Range VOL 0.35 0.80 V Vdd: 1.2V – 3.63V. IOH = 0.2ȝA, 10 pF Load

Packaging :  
Wafer-scale encapsulation 

Enables CSP product 





Some Thoughts after a Good Outcome

Replacement Products are HARD to Insert into Market
Customers are Entrenched
Existing Technology is not Static

Fundraising is a Continuous Process
You don’t want too much money
You can’t have enough money
“Smart Money” can REALLY help
Serious Venture Capitalists can be Patient

Lots of things can go Wrong
Global Economic Downturns
Floods in Thailand, Earthquakes in Japan
Take the Good Exit when it Comes!



So, What is the Kenny Group Doing? 
We have : 
Wafer-Scale Film Encapsulation 

!  Ultra-clean, high-quality process 
!  Demonstrated Stability, Yield, Reliability 
!  Full production at SiTime 
!  Minimum Volume Package for MEMS 

 

Can we build single-chip  “ComboSensors”? 



Encapsulated Pressure Sensor + 
Thermometer 



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.
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Mode-Matching of Wineglass Mode Disk Resonator
Gyroscope in (100) Single Crystal Silicon

Chae Hyuck Ahn, Eldwin J. Ng, Vu A. Hong, Yushi Yang, Brian J. Lee, Ian Flader, and Thomas W. Kenny

Abstract— In this paper, we present four design methods to
overcome (100) silicon crystalline anisotropy and achieve mode-
matching in wineglass-mode disk resonator gyroscope (DRG).
These methods were validated through experimental charac-
terization of more than 145 different devices that arose from
simulations. With the proposed methods, the frequency split
of the 250-kHz DRG wineglass modes in (100) silicon was
reduced from >10 kHz to as low as 96 Hz (<0.04% of 250-kHz
resonant frequency) without any electrostatic tuning. Perfect
mode-matching is then achieved using electrostatic tuning. Mode-
matching was maintained within ±10 Hz over a temperature
range from −20 °C to 80 °C. The temperature dependence
of quality factor is also discussed in this paper. These results
allow for the development of high-performance miniature DRGs
tuned for degenerate wineglass mode operation from high-quality
crystalline silicon material. [2013-0303]

Index Terms— Microelectromechanical systems (MEMS)
gyroscope, mode-matching, frequency split, (100) single crystal
silicon, wineglass mode.

I. INTRODUCTION

W INE GLASS mode gyroscopes, including DRGs have
been attractive candidates for high performance MEMS

gyroscopes [1]–[5]. The Hemispherical Resonator Gyroscope
(HRG) is known as one of the highest performance gyroscopes
thanks to inherent advantages of a degenerate wineglass mode
operation such as thermal stability, electrostatic tuning capa-
bility, and high quality factor [6]. Many researchers in recent
times have developed miniaturized wineglass mode (n = 2)
gyroscopes by using micromachining techniques. Most MEMS
gyroscopes including wineglass mode gyroscopes are based
on the energy transfer between two degrees-of-freedom
mass-spring-damper systems induced by a rotation-based
Coriolis force. In order to achieve high performance for
navigation-grade and north-finding applications [7], it is
desired to operate with perfectly mode-matched conditions
such that the rotation-induced Coriolis signal is amplified by
the quality factor (Q) of the sense mode.

Manuscript received September 27, 2013; revised April 5, 2014; accepted
June 2, 2014. This work was supported in part by the Defense Advanced
Research Projects Agency Precision Navigation and Timing Program managed
by Dr. A. Shkel and Dr. R. Lutwak under Contract N66001-12-1-4260, and in
part by the National Science Foundation through the National Nanotechnology
Infrastructure Network under Grant ECS-9731293. The work of C. H. Ahn
was supported by a Kwanjeong Foundation Scholarship.

The authors are with the Department of Mechanical Engineering, Stanford
University, Stanford, CA 94305 USA (e-mail: ahn1229@stanford.edu;
eldwin@stanford.edu; vuhong@stanford.edu; ysyang88@stanford.edu;
dlwns87@stanford.edu; iflader@stanford.edu; tkenny@stanford.edu).

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/JMEMS.2014.2330590

Unfortunately, the anisotropic material properties of
monocrystalline silicon causes frequency splits between the
drive and sense modes of the device [8]–[11]; these frequency
splits can be accurately predicted by FEM simulations in
COMSOL if the anisotropic properties of the crystalline silicon
are incorporated in the model [9]. Hence, most wineglass mode
gyroscopes are fabricated in more isotropic materials, such
as polysilicon [12]–[14], (111) silicon [15]–[17], and fused
silica [18]–[20] to reduce this frequency split. However, these
approaches generally require development of new processes
for etching, bonding, and packaging which may re-introduce
anisotropy through nonuniformities in processing or misalign-
ments in packaging. Also, many of the fabrication processes
for these materials rely on less mature technologies, or are not
available in production fabrication facilities, and are therefore
less practical for product development.

Some researchers operate wine-glass gyroscopes at a higher
order (n = 3 trefoil shape) mode [21], [22], which mostly
averages out the known anisotropic material properties of
(100)-oriented crystalline silicon [9]. However, this mode is
not ideal because of the smaller angular gain and smaller
effective mass compared to n = 2 mode wineglass operation.

An alternative approach would be to overcome the crys-
talline anisotropy in silicon through design. In this approach,
the conventional symmetric shape of the DRG design is
slightly modified to add stiffness or mass at locations that
lead to reduction in the effective anisotropy of the DRG. This
is the approach taken by our team in this effort.

Stanford University and Robert Bosch GmBH have devel-
oped a wafer-scale epitaxial polysilicon encapsulation process
(‘epi-seal’) that enables ultra-clean wafer-level packaging of
MEMS devices in vacuum [23]. This collaboration is continu-
ing to develop improvements and extensions to this process for
many applications, while the baseline process has been brought
into volume production at Tower-Jazz by SiTime. This process
produces an ideal environment for resonant structures, free
of native oxide and organics at near-vacuum (below 1Pa);
previous experiments have shown high stability and robust-
ness with no noticeable drift or aging at the ppm-level over
a year [24]. The disk resonator designs [4] are especially
interesting because their use of purely in-plane drive and sense
modes makes these devices inherently compatible with the
epitaxial polysilicon encapsulation process.

In this work, four distinct design approaches for
mode-matching by compensating the anisotropy of (100)
single crystal silicon are introduced and characterized. We use
FEM (COMSOL) with the complete anisotropic represen-
tation of the (100) silicon properties to explore design

1057-7157 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. SEM image of epi-sealed DRG.

TABLE I

DESIGN PARAMETERS

variations within these four approaches. We present data
showing the agreement between models and measurements
for the relationship between these design changes and the
resulting frequency split between the n = 2 modes of
the DRG. The measured frequency split for a particular
selection of design parameters was 96Hz out of 250kHz
resonant frequency. Perfect mode-matching (zero-split) was
later achieved with this device by using an additional electro-
static tuning technique. These design methods can be gener-
alized for other similar types of “wineglass” mode resonating
gyroscopes such as rings, disks, and star shapes.

II. DESIGN

The particular DRG used as the basis for this study consists
of 35 concentric rings that are interconnected through radial
bars (spokes) and the entire structure anchored with a single
“stem” at the center. Once released, the device operates as
a planar resonating structure that has a degenerate pair of
in-plane “wineglass” vibration modes as shown in Fig. 3.
An SEM image of the device within the encapsulation layers
is shown in Fig. 1, and important design parameters are
summarized in Table 1. Fig. 2 shows four proposed design
modifications that cause changes in the resonant frequency
of the n = 2 modes, and can be optimized to achieve
zero-split mode matching for DRGs fabricated in (100) silicon.
By changing the spoke location (design 1, 4) or width
(design 2), the effective stiffness in two directions can be tuned
to compensate for the material anisotropy of Silicon. We also
propose varying the ring width around the individual rings

Fig. 2. Four proposed designs to achieve zero-split mode matching for the
reference DRG with equally spaced spokes. For design (a), (b), and (d) the
solid blue lines represent spokes that are fixed, while the dashed red lines
represent spokes that are varied to compensate for the material anisotropy.
For design (c), ring widths were varied radially so that the anisotropy in
the material stiffness is compensated by a complimentary anisotropy in ring
width.

to achieve the same effect (design 3). For all four cases, the
effective masses calculated by using FEA remain the same
with those design modifications. The analytical approaches
in this section are presented to conceptually show that small
design modification of support springs or the ring itself can
achieve mode-matching.

A. Design 1: Spoke Location (Angle) Adjustment

Most ring/disk “wineglass” resonating gyroscopes include
support springs such as spiral/curved beams [12]–[15], folded
beams [17], [25], or interconnect spokes; the latter is the focus
of this DRG study. The resonant frequencies of the final device
design are determined by the combination of both ring and
support structure dimensions. The angular locations of these
spokes can be adjusted while preserving the basic operation
of the DRG – through such adjustments, it is possible to
slightly tune the frequencies of one or both modes and achieve
matching through geometry.

Specifically, by taking into account the variation of the
Young’s modulus as a function of the crystal direction
E(θcrystal) [9] and defining θlocal as an angle from the prin-
cipal axes of each mode shape, we develop a beam-bending
model for support spokes to predict the effective stiffness of
16 spokes, as follows:

kef f,s =
∑

ks
(
θcrystal, θlocal

)
(1)

ks
(
θcrystal, θlocal

)
= 3E

(
θcrystal

)
I

(Ls sin (θlocal))
3 = E

(
θcrystal

)
tw3

s

4 (Ls sin (θlocal))
3

(2)
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TABLE II

SUMMARY OF EXPERIMENTAL RESULTS

Fig. 4. Open-loop frequency response of (a) standard symmetric DRG with-
out compensation and (b) mode-matched DRG (Design 1 with angle 0.45°).

(<10 Pa) oxide-free environment which yields high Q devices
(Q > 100,000).

IV. EXPERIMENT SETUP

An HP89410A vector signal analyzer was used to excite
the devices, and the current output caused by capacitance
change between device and electrodes was monitored using
a trans-impedance amplifier. Devices were DC-biased at 15V
through an anchor electrode at the center. Two sets of driving
and sensing electrodes aligned with each vibration mode were
connected to switches, in order to identify two vibration
patterns. These two wineglass mode vibration patterns are 45°
apart as shown in Fig. 3. The vibration patterns are aligned
with the ⟨100⟩ and ⟨110⟩ directions in a (100) single crystal

silicon wafer, resulting in large frequency split in the case of
symmetric design.

Fig. 4 shows a large span (200–350kHz) frequency
response measurement of both a symmetric DRG and a
mode-matched DRG (design 1 with angle 0.45°), respectively.
The mode-matched DRG has a frequency split of 96Hz
between two modes, whereas the symmetric uncompensated
DRG shows a split that is larger than 10kHz. The measured
quality factors of two modes are above 100,000 for both
cases at room temperature, which is the highest reported
Q among high frequency vibrating gyroscopes at a frequency
range of a few hundreds of kHz. A higher order mode
(n = 3 “trefoil” shape) signal appears at 320kHz with split of
∼100Hz. Although these higher order vibration modes can be
used for gyroscope applications, these modes feature a smaller
effective modal mass and angular gain, hence leading to
decreased sensitivity, which makes the n = 2 wineglass mode
more desirable for higher performance gyroscope operation.

V. RESULT AND DISCUSSION

A. Geometric Tuning in (100) Single Crystal Silicon

A complete set of experimental and simulation results
for all the designs representing those tuning strategies are
shown in Fig. 5. Finite Element Analysis using COMSOL was
performed to validate these four proposed methods, using the
complete anisotropic representation for the crystalline silicon
material [9]. In each case, we show that designs exist which are
predicted to achieve the ideal zero-split mode-matching from
both simulation and experiment, respectively. Five devices of
each design from different locations on a wafer were tested
to verify the consistency of the proposed methods across the
wafer.

For design 1, devices with various spoke angles from
0° (symmetric DRG) to 0.8° are fabricated and tested. The
devices with a spoke angle of 0.45° have an average split
of 121Hz with standard deviation 56Hz, which is substan-
tially better than the variation across the wafer of epitax-
ial polysilicon or (111) single crystal silicon device. The
smallest split was 96Hz, which is less than 0.04% frequency
mismatch between the two wineglass modes. The devices with
different spoke width (design 2) also showed an average split
of 279 ± 48Hz with 9µm of modified spoke width, while
maintaining 3µm nominal spoke width. Design 3 devices with
different compensation parameter (γ ) from 0 to 0.4 were
also tested. The average split of five devices from different
locations with compensation factor γ = 0.35 was 617 ± 72Hz.

JMEMS!2014!



Encapsulated High Frequency (235kHz), High-Q (100k) Disk Resonator Gyroscope 

(DRG) with Electrostatic Parametric Pump a) 

 

C.H. Ahn1), S. Nitzan2), E.J. Ng1), V.A. Hong1), Y.Yang1), T. Kimbrell1), D.A. Horsley2), 

and T.W. Kenny1) 

 

1Mechanical Engineering, Stanford University, Stanford, California, 94305, USA 

2Mechanical and Aerospace Engineering, University of California, Davis, California, 95616, USA 

 In this paper, we explore the effects of electrostatic parametric amplification on a high quality factor 

(Q>100,000) encapsulated disk resonator gyroscope (DRG), fabricated in (100) silicon. The DRG was 

operated in the n=2 degenerate wineglass mode at 235 kHz, and electrostatically tuned so that the 

frequency split between the two degenerate modes was less than 100mHz. A parametric pump at twice 

the resonant frequency is applied to the sense axis of the DRG, resulting in a maximum scale factor of 

156.6µV/(˚/s), an 8.8x improvement over the non-amplified performance. When operated with a 

parametric gain of 5.4, a minimum ARW of 0.034˚/√hr and bias instability of 1.15˚/hr are achieved, 

representing an improvement by a factor of 4.3x and 1.5x respectively. 

 

 In recent years, MEMS gyroscopes have become attractive alternatives to currently available high 

performance gyroscopes thanks to their low cost to manufacture, small size, and low power 

consumption[1], [2]. However, high performance applications have stringent requirements on 

performance, including low angle random walk (ARW), low bias drift, high scale-factor and high scale-

factor stability. Since the Coriolis coupling force acting on a microscale gyroscope is generally very 

small, it is desirable to use any available sources of mechanical or electrical gain within the resonator to 

amplify this small signal. Thus, designing for a high quality factor (Q), and operating the gyroscope in 

mode-matched condition, so that the two vibration modes are degenerate, increases the sensitivity of the 

gyroscope. Many researchers have demonstrated high Q (100k to 1million) mode-matched MEMS 

gyroscopes, which have the potential to reach navigation grade applications [3]-[5].  Also, the impact of 

mechanical thermal noise on gyroscope performance can be reduced by designing a high frequency, 
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Figure 2. Control schematic showing the operation of the DRG. The drive axis is driven in closed-loop 

using a digital PLL, and the sense axis is operated open-loop, with the drive-axis motion being used to 

demodulate the sense-axis. An electrostatic parametric pump which is locked to the drive-axis phase, is 

applied at 2ω. This will cause amplification to the motion due to Coriolis force, and suppression of the 

quadrature coupling motion. 
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Figure 6. Measured Allan deviation with a parametric pump gain of 5.4 and without parametric 

amplification. The ARW improves from 0.145(°/hr) to 0.034(°/hr) when the parametric pump is applied. 

The bias instability also improves from 1.93˚/hr to 1.15˚/hr, and occurs at approximately 100s for both 

cases. 

 

 
Figure 7. Total noise equvalent rotation rate as a function of parametric gain. Because the dominant 
noise source is electronic, significant improvement in ARW is achieved by applying parametric 
amplification. 
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SFmech ¼
2Qef f Agx

xB
G /ð Þ; Qef f ¼

QBffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4Q2

B Dx=xBð Þ2
q ;

(4)

where x is the drive mode displacement and Qeff is the effec-
tive quality factor for the mode-matched gyroscope, which is
maximized when Dx is zero (xA¼xB). The electrical scale
factor, which is the conversion factor from the sense mode
displacement to the output voltage of the transimpedance
amplifier, is estimated to be approximately 15.7 lV/nm with
a 3.3 pF nominal sensing capacitance, a 100 kX feedback re-
sistor, and a 20 V bias voltage. The scale factor of the DRG,
in V/(%/s), is expressed as

SF ¼ SFmech & SFelec: (5)

Thus, the parametric gain increases the scale factor, since it
increases SFmech.

In addition, the decay time of the demodulated output
of the sense mode after the 10%/s rate input is stopped,
which is equivalent to the ring-down time of the sense
mode, was measured. As shown in Fig. 4(a), the parametric
pump increases the time constant of the sense mode, result-
ing in an 8& improvement in the effective quality factor,
Qef f , of the sense mode when a 500 mV pump is applied.
The increase in Qef f due to the parametric amplification
results in increased scale factor. The scale factors were also
extracted by applying constant rotation rate inputs between
'50%/s and þ50%/s for selected parametric pumping ampli-
tudes. The parametric pump increases the scale factor and
does not affect the dynamic range of the device, as shown
in Fig. 4(b). The maximum measurable rotation rate was
limited by our test apparatus at 500%/s; no departure from
linearity was observed up to this rate.23

Allan deviation analysis,24 commonly used for system-
atic characterization of random noise sources in the gyro-
scope, is performed to measure the noise characteristics
such as ARW and bias instability. Zero-rate output (ZRO)

was recorded over 5 h for parametric pump amplitudes of
0 mV (no parametric gain) and 450 mV (parametric gain of
5.4). The ambient temperature fluctuation in the laboratory
is approximately 61 %C in each case. Fig. 5 shows the tem-
perature dependent coefficient of raw bias, which increases
from '0.17(%/s)/ %C to '0.35(%/s)/ %C as the parametric
pump is increased from 0 mV to 450 mV. Because tempera-
ture variations change the stiffness and Q of the structure,
the amplitude of the parametric pump, which is dependent
on Dk=k and on Q changes with temperature. Near the
threshold voltage Vt, small variations in temperature can
change the parametric gain drastically, and may even result
in autoparametric excitation. This limits the maximum sta-
ble parametric gain and explains the increased temperature
dependence of bias drift for large parametric gains. To
counteract this, the drive mode frequency was also tracked,
and used to compensate, to first order, bias drift due to am-
bient temperature drift.25 Using self-compensation of the
bias drift for both the parametrically amplified and non-
amplified cases shows that parametric amplification pro-
duces a 4.3& improvement of ARW over the non-amplified
case (Figs. 6 and 7).

FIG. 3. Parametric gain as a function of parametric pump voltage. Both
amplification and suppression, which occur at different phase conditions, are
shown. Amplification (red points in the figure) occurs when the 2x paramet-
ric pump voltage is in-phase with the 1x driving voltage, which is 90%

delayed relative to the Coriolis force. Measured parametric pump gain
matches well with the theoretical prediction (dotted lines).

FIG. 4. Ringdown and sensitivity of the sense mode for parametric pump
amplitudes ranging from 50 mV to 500 mV. (a) Decay of the normalized
demodulated rate signal when a constant rate input is abruptly stopped. This
shows the ringdown time of the sense axis of the gyro, which indicates the
Qef f . (b) Rate sensitivity over a þ/'50%/s dynamic range. The scale factor
increases by a factor of 5.4 when a 450 mV parametric pump is applied.
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Fatigue Experiments on Single Crystal Silicon
in an Oxygen-Free Environment

Vu A. Hong, Shingo Yoneoka, Matthew W. Messana, Andrew B. Graham, James C. Salvia,
Todd T. Branchflower, Eldwin J. Ng, and Thomas W. Kenny

Abstract— The fatigue lifetime of single crystal silicon (SCS)
was characterized in an environment free of oxygen, humid-
ity, and organics. Long-term (>1010 Hz) fatigue experiments
performed with smooth-walled SCS devices showed no signs
of fatigue damage up to 7.5 GPa. In contrast, experiments
using SCS devices with a silicon dioxide (SiO2) coating and
rough sidewalls due to scalloping from deep reactive ion etching
exhibited fatigue drift at 2.7 GPa and suffered from short-term
(< 1010 Hz) fatigue failure at stress levels >3 GPa. In these
SCS-SiO2 experiments, the initiation of fracture occurs in the
SiO2 layer. It is concluded that fatigue in this case is likely
attributed to a subcritical cracking mechanism; not reaction-
layer nor dislocation related. A cross-comparison with other
works from literature is developed to show that packaging a
pristine device in an inert environment is necessary in order to
operate devices at high-stress levels. [2013-0267]

Index Terms— Fatigue, microelectromechanical devices,
packaging.

I. INTRODUCTION

MANY SILICON-BASED MEMS devices, such as res-
onant inertial sensors, are commonly subjected to

repeated cyclic loadings with high stress levels. The use of
single crystal silicon (SCS) as a mechanical material for such
applications is appropriate since bulk SCS should not fatigue at
room temperature, thereby allowing MEMS designs to operate
at just below the fracture strength of SCS [1], [2].

Starting with the work of Connally et al. in 1992,
however, there have been many reports of thin-film SCS
fatigue [3]–[14]. A variety of environmental factors have been
researched to investigate possible SCS fatigue mechanisms
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including temperature, humidity, and pressure. Additionally,
researchers have also explored surface effects, such as the
presence of amorphous silicon dioxide (SiO2). The role
surface SiO2 plays in SCS fatigue remains controversial.
Muhlstein et al. explains that a crack begins in the surface
SiO2 layer. When SCS is exposed to oxygen or humidity
at the crack tip, the SiO2 layer consequently thickens [4].
Fatigue occurs due to repeated cycles of SiO2 cracking and
oxide layer thickening (called the ‘Reaction Layer Model’);
complete fracture of the device ensues once a critical crack
length is reached. Kahn et al. contends, however, that fatigue
occurs due to increased stress concentration brought on by a
wedging effect with native oxide or debris [5]. Because the
prevailing theories behind SCS fatigue center around SiO2,
humidity, and oxygen, efforts to package a device should look
to eliminate these factors as a way to prevent long-term aging.

Numerous fatigue studies in inert environments have been
performed in the past, some showing the prevention of fatigue.
Pierron et al. (2006) showed the absence of fatigue in SCS
films when performing experiments in vacuum with pre-bake.
Other notable studies include the use of polysilicon as the
device material. It is important to note that even though this
study focuses on SCS, the fatigue mechanisms mentioned
above extend to polysilicon as well. It is thus prudent to men-
tion notable polysilicon fatigue experiments performed in inert
environment to establish a basis for this study. Alsem et al.
witnessed no fatigue of unpackaged polysilicon structures in a
high vacuum environment (2e–7 mBar) up to a stress level
of 3.4 GPa [15]. Boroch et al. demonstrated the absence
of fatigue in polysilicon devices that were glass-frit sealed
under low pressure at 1–2 mBar [16]. Although this is a
promising result, glass-frit sealing is still susceptible to out-
gassing, in addition to any organic contaminants that remains
because the packaging is performed at low temperatures [17].
Langfelder et al. showed a similar result in which polysilicon
stress levels reached 3.1 GPa without fatiguing in also a glass-
frit package at low pressure (30 mBar) [18]. In addition,
Langfelder et al. expresses the need to package devices in
an oxygen-free environment in order to prevent fatigue. These
notable studies imply that packaging an SCS device also in an
inert environment would lead to fatigue-free behavior.

Recent work in this field points to surface topology
and roughness from fabrication (e.g. sidewall ‘scallops’)
as another possible surface-defect-based fatigue mechanism.
The presence of such scallops severely limits the mechanical
strength of SCS [19]. Furthermore, it has been shown that
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Fig. 10. Stress-life (S-N) plot of data from various studies. The “Target” region is a high-cycle region (>1010 cycles) that represents stress levels >3.2 GPa
in which other groups always witnessed fatigue in SCS. From this work, data points from experiments with SCS devices are all represented by run-out points
(open mark), in which no fatigue-like behavior or failure was observed. For SCS devices, 16 experiments composed of 6 different devices were shown to
operate fatigue-free in this region. In addition, data from rough SCS-SiO2 devices is shown with devices exhibiting three types of behavior: fatigue failure
(6 devices), fatigue-like behavior (4 devices), and no fatigue-like behavior (20 devices); the associated behaviors are dependent on the actuation stress levels.

taken as 0.8MPa
√

m [4]; the fracture stress of the oxide film
is calculated as 2.2 GPa, based on the multilayer FEA model
presented in Section II. Fracture due to fatigue failure thus
initiates solely in the grown SiO2 layer in this case.

The transient behavior prior to device failure is similar to
that of past studies using epi-seal composite smooth-walled
SCS-SiO2 resonators, where a steep drop is followed by a
slow drift in frequency [35]. The transient behavior shown
in these past studies is attributed to mobile oxide charges
that arise when applying an external electric field with a DC
bias voltage. Despite displaying similar trends, the mechanism
behind the transient behavior shown in this paper is not the
same as the one shown in the past mobile charge studies due
to the following reasons.

1) These past studies showed that when the DC bias is
inverted, the frequency is not only decreased due to
a built-in voltage in the oxide layer, but the transient
behavior also restarts for every reversal of voltage.
For this study, voltages were reversed at a similar 50%
duty cycle with the fatigue structures, however as shown
in Fig. 9, the initial transient behavior is not restarted
for every reversal and instead continues to drift at the
same rate prior to the bias switching; it is noted that the
frequency does change slightly, which is attributed to a
built-in voltage of the oxide layer.

2) Of the 15 devices tested in the past mobile charge
study, only 2 showed significant drift (>10 ppm).
In contrast, all 10 of the composite fatigue structures
tested as part of this study demonstrated large drift
behavior when operated beyond 2.7 GPa. This consistent

stress-dependent transient behavior supports the claim
that this is not mobile oxide charging and is indeed
fatigue-induced drift.

3) The devices in the past oxide charging study did not
demonstrate failure even after 7 × 1010 cycles of oper-
ation. In contrast, the devices in this study failed after
<7 × 109 cycles of operation.

These reasons show that the drift phenomena observed with
the rough SCS-SiO2 devices is attributed to mechanical fatigue
and is not due to an oxide-charging effect.

C. Summary of Results

A cross-comparison summary with results from literature
was compiled in addition to the results presented in this paper,
as shown in Fig. 10. The results from other institutions clearly
imply that actuating a device at both high number of cycles
(>1010) and high-stress levels (>3.2 GPa) leads to mechanical
fatigue. This region is shown in Fig. 10 as the ‘Target’ region.
It is important to note that these other works witnessing fatigue
of SCS devices were not packaged in an inert environment and
did not have pristine and smooth sidewalls that can be provided
by ‘epi-seal’ encapsulation.

In total, 6 different SCS devices that make up 16 total
experiments have results that lie within the “Target” region.
Therefore, when compared against other results, SCS devices
fabricated with ‘epi-seal’ can be subjected to higher stress
levels and cycles without the onset of fatigue. This ‘Target’
region opens up an area of potential SCS device operation for
MEMS engineers if using ‘epi-seal’ encapsulation.
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Figure 12.9.7: Micrograph of MEMS and CMOS dies and final CSP package.


