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Abstmcl- In this  paper, a 400-pm x 40C-prn, 2-D eapac- 
itive  micromachined  ultrasonic  transducer array element  is 
experimentally  characterized,  and  the  results are found  to 
be  in  agreement  with  theoretical  predictions. As a receiver 
the  transducer  has a 1.8 x lo-' n m / m  displacement sen- 
sitivity,  and, as a  transmitter,  it  produces 16.4 kPa/V of 
output  pressure  at  the  transducer  surface  at  3 MHz. The 
transducer also has more than 100% fractional  bandwidth 
around  3 MHz, which  maker i t  suitable for ultrasound  imag- 
ing.  The  radiation  pattern  measurements  indicate a 3-dB 
acceptance  angle  of * 35 degrees in agreement  with  the  the- 
oretical  predictions. 

Kegword- Ultrasonic  transducer, 2-D array, capacitive 
micromachined  transducer 

I.  INTRODUCTION 

portance  for the realization of  high framerate, real-time, 
Two-dimensional ultrasonic phased  arrays  have  great  im- 

3-D ultrasound  imaging  systems.  However, there are some 
major  obstacles that limit the development of such  imag- 
ing  systems.  A  large  number  of array elements  necessitates 
hundreds  of  active  transducer  channels,  and there are s e  
vere  difficulties  in fabricating the arrays and  providing  in- 
dividual  electrical  connections [l]. Another performance 
limiting  factor  is the small  element  size.  In  order to reduce 
grating lobes, the interelement  spacing  must  he less than 
the wavelength  in the propagating  medium. The small  size 
of the elements  limits the transmit power and  degrades the 
receive  sensitivity,  making it difficult to achieve a large  to- 
tal dynamic  range. 

overcome  many of the drawbacks of piezoelectric  transduc- 
The capacitive  micromachined  ultrasonic  transducers 

ers.  Besides  their  performance attributes (bandwidth  and 

tion, size  reduction,  low  self-noise,  and the potential  for 
sensitivity),  cMUTs  provide  advantages  in  ease of fabrica- 

electronic  integration.  Fabrication of l-D and 2-D arrays 
of cMUTs  and  interconnects are quite simple  and straight- 
forward as compared to piezoelectric  transducer arrays [2]- 
[4]. The transducer arrays can  be  integrated  with standard 

flip-chip  bonding  technology [5]. 
CMOS  electronics  using  through-chip  interconnects  and  a 

a 2-D  cMUT array element and comparisons  with the t h e  
This  paper  presents the experimental  characterization of 

oretical  results. firther improvements  in the performance 
of the cMUT are predicted  after the validity  of the cMUT 
equivalent  circuit  model is confirmed. 
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Fig. 1. Electrical  equivalent  circuit of the cMUT. 

11. TRANSDUCER ELECTRICAL EQUIVALENT CIRCUIT 
MODEL 

trode) suspended  above a heavily  doped  silicon substrate 
A cMUT  cell  consists of a  metalized  membrane (top elec- 

(bottom  electrode).  There are many  cells  in a transducer 
element,  and the elements are used to make l-D or 2-D 
arrays. The operation of the cMUT  can  be  explained as 
follows. A DC  voltage  is  placed  between the metalized 
membrane  and  the substrate. The membrane is attracted 
toward the bulk,  and  stress  within the membrane  resists the 
attraction. Ultrasound  is  generated by driving the mem- 
brane  with an alternating voltage. If the biased  membrane 
is  subjected to ultrasound, detection currents are gener- 
ated. 

Thus, small  signal  analysis  can be used. The small  signal 
The receiving  cMUT detects small  ultrasonic  signals. 

equivalent  circuit of a cMUT is a twoport network. We use 
the Mason  equivalent circuit  where the electrical  domain 
(voltage  and  current)  is  represented at one port, and the 
mechanical  domain  (force and velocity)  is  represented at 
the other port, as shown in  Fig. 1 [S]. The detailed  deriva- 
tion of the model  parameters  for the cMUT  is  given in a re- 
cent  paper [7]. In this equivalent circuit, Z, corresponds to 
the mechanical  impedance  of water. Z,,, is the mechani- 
cal  impedance  of  the  membrane, and Z,,., accounts for the 
total loss. The ideal  transformer  in the circuit  transforms 
velocity, a mechanical quantity, into electrical current. C, 
represents the parasitic capacitance. 

111. EXPERIMENTAL CHARACTERIZATION OF THE 
cMUT 

periments are listed  in  Table I. The active area of the 
The physical  parameters of the cMUT  used  in  these ex- 

cMUT  is 46% of the total 400-pm x 400-pm element area. 
In immersion  applications the impedance of the mem- 
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PHYSICAL PARAMETERS OF THE C M U T .  

TABLE I 

d 

0.10pm air-gap  thickness t ,  
0.80pm membrane thickness t ,  

36pm diameter 

' N number of ce l l s   i n   t he  element 
t b  insulating  layer  thickness 0.15pm 

72 
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Fig. 2. Electrical input impedance of the cMUT and the piezoeom 
Dosite transducer. 

hrane is smaller than  the impedance of water and can  be 
ignored  in  comparison.  Thus, the input impedance  of an 
immersion transducer has no  resonance and consists  of an 
RC circuit. The bandwidth  and the efficiency of the trans- 
ducer are determined  by the termination at the electrical 

is  compared  with the resonant  behavior of the impedance 
port.  The wideband  characteristic of the cMUT  impedance 

of a piezocomposite  transducer  in  Fig. 2. The DC  bias  volt- 
age on the cMUT is set at  105 V. The value of the parasitic 
capacitance  in the equivalent  circuit  model  is  determined 
according to the measured  electrical input impedance of 
the cMUT. The parasitic factor, which is the ratio of the 
parasitic  capacitance (C,) to  the device  capacitance (CO) 
is found to he eight  in  simulations  for the measured  device. 
This  device has a CO of  0.715 pF. In order to characterize 
the cMUT in receive mode, the experimental setup shown 
in  Fig. 3 is  used. In this experiment a piezoelectric trans- 
ducer (Panametrics VIOS) is  used as the transmitter. The 
pressure output of the piezoelectric transmitter is  charac- 
terized  using a c.alihrated  hydrophone at a  distance of 7.5 
cm. The cMUT is placed at the same location, and the DC 
bias  voltage is set at 105 V. The received  signal  is  amplified 
by a preamplifier  designed  for  minimum  insertion loss. The 

of 3.5 MHz centered at 2.5 MHz. 
amplifier has a  32 dB midband  gain  and a 3-dB  bandwidth 

The measured  impulse and frequency  responses are 
shown  in  Fig.4. This frequency  response is limited by 
the  transmitter and amplifier  responses, and not the trans- 
ducer's  own  response.  We  note in  Fig. 4 that there is an 

Fnq-q (MW) 

Fig. 4. Impulse and frequency ~esponses of the 2-D cMUT array 
element. 

abrupt change at around 1-1.5 MHz  in the cMUT  response. 
This change  is  due to lateral coupling of acoustic  energy to 
neighboring array elements. The frequency at which this 
lateral coupling  occurs  depends on the spatial periodicity  of 
the array and the material  properties of the fluid  medium. 
This lateral coupling of acoustic  energy  in  cMUT arrays is 
currently  under  research. 

The measured output signal-to-noise ratio (SNR)  and 
the results of the HSPICE simulation  for the complete  re- 
ceiver  system are shown  in Fig, 5. The measured SNR 
is  about 45 dB/Pa/Hz, in  agreement  with the simula- 
tions. The minimum detectable pressure  for the system 
is 5 mPa/&,  corresponding to a 1 .8~10-7  n m / G  
displacement at 3 MHz. 

mal;  however it served well  for characterization purposes. 
The amplifier used in  these experiments is suhopti- 

We simulated the system  with another amplifier  with an 
8.2-MR input resistance,  0.25-pF input capacitance, 15 
n V / m  input-referred  equivalent  noise  voltage, and neg- 
ligible  input-referred  noise current. In this amplifier the 
insertion  loss  is  not taken as a design constraint. The im- 
provement  in SNR with the use of this amplifier  is  shown  by 
the solid  line  in  Fig. 6. Another factor degrading the receive 
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Fig. 5 .  Simulated and rnearured output SNR. Fig. 7. DC bias sensitivity of the cMUT in receive mode 
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Fig. 6. Simulated SNR with the amplifier  with B better noise  per- 
f0rma"Ce. Fig. 8 .  Output pressure produced by the cMUT on its surface. 

performance is the large parasitic capacitance. We expect  a 
dramatic decrease  in the parasitic  capacitance  with the use 
of the through-chip  interconnect  scheme [5]. The  simula- 
tion  result  for the cMUT  with 200% C, is  shown  in Fig. 6 
together  with  piezocomposite  transducer  simulation  with 
the same  amplifier  for comparison. 

chip  interconnect  scheme,  which  decreases the parasitic  ca- 
The receive  performance  improves  by the use  of through- 

pacitance. An optimized  amplifier  for the given  transducer 
also  increases the noise  performance of the receiver  system. 

voltage  can  also  be  predicted  by the model as shown  in 
The dependence of the cMUT  response  on the DC bias 

Fig. 7. 
In transmit  experiments the DC bias  voltage  on the 

cMUT  is  again set at 105 V. The cMUT  is  driven  by the 
function  generator. The pressure  produced  by the cMUT is 
measured  using the calibrated hydrophone  in the fa r  field. 
The pressure at the cMUT  surface is calculated  by taking 
the diffraction loss into account. The measured and simu- 

lated output pressure  figures at the transducer  surface  are 
shown  in  Fig. 8. In simulations the medium is modeled as 
a load with  complex  impedance. The cMUT  produces a 

note that the pressure  is plotted up  to 10 MHz  in  Fig. 8 
16.4 kPa/V output pressure on its surface at 3 MHz. We 

showing a broadband  response. 

eration, a  dynamic  range  for the transducer  can  be  defined 
.4s a  measure of the  total tolerable loss in  pulse-echo  op- 

as the ratio  of the pressure output of the transducer to 
the minimum detectable  pressure. The cMUT  used in  this 
work  achieved  a total dynamic range of 150 dB/Hz for 10 
V input voltage at 3 MHz. The measured  and  simulated 
dynamic  ranges are shown  in  Fig. 9 for 1 V input voltage. 
The simulation  result  using the alternative amplifier  and 
200% C, shows that a 160 dB/Hz dynamic  range  for 10 V 
input voltage  is  achievable at 3 MHz. 

at  3 MHz  is  shown in  Fig. 10. The measured  beam  profile 
The radiation pattern of the 2-D  cMUT array element 

is in excellent  agreement with the theoretical  prediction, 
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Fig. 10. Radiation  pattern of the  2-D cMUT array element at 
MHz. 
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which assumes a piston  transducer  with  equal  active area. 
The 3-dB  acceptance  angle is measured as i 35 degrees. 
No significant  cross  coupling is observed. In a 2-D array, 
each  element act$ as a  point  source  transmit,ter  and  re- 
ceiver.  Piston-like  behavior  of  each  cMUT array element 

suitable for imaging applications. 
with  small acoustic and electrical  cross  coupling  makes it 

Iv. CONCLUSION 

terized  in both receive and transmit modes.  Experimental 
In this paper a 2-D  cMUT array element  has  been charac- 

results are in  good  agreement  with  theoretical  predictions. 
These  results  confirm the validity of the  chfUT equivalent 
circuit  model. The model  can  be  used to predict further im- 

for future device  designs. Reduction  in parasitic  capaci- 
provements  in  performance and, in fact, is a powerful  tool 

tance and optimizing the amplifier  will  increase the system 
performance  for the current  transducer  design. The per- 
formance  can  be  improved further by  increasing the active 
area. In radiation pattern measurements, 2-D cMUT ar- 

ray  element  demonstrated  a  u,ide  accpprauce  angle  with  no 
significant  cross coupling.  In  this paper, a e  have  demoll- 
strated that the cMUT is an attractive alternative to piezo- 
electric transducers. The ease of fabrication and electrclnics 
integration,  large  bandwidth, and the large  dynamic  range 
of the cMGT  make it a superior  trausducer  choice  for  2-D 
phased arrays. 
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