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Abstract 

This paper presents Finite Element Modeling (FEM) 
simulation and experimental results of the acoustic and 
mechanical behavior of an isolated cMUT cell. cMUT cells 
fabricated in the SiGeMEMS technology of imec are used 
as test vehicles. Dynamic characteristics of a cMUT cell 
actuated by a pulse superimposed on a DC bias, such as 
resonance frequency, Q-factor and transient displacement, 
are studied using ANSYS FEM and Polytec vibrometer 
measurements. A good agreement is achieved between the 
FEM simulation results and optical measurements. The 
Rayleigh integral method is used to construct the spatial 
pressure field based on the transducer surface information 
obtained both from ANSYS and the optical measurements. 
The results are compared with hydrophone measurements, 
and good agreements are achieved. Acoustic 
measurements on a typical cMUT cell (measuring �60f1m 
on the side) in a tluorinert medium (FC-84) show a 7MHz 
center frequency, � 100% -6dB fractional bandwidth 
(FBW) and several kilo Pascal peak-to-peak pressure at 
millimeters scale. Our method provides a clear 
methodology to accurately predict the transient spatial 
pressure field of a cMUT cell, especially in the far field 
region, with little time cost. 

1. Introduction 

Capacitive micromachined ultrasound transducers 
(cMUTs) are very promising transducers for ultrasound 
applications. Comparing with the conventional 
piezoelectric ultrasonic transducers, cMUTs exhibit many 
unique features inherently. The flexural mode of the cMUT 
membrane reduces the mechanical impedance of the 
devices and improves the energy coupling with the ambient 
medium. Moreover, mircofabrication capabilities makes 
them easy for a low cost batch production with fine pitches. 
Besides, cMUTs also benefit from the underlying CMOS 
circuit, since the closer driving and read-out circuit means 
a better signal-noise-ratio. Electrical interconnection issue 
is also solved, which enables large scale I D or more 
complicated 2D array configurations. Given above facts, 
cMUTs have been well recognized very suitable for the 
next generation ultrasonic diagnostic imaging [1]. In the 
past two decades, ultrasound imaging prototypes based on 
cMUTs have been reported by several groups [1-3]. 

However, the study of an individual cMUT cell, both in 
FEM (and analytical) modeling and in experiments, is 
often not addressed. In fact, the accurate prediction of 
output pressure and corresponding frequency response 
provides useful and important information for the design of 
ultrasonic transducers. Though the theory on acoustic 
radiators has been established and is well described for the 

traditional piezoelectric ultrasonic transducers relying on a 
thickness mode of vibration [4], the basic theory should 
also be applicable for cMUTs which operate in a flexural 
mode of vibration (of the membrane). However, cMUT 
cell requires a precise micromachining, has a much smaller 
aperture size and significant different aperture/lambda 
ratio. Moreover, the thin membrane enables cMUTs to 
have a much lower mechanical impedance than the 
conventional thickness mode transducers, which makes it 
more susceptible to loading by the acoustic medium 
[5].Therefore, the realistic dynamic response and 
corresponding spatial pressure field of a cMUT cell are still 
very complicated and not well examined, especially for the 
correlation study between theory and experiment. 
Numerous works on the modeling and simulation of cMUT 
have been done, such as the analytical model based 
equivalent circuit model [6-10] and FEM simulation [11-
13]. The analytical model is fast but limited to some simple 
shapes such as circle and square, and approximations 
always have to be made for the modeling. FEM simulation 
on the other hand is very suitable for the complicated 
structures and has the highest accuracy but with a relative 
large computing time. To our best knowledge, the 
comparison of modeling and experiment is very scarce. 
There are some studies which combine FEM simulation 
and experiments, but lack either detailed comparison 
results [11] or a proper measurement correction method 
[12], [13]. Moreover, FEM simulations and experimental 
comparison of the transient response of a cMUT cell, 
especially with a clear methodology and strong conclusion, 
has not been found in the existing literature. 

In this paper we use both FEM simulation and optical 
scan to obtain the transducer surface transient response, 
and then the results are utilized to construct the spatial 
pressure field by the Rayleigh integral method. Output 
pressure of the cMUT is also detected by the hydrophone, 
and the results of simulation and measurement are 
compared. 

2. Device and technology build-up 

An isolated square cMUT cell with rounded corners is 
chosen for the study. Isolating the cell has the advantage 
that any disturbing neighboring effects such as crosstalk, 
anchoring and so on are reduced to negligibly small levels. 
Figure l(a) is the top view of the device; the diameter of 
the square membrane is 60flll, and there are two probe 
pads, the one closest to the device is connected to the 
bottom electrode and the other is connected to the top 
electrode. When the DC and AC voltage are applied onto 
the two pads separately or superimposed on one pad and 
make the other one grounding, the membrane will vibrate 
and the corresponding ultrasound wave will be generated 
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in the load medium. In this paper the device is actuated in 
two mediums: air and a specific fluorinert: FC-S4 (from 
3M, USA). 

A cross-section of the cMUT is shown in Fig. 1 (b). The 
membrane is a composite of three different materials: a 
1. 5 flm thick silicon oxide sealing layer, a 3.6flm thick SiGe 
structural layer and a 200nm thick SiC dielectric layer. The 
transducer gap defmed by the SiGe bottom electrode and 
the SiGe membrane layer top electrode is composed of a 
200nm (vacuum) gap surrounded by 200nm thick SiC 
dielectric layers. The cMUT cell is fabricated in imec's 
SiGeMEMS-based cMUT technology. Details about the 
processing can be found in one of our previous publications 
[14]. The main material properties used in this paper are 
listed in Table I .  

SiGe electrode.SiGe 1hin cap .SiGe thick cap 
.SiC AI (M6).AI (Bond pad) Sacrificial oxide. Sealing oxide 

Figure 1: (a) Micrographs of the top view of the cMUT 
cell, (b) Cross-sectional view of the cMUT cell. 

Table 1: Material properties as used in this paper. 

Properties Si02 SiGe SiC Air FC-S4 

Young's 
modulus 64 120 150 

[GPa] 
Poisson's 

0.17 0.22 
ratio [-] 
Density 

2200 4775 
[kglm3] 

Dielectric 
constant [-] 

Speed of 
sound [m/s] 

3. Modeling and Experiment 

3.1. Finite element model 

O. I S  

3200 

4.4 

US 1730 

345 542 

The commercial FEM software package ANSYS 
(ANSYS 13 non-commercial version, ANSYS Inc., USA) 
is used to simulate the cMUT cell. Figure 2 shows a sketch 
of the 3D FEM model of one quarter of the cMUT cell. 
Symmetrical boundary conditions are imposed on the two 

cross sections in the top view (Fig. 2(a)). It should be noted 
that anti-symmetric harmonic modes are ignored when 
using a quarter model, however these anti-symmetric 
modes do not generate an effective output pressure for an 
individual cell [15]. A cross-sectional view of the FEM 
model is shown in Fig. 2(b); the cMUT sealing oxide layer, 
SiGe structural layer, SiC dielectric layer and the anchor 
are modeled using the SOLlDlS6 element. The FLUID30 
element is used to represent the FC-S4 fluid medium, a 
spherical absorbing boundary FLUID130 is used to 
eliminate the reflection, and a TRANS 126 element is used 
between the bottom and top electrode to represent the 
electrostatic transducer. In this model, no material internal 
stress is included. This is somewhat justified as it is found 
experimentally that the sealing oxide layer has a 
compressive stress which is almost equal to the tensile 
stress in the SiGe and SiC layer, and therefore the effect of 
the residual stress is cancelled. The anchoring is properly 
taken into account in the simulation. It is found that when 
using fixed edge conditions (i.e., without the anchor) the 
resonance frequency obtained from the FEM analysis is 
20% higher than the situation with the anchor. 

Two types of simulation are performed in this paper: 
(1) a pre-stressed harmonic simulation and (2) a transient 
simulation actuated by a pulse superimposed on a DC bias. 
The choice of the radius of the fluid medium is very crucial 
especially for the transient simulation. The minimum size 
is limited by 1/5 of the largest wavelength corresponding 
to the lowest operation frequency [16]. The maximum size 
is limited by the highest operation frequency, and a very 
fme mesh is required for the wave propagation and for the 
effective absorbance on the FLUID130 boundary at a high 
frequency. This results in a gigantic number of elements 
and a long computing time. Here, the radius of the fluid 
medium is set to 250flm. 

FLUID 129 

FLUID 130 
"'-IJlbsorbino boundary) 

TRANS 126 
'/4FEM Model of a CMUT YL 

(Drawing isn't to sea/e) x x 
Figure 2: Illustration of the ANSYS FEM model: (a) Top 
view of the FEM model of a quarter of the cell; (b) Cross

section of the FEM model. 

3.2. Measurements: Optical and acoustic 

The dynamic behaviors of the cMUT cell are studied 
using the commercial Laser Doppler Vibrometer micro 
system analyzer (MSA-500, Polytec GmbH Waldbronn, 
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Germany). The experimental set-up is depicted in Fig. 3(a). 
The cMUT cell is emerged in FC-84 fluid which has a 
depth around Smm. A +60V, SOns duration pulse (with a 
rising and falling time smaller than 1 Onsec) is coming from 
a pulse generator (AVL-2-B-PN, Avtech Electrosystems 
Ltd., USA) and applied on the pad connected to the bottom 
electrode of the cMUT cell. A -160V DC bias which equals 
60% of the theoretical pull-in voltage is applied to the other 
pad. Polarities of the pulse voltage and the DC bias are such 
that effective voltages add up. Measurements were 
performed in air and in FC-84. A correction is performed 
in the FC-84 measurement, and the measured displacement 
is divided by 1.261 which is the refractive index of FC-84 
[17]. But the acousto-optic effect on the refractive index is 
not included, considering there is only several mega Pascal 
peak pressure variation during the measurement. 

The experimental set-up used for measuring the sound 
pressure is shown in Fig. 3(b). A "tip type" calibrated 
hydrophone (HNP I OOO, Onda Inc., USA) is used for 
detecting the sound pressure at a certain distance away 
from the transducer surface. The hydrophone signal is 
amplified by the pre-amplifier and recorded by an 
oscilloscope (TDS30 14B, Tektronix, Inc., USA). 
Furthermore, Labview (Labview, National Instruments, 
USA) is used to control the instruments and to collect and 
save the measured data of the oscilloscope. 

(a) Specific PC 

Figure 3: Schematic of the experimental set-ups: (a) 
Optical set-up for the dynamic characterization using a 
Polytec vibrometer system; (b) Acoustic set-up for the 

sound pressure measurements using a hydrophone. 

4. Results and discussion 

4.1. Dynamic (resonance) response 

According to the acoustic theory [S], some fluid will 
vibrate together with the transducer as an amount of mass 
(called the radiation mass) attached to the transducer 
surface. The radiation mass will lower the membrane 
resonant frequency (or the center frequency in the pressure 
frequency response plot). In order to evaluate the effect of 
the fluid load, the frequency response characteristics of the 
cMUT cell is evaluated in both air and FC-84. 

Results for air: 
In ANSYS simulation the cMUT cell is initially 

stressed by a constant 160V DC bias, and then a pre
stressed harmonic simulation is performed. The 
displacement of the central point is evaluated and 
normalized to the maximum displacement (Fig. 4). In air, 
a resonance peak is simulated around 9.43 MHz, while the 
Polytec measurement gives a peak response at 9.SMHz. 
The center frequency mismatch between FEM simulation 
and measurement is negligibly small. However the 
difference in the observed Q-factor is significant. The Q
factor is characterized by the -3dB bandwidth of the 
resonance response relative to its center frequency. The Q
factor 496 obtained from ANSYS simulations is about two 
times larger than the measured Q-factor 232. This is 
considered reasonable, since besides the air damping losses 
there are no additional losses taken into account in the 
simulation. Therefore, the air damping is negligibly small 
and the material damping and/or the support or anchor 
(losses) damping are dominating. The results are 
summarized in Table 2. 

1.2 
� 

:::l 
..!!. 1.0 
Ql "tl :E! 0.8 

c.. 
E 0.6 "' 

"tl 
� 0.4 
"' 
§ 0.2 o 

Z 
0.0 

8.5 9.0 9.5 10.0 10.5 
Frequency [MHz] 

Figure 4: Resonance response of the cMUT cell in air. 

Results for FC-84: 
Similarly, a comparison is also done in FC-84 (Fig. S); 

a polynomial fitting is used to reduce the noise in the fluid 
measurement. Both the simulation and the measurement 
show a clear shift in the resonance frequency compared to 
the measurements in air. The center frequency in FC-84 is 
around S.SMHz (compared to 9.SMHz in air). This 
downshift is attributed to the significantly larger radiation 
mass of FC-84 as compared to air. The Q-factor observed 
in FC-84 is also largely reduced as compared to Q-factor 
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in air. The Q-factor in FC-84 between simulation (Q
factor=l.2) and measurement (Q-factor=l. I )  matches 
much better than the result in air due to the dominated fluid 
damping, and a Q-factor lower to one is obtained which 
illustrates the high bandwidth nature of the cMUT cell. The 
results are also summarized in Table 2. 

1.0 ...... 
:i 

�0.9 
Q) '0 
:E 0.8 
Q. 
E co 0.7 

'0 Q) 
� 0.6 

E 
� 0.5 

o 2 4 6 
Frequency [MHz] 

8 10 

Figure 5: Resonance response of the cMUT cell in FC-84. 

Table 2: Summary of resonance response results. 

Medium Properties ANSYS Polytec 

Air 

Center frequency 
9.43 9.50 

[MHz] 

Q-factor 496 232 

Center frequency 
5.47 5.77 

[MHz] FC-84 

Q-factor l.2 l.l 

4.2. Dynamic (displacement) response 

A pre-stressed transient simulation in ANSYS firstly 
requires a transient simulation without the transient effect 
(ANSYS command: timint, oft) and to apply a constant 
160V DC bias only, and then a normal transient simulation 
with a pulse superimposed on the 160V DC bias is 
performed. Considering the delay in the Polytec 
measurement, 175ns time duration is set for the transient 
simulation without the transient effect which means the 
60V, 50ns duration pulse is applied at 175ns time. The 
displacement of the central node is evaluated again. There 
is no static deflection in Polytec measurement, and the 
measurement displacement is adjusted in order to compare 
with the simulation. 

Results for air: 
Dynamic responses of the cMUT cell in air using 

ANSYS simulation and Polytec measurement are shown in 
Fig. 6. A good amplitude match is found at first several 
cycles. Due to the resonance frequency and Q-factor 
mismatch, the difference between simulation and 
measurement becomes significant after several cycles. 

However in the measured case, because of the additional 
damping (material damping, anchor losses) besides the air 
damping, the response is expected to decay much faster 
than for the simulated cases. 

60 
E 

40 .=. 

- ANSYS simulation 
I - Poly tee measurement ..... ....... ...................... ,.... . . ._-

; 
co -

A
-

... 
20 c Q) 

E 0 u co 
Q. -20 
.!!! '0 -40 ... �.-- . .  '1 -·_· 
c Q) -60 
'iii c -80 co lo-
I- -100 

0.0 0.2 0.4 0.6 0.8 1.0 
Time [).lSI 

Figure 6: Transient displacement of the cMUT cell in air 
(Drive voltage: VDc=-160V, Vpulse=+60V). 

Resultsfor FC-84: 
A similar simulation and measurement is done in FC-

84. Medium damping becomes significant when the device 
is emerged in FC-84, and the transient displacement signal 
is quickly damped both in the simulation and the 
measurement (Fig. 7). 

E -10 
c 
';: -20 c Q) 
E _30 1---Q) U co 
Q. -40 
.!!! 
� -50 c Q) 
'iii -60 c 
e 

I- -70 

0.0 0.2 0.4 0.6 0.8 1.0 

Time [).lSI 
Figure 7: Transient displacement of the cMUT cell in FC-

84 (Drive voltage: VDc=-160V, Vpulse=+60V). 

4.3. Sound pressure response in FC-84 

4.3.1. Rayleigh integral method 

Because of the finite dimensions (mm's) of the 
hydrophone tip, the acoustic sound pressure measurements 
can only be performed several millimeters away from the 
transducer surface. For the FEM analysis when using mesh 
sizes on the order of micron's, the region where because of 
the finite dimension of the hydrophone tip the pressure can 
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be evaluated is limited to a few mm's distant from the 
transducer (diaphragm) surface, which is not available to 
be simulated. Furthermore, in the Polytec measurements 
only the displacement of the transducer surface can be 
recorded. In order to solve this problem, the frequency 
domain Rayleigh integral method ([18], [19]) is used to 
construct the spatial pressure field derived from the 
transducer surface velocity. 

The general idea is to firstly mesh the transducer into 
the small rectangular element unit, acoustic path is 
calculated from the center point of the small unit to the 
spatial position, and pressure at each spatial position is a 
superposition of pressure from different units. According 
to the above transient simulation and measurement results, 
the response will be damped quickly and thus only a short 
time period simulation is needed and the simulation results 
are combined with a null vector at the end to represent a 
long time period signal. The transient displacement result 
is converted to the transient velocity, and then the transient 
velocity is transferred to the frequency domain by a Fast 
Fourier Transform (FFT). Spatial pressure in frequency 
domain is calculated by the Rayleigh integral based on the 
velocity. Finally the inverse Fast Fourier Transform (iFFT) 
is used to obtain the time domain pressure signal in the 
spatial space. 

The great advantages of this frequency domain method 
are as follows: (1) Attenuation can be included in the 
spatial field construction, whereby the measured 
attenuation coefficient (0.352fI56 dB/cmlMHzTI) of 
fluorocarbon in reference [20] is used; (2) Frequency filter 
can be set, considering the hydrophone with a cut-off 
frequency above 20MHz and also the 24MHz 
measurement frequency span limit of the Polytec system, 
the frequency components higher than 25MHz are set to 
zero in the calculation of the pressure field. 

4.3.2. Axial pressure amplitude 

Figure 8 shows the axial pressure behavior of the 
cMUT cell. The transient pressure amplitude obtained by 
ANSYS or Polytec followed by the Rayleigh integral is 
plotted vs. distance from the transducer surface. Unlike the 
traditional piezoelectric ultrasonic transducer, there is no 
near field diffraction fluctuation and the far field transition 

starts from the transducer surface. This is also expected 
because of the extremely small aperture/lambda ratio «1) 
of the cMUT cell, much smaller than for conventional 
piezoelectric transducers. The effect of the attenuation 
(solid line in the figure) becomes pronounced in the 
millimeter scale, the region where the acoustic 
measurements are performed. 

The results comparison is summarized in Table 3. A big 
difference at the first measurement point (at 3.24mm) 
between hydrophone measurement and ANSYS simulation 
is found. This is attributed to the near field transition (at 
around 3mm) of the hydrophone, which makes that 
measurements in this region or even closer to the cMUT 
cell are not "correct" any more, but are obscured by the 
hydrophone limitations. However, it is also found that the 
differences become large again as the displacement 
increases. This is probably because the attenuation in FC-
84 is overestimated, making that the pressure decreases 
faster than it should. Moreover, the pressure measured by 
the hydrophone is converted using the calibration data in 
water while the measurement is actually performed in FC-
84. This introduces another uncertainty in the hydrophone 
measurement data. 

ANSYS+Rayleigh integral 

Polytee+Rayleigh integral 

- ANSYS with attenuation 

- Poly tee with attenuation 

• Hydrophone measurement 
102+-������������� 

10.6 
Axial distance [m] 

Figure 8: Axial sound pressure amplitude evaluated for 
several cases (Drive voltage: VDc=-160V, Vpulse=+60V). 

Table 3: Comparison of the pressure amplitude on the axial distance (with FC-84 attenuation). The %-error is always 
relative to the hydrophone measurements. 

Distance [mm] Hydrophone [kPa] ANSYS [kPa] %-error Polytec [kPa] %-error 

3.24 
4.32 
5.40 
6.48 
8.64 

2.037 4.660 128.8% 3.292 
2.230 
l.950 
1.820 
1.291 

2.989 
2.063 
1.490 
0.867 

34.0% 
5.8% 

18.1% 
32.8% 

2.194 
1.564 
1.165 
0.707 

Table 4: Comparison of the pulse response frequency spectrum (with FC-84 attenuation). 

6l.6% 
1.6% 

19.8% 
36.0% 
45.2% 

Properties Hydrophone ANSYS %-error Polytec %-error 

Center frequency [MHz] 7.366 6.50 1l.8% 6.9 6.3% 

-3dB FBW 57.15% 90.77% 58.8% 82.61% 44.6% 
-6dB FBW 87.50% 129.23% 47.7% 105.79% 20.9% 
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4.3.3. Frequency spectrum in the far field 

Figure 9 shows the simulated and measured normalized 
frequency spectra at a distance of 4.32mm from the surface 
of the cMUT cell. The acoustic measurement result is 
already corrected for by the sensitivity of hydrophone. 
However, the attenuation is not corrected here, since the 
effect of fluid attenuation is very big and we want to show 
the original measurement result. Due to the diffraction 
correction during the wave propagation [21], the center 
frequency in the far field is higher than the resonance 
frequency at the transducer surface. In fact, the center 
frequency can be as high as the resonance frequency 
without fluid load if there is no fluid attenuation. But, the 
attenuation coefficient is frequency dependent, which 
makes that the high frequency components decay faster 
than the low frequency ones. Finally, the center frequency 
comes to around 7 MHz as a result of the two effects and 
this is found for all three evaluation methods (see Table 4). 
A big mismatch in the high frequency region is found 
between ANSYS simulation on the one hand and Polytec 
measurements or hydrophone measurements on the other 
hand. This is probably because of some practical problems 
such as the slightly different pulse shape between 
simulation and measurement, or, any dielectric (SiC) 
charging of the device, or, the non-vacuum conditions of 
the cMUT cavity resulting in squeezed film damping. 

o 
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� -20 
Q) "C 
:E -30 
c.. 

� -40 

-50 

o 

- ANSYS+Rayleigh integral 

- Polytec+Rayleigh integral 

- Hy:dro hone measurement 

5 10 15 20 
Frequency [MHz] 

Figure 9: Comparison of the frequency spectrum at 
4.32mm distance in FC-84 (Drive voltage: V Dc=-160V, 

Vpulse=+60V). 

4.3.4. Transient pressure in the far field 

Figure 10 shows a comparison between FEM, optical 
and acoustic measurements at a distance 4.32mm from the 
transducer surface in FC-84. Again, it is found, that the 
high frequency component of ANSYS simulation is larger 
than for the Polytec and hydrophone measurements, 
similar as seen in the frequency spectrum comparison. The 
pressure difference may be due to the uncertainty in the 
hydrophone sensitivity. Other effects like improper 
adjustment of the hydrophone position, the high voltage 
charging or possible membrane stresses may also affect the 

results. All in all however, the results are already quite 
comparable within a small acceptable error. 

'ii 
D.. 

3k 

2k 

';' 1k ... ::::J 
CII CII 0 e 
D.. 
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Transmitting time [I1S] 
Figure 10: Comparison of the transient pressure at 

4.32mm distance for FC-84 (Drive voltage: VDc=-160V, 
V pulse=+60V). 

5. Conclusions 

In this paper a clear correlation study between FEM 
simulation and experimental studies of an individual 
cMUT cell is presented, and a clear understanding of the 
cMUT cell behaviors is demonstrated. Good agreements 
are obtained between ANSYS simulation and Polytec 
measurement. The corresponding spatial pressure results 
also match well with the hydrophone measurement results. 
It proves that ANSYS combined with the Rayleigh integral 
method is a fast and effective pressure field simulation 
method. We believe it is very helpful for the design of 
complicated cMUT arrays for future imaging applications. 
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