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Abstract. Capacitive Micromachined Ultrasonic Transducers (CMUT) superseded the piezoelectric transducers for
fluid-coupled applications because of their closer impedance to the fluid. Moreover, the new era of silicon
micromachining techniques provides us with the possibility to fabricate micro electro-mechanical systems (MEMS)-
based electrostatic transducers such as CMUT [1, 2]. In this paper, a comparative study of vacuum-sealed and unsealed
Circular Capacitive Micromachined Ultrasonic Transducers (C-CMUT) has been done using CoventorWare® tool. The
comparison of various analyses such as modal, harmonic, electrostatic, damping and transient analysis has been
presented and discussed in this paper. Moreover, the membrane behaviour has been studied for different values of
damping ratio (0-1.1). For the computation of these structures, tetrahedron meshing has been selected except for
damping analysis, in which split and merge meshing was chosen. For this device, the cavity area of 8170 um? is
selected. The settling time determined for the membrane is around 3 ps for both Vacuum-Sealed and Unsealed cavities.
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INTRODUCTION

Nowadays, the ultrasound is widely used in many
different areas, for example, non-destructive testing,
direction-finding, medication, imaging, maintenance,
mixing, communication, testing, etc. Furthermore,
today's industry and the medical field are heavily
relying on ultrasound technology [1, 3]. CMUTs
provide us with the possibility of medical imaging at
higher frequencies and the image quality was found to
be very high due to its wide bandwidth and high
resolution. This made CMUT technology pioneer in
the medical field [1].

A CMUT device is usually made from a thin
vibrating conductive membrane or a membrane coated
with a conductive electrode, known as a top electrode,
and a low-resistive silicon substrate serving as a
bottom electrode. High sensitivity and large bandwidth
are the key parameters for a CMUT device and can be
achieved by varying the size and shape of the
membrane [2, 4]. To achieve this and for improving
transformation efficiency of CMUT, the gap between
top and bottom electrodes is reduced and the electrode
size is enlarged [2]. A large number of theoretical and
experimental methods are used to understand the effect
of damping on membrane behaviour in MEMS
structures [2]. In this study, a finite element method

(FEM) has been implemented to study the
performance of a thin vibrating membrane for
vacuum-sealed and unsealed cavities.

DESIGN AND MODELLING

MEMS-based electrostatic transducers play a major
role in the generation of sound wave excitation and
finding [1]. For this purpose, a thin membrane is
allowed to vibrate under the effect of electrostatic
forces in upward and downward directions above the
bottom electrode forming a small gap, separated by
vacuum-sealed and unsealed cavities [1]. In this paper,
membrane area of 8170 pm?® for a C-CMUT structure
is selected to study the behaviour of C-CMUT cell for
vacuum-sealed and unsealed cavities under the effect
of different values of damping ratio. However, the
resonance frequency 3.2 MHz and pull-in voltage 53.5
V for the structure are determined by using the
Equations 1 and 2, respectively [5-6].
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where «a is the radius of the membrane, 4 is the
thickness of membrane, E is the Young's modulus, v is
the Poisson ratio and p is the density of the material,
d, is the cavity height, &, is the dielectric permittivity
EhS
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lSSS T the empirical parameter and
o is the residual stress.

of free space, D = is the flexural rigidity,

In this work, to study the membrane behaviour
using (FEM) technique ~ MEMSCAD  tool
CoventorWare has been chosen. The cross-sectional
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view of this structure has been shown in Fig. 1. Glass
substrate is etched to realize the cavity of 0.3 pm, after
sputtering bottom electrode (Au) of 0.2 pm. Finally, a
metal (Au)-coated SiO, membrane is made above the
glass substrate.For this design, in the preprocessor
window under the mesh model section, tetrahedron
meshing is implemented to compute the various
simulations under different solvers such as MemMech
and CoSolveEM, while split and merge meshing is
employed for DampingMM module. The DC voltage
of 43 V and AC voltage of 4 V is applied for various
analyses for vacuum-sealed and unsealed cavities.
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FIGURE 1.Cross-sectional view of C-CMUT cell.

RESULTS AND DISCUSSION

The natural frequency of 3.09637 MHz and
3.09569 MHz for both vacuum-sealed and unsealed
CMUT cells is calculated by using FEM technique,
respectively. It purely depends upon the mass and
spring constant of the membrane, shown in Fig. 2 (a)
and (b). When a DC voltage is applied along to the top
and bottom electrodes, the membrane starts to bend
towards the bottom electrode because of electrostatic
force. However, the internal stress force within the
membrane resists the membrane displacement by the
electrostatic force. Finally, membrane starts to vibrate
at the resonance frequency on superimposing the AC
voltage. The maximum displacement of 1.71331E-4
pum and 2.04722E-4 pm has been calculated for
vacuum-sealed and unsealed cavities for the damping
ratio 0.1. However, it is noted that as the value of
damping ratio increases, the membrane displacement
decreases in an exponential order, shown in Fig. 2
(¢).The variation in capacitance on applying variable
DC voltage is depicted in Fig. 2 (d). It is clear from the
graph that the value of capacitance increases as the
applied DC voltage increases because of a decrease in
the gap between the plates of capacitor described as
C=¢A/d. The value of damping coefficient is 3.0497E-
11 N/(m/s) and 3.39182E-13 N/(m/s), damping force is
5.85311E-5 N/m and 5.85651E-5 N/m, and spring

force is 5.6469E-4 N/m and 5.64762E-4 N/m. These
values are calculated at the resonance frequency for
vacuum-sealed and unsealed cavities, respectively with
the help of DampingMM module, and presented in Fig
2 (e), (), (g) and (h). Finally, the time required for the
membranes to become stable has been computed using
transient study, and it is found that after 3 ps, both the
vacuum-sealed and unsealed membranes get stable, as
shown in Fig. 2 (i).

CONCLUSIONS

The study of the membrane behaviour of C-CMUT
cell has been successfully conducted using
MEMSCAD tool, CoventorWare®for vacuum-sealed
and unsealed cavities. The effect of DC voltage on the
capacitance and, damping ratio on the resonance
frequency and displacement of C-CMUT cell are also
studied. Moreover, damping and transient study has
also been done to calculate damping coefficient,
damping and spring force, and time required by the
membrane to become stable is determined to be 3 us
for both C-CMUT cell. It is concluded that the
resonance frequency response decreases exponentially
for both cavities but the response of vacuum-sealed
cavity is lower than the unsealed cavity. However, in
the case of capacitance, a higher capacitance is
determined for vacuum-sealed cavity compared to the




“Vacuum Sesled Cavity T Mol Dispiacormen My |
COVENTOR " 3 i
J09BITVEODE My ¥ 8RO

5.0E-01
2580
BOE -0

Unm Cavity
COVENTOR
3.00569E+006 Hz

Vg ogen0

(a) (®)
e W psuumy Sesled Covitiy ol Beated Cavi -
20x10% ! < Ynwesed Cavity 280040 e Covity e F

i © Qurve Fitting p

< E . -0.250550 Curve Fitting “)"‘

£ 2185x90% L 5 .4

& =i !
] #

g 0.250554; of
ék 1.0x10" % P r""‘*

® Lx
§¢ 5-0.250856/ ’,,«"’ o

# 4
£ §wxm e
if 0250558y et e
P
W“W
048 s ‘Q‘zﬁl‘&itn g
K] 0.2 0.4 £ 0.8 1.0 1.2 10 30 A0
Demping Kavio Voltags (¥}
(c) (d)
- e Dpmgsg Coathicient ~6 D10 ®

2501077, 5 ;f
) £ , felbics Sm}pmg Foree
E2.0x10 § » - Spring Fore
z gA4.0x10™
b A j
% e §3 ox10*

)
1,050 gz
§5 ox10™ “g,
0.0, - o 6 By 3
{ 10 2x10° 3x10° 4x10° sx10° Ex‘m' 0 ix10" ax10" 3x10* 4;10 5x10° 6x10°
Frequency {Hry Fraguency 4
(e) 63}
b4 &

2510 ¢ e DA ping & aetheaent 6.0x10 " eRrREe e s
Z2.0x10" 50210 * . Gamging Foree
§ 4 s #  Sprng Forcs
§f 5x10 4 g4 00

k3
§ §3 ox10”
grox10™ S
g §2 ox10”

s.0x10™" 2
& 1.0x10°

0.0 0 v ) (3 ¥ o 6.0 X R i
0 qxit® 2090" 3x10" 4x10° sx10” ex10 9 ixip® 2x10° 3,‘19“ 4x10" Sx40' gxi0

Fregquency thal

()

Frequency (M2}

(h)



0.0 |

§-200 of -~ Unsealed Cavity
odhmiaia ~——— Gurve Fitting
gacc.af :
S -600.0f /
2-800.0f ; |
00 104 20y 3.0p 40y 50u 60y 7.0p
Time (8}
0.0 TR SN LN IR M

-20.0f
-40.0f
-60.0f

Displacement (pm)

— Vacuum Sealed Cavity
—= Curve Fitting

80.% 5 1.0p 20p 30p 40p 50 60p 7.0p

Time (s}

FIGURE 1.(a)and (b) Modal analysis for vacuum-sealed and unsealed cavity, (¢) Harmonic study with varying damping ratio,
(d) Capacitance plot on applying DC voltage sweep, (e) and (f) Damping coefficient, damping force and spring force study for
vacuum-sealed cavity, (g) and (h) Damping coefficient and, damping force and spring force study for unsealed cavity, (i)

Transient analysis.

unsealed cavity and the value of capacitance increases
with increasing value of applied DC voltage.
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