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Since the proposing of capacitive micromachined ultrasonic transducer by Khuri Yakub group in 1994 that this kind of transducer occupying
the advantages of wide bandwidth, impedance matching well with the propagation medium especially in fluid and air and high sensitivity, has
shown a great potential for wide ranges of applications. This Letter reports kind of micro-electro-mechanical systems (MEMS) capacitive
ultrasonic transducer with the novel cavities embedded in the device layer of silicon on insulator wafer bonded with a glass substrate. The
optimum geometric dimensions are confirmed by both mechanical vibrating of the membrane and the electrical characteristics analysis.
Finite-element analysis is adopted to determine the operation mode. The safety and reliability of the proposed device is ensured by the
obtained deflections and equivalent stress under operation/collapse voltage. The bottom electrodes of the proposed transducer are
fabricated on the top surface of the glass substrate. The parallel parasitic capacitance is reduced, thus improving the electromechanical
coupling coefficient. The test results show that the electromechanical coupling coefficient is 69.65%, which demonstrates that this
proposed MEMS capacitive ultrasonic transducer structure can enhance the performance significantly.

1. Introduction: Ultrasonic transducer can detect the target with
small damages and are widely used in the field of non-destructive
evaluation, medical imaging and underwater detection. With the
development of micro-electro-mechanical systems (MEMS)
technology, which can enable device miniaturisation, the Khuri
Yakub group introduced the capacitive micromachined ultrasonic
transducer (CMUT) [1] occupying the advantages of impedance
matching with propagation medium and wider bandwidth over
current piezoelectric transducer [2, 3]. Owing to these
advantages, many researchers have designed different kinds of
CMUT and studied their characteristics.

Two basic categories of CMUT according to their fabrication
methods are: sacrificial processed CMUT [4-8] and wafer-bonding
processed CMUT [9-12]. The second-generation CMUT with
wafer-bonding methods provide more predictable mechanical prop-
erties attributed to precise control over device dimensions, and have
a simpler process steps compared with the sacrificial-processing
CMUT.

The electromechanical coupling coefficient is an important par-
ameter to take into consideration when designing CMUT. A
higher value of this character is preferable. As by definition, it is
the ratio of mechanical energy delivered to the stored total energy
in the CMUT [13]. Generally, there are three kinds of methods
for calculation and measurement of the electromechanical coupling
coefficient: parallel plate structure approximating based on electric-
al field and electric displacement method [14], charge and voltage
derivation method [13], and resonant frequency and anti-resonant
frequency comparison method [12, 15]. The third method is the
most simple and accurate one. We adopt it to measure the electro-
mechanical coupling coefficient in this Letter, because all the para-
meters for the calculation can be directly measured and no
approximations are needed.

In this Letter, we propose a novel CMUT based on wafer-
bonding technology. The advantages of the CMUT lie in simple
process with vacuum sealed vibrating cavities, low parallel parasitic
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capacitance and high electromechanical coupling coefficient. The
cavities are embedded among the silicon on insulator (SOI)
device layer without other supporting materials. The inherent
great insulation characteristic of glass substrate and the placement
of the patterned electrodes limit the parallel parasitic capacitance
to a very low level, which result in the improvement of the electro-
mechanical coupling coefficient to be obtained finally.

In the following sections, we will discuss the design strategy,
finite-element analysis (FEA) simulation, and fabrication and
testing results for MEMS-based capacitive ultrasonic transducer.

2. Transducer design: The schematic of the MEMS-based
capacitive ultrasonic transducer we proposed is presented in
Fig. 1. Briefly, the transducer consists of the substrate, bottom
and up electrodes, vibrating membrane and the cavities embedded
in the post parts for the moving of the membrane.

When the ultrasonic waves come to the membrane biased at a
certain operating voltage, the membrane will be forced to vibrate
so that the height between the up and bottom electrodes will be
changed, which leads to a capacitance variation and an induced
electrical current generation.

With the demand of the appropriate operating frequency, herein
350 kHz, we study the vibration characteristic of the membrane.
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Fig. 1 Schematic of the MEMS capacitive ultrasonic transducer
a Cross-section of the sensor
b Top view of the local amplification
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Fig. 2 Mechanical vibration analysis of the membranes

The geometric dimensions (membrane thickness and radius) of the
vibrating membrane, which are the dominant character, are ana-
lysed as depicted in Fig. 2.

The maximum deflection occurring in the middle point of the
membrane decreases with the increasing of its thickness in
Fig. 2b. While Fig. 2¢ shows a group of combinations of membrane
thickness and radius that meet the desired operating frequency.

Hence, in order to determine the accurate size of the transducer
further, we study the electrical properties of the proposed device.
Fig. 3 states that the collapse voltage neither increases nor decreases
monotonously with the increase of the membrane thickness or
radius, but has a concave point when the thickness and radius of
the membrane reaches to 5 and 162 um, respectively, these
numbers are used for the dimensions of CMUT membrane so that
the device has the lowest working voltage.

3. FEA simulation and fabrication
3.1. Mode frequency analysis: With the obtained size of the device
from the previous part, we utilise the FEA software to simulate the
resonant frequencies and vibration modes of the transducer further.
The first three-order modes of the structure are shown in Fig. 4.
The first mode is chosen for the operation, because only in this
mode the membranes can vibrate up and down alternately and con-
sistently, which are suitable for the transform of ultrasonic waves.
The simulation result for the first-order frequency is 347.24 kHz,
which is quite consistent with the previous theoretical analysis to
meet the required demand.

3.2. Electrical-structural coupling simulation: To analyse the
collapse voltage and operation voltage of the proposed device,
electrical-structural coupling simulation is performed. During the
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Fig. 3 Electrical performance analysis of the transducer
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Fig. 4 First three-order modes of the single cell of the transducer

simulation process, an initial imposed electrostatic force can
cause a tiny deflection of the membrane. The new position of the
membrane will feedback to the electrostatic force. These two
kinds of processes alter until a final equilibrium position of
convergence is obtained. We extract the deflection distribution
and equivalent stress distribution of the collapse state and
operation state, respectively; the results are shown in Fig. 5.

As seen from Fig. 5, when biased at the collapse voltage (121 V),
the membrane will make a contact with the bottom electrodes.
During the operation mode (72 V), even the maximum equivalent
stress of the structure is below 80 MPa, which is far below the frac-
ture strength of silicon. So the safety and reliability of the proposed
device can be ensured.

3.3. Fabrication: The capacitive ultrasonic transducer is fabricated
using MEMS technology, and Fig. 6 explains the fabrication
process in details. Fig. 6a shows the cleaning and oxygen plasma
processing of the SOI wafer. Fig. 6b shows the deposition of the
vacuum-seal-line by plasma-enhanced chemical vapour deposition
and magnetron sputtering. Fig. 6c¢ illustrates the silicon deep
etching of the SOI to form cavities. Fig. 6d presents the
deposition of the lower electrodes by magnetron sputtering.
Figs. 6e and f are the bonding of the processed SOI with glass
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Fig. 5 Deflection distribution and equivalent stress distribution of the col-
lapse state and operation state

a Deflection distribution

b Equivalent stress distribution
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Fig. 6 Microfabrication process for MEMS capacitive ultrasonic
transducer

wafer and the removing of the handle layer of the SOI Fig. 6g
demonstrates the deposition and pattern of the up electrodes and
pad.

To monitor the fabricated process carefully, every single step is
inspected before going into the next step. Fig. 7 shows the photo-
micrograph of the transducer during processed, where Fig. 7a is
the cavities embedded in the device layer of the SOI and Fig. 7b
is the bottom electrodes on the top of the glass substrate. As
known, the glass substrate we used is an electrical insulator at the
room temperature. In addition, the bottom electrodes are on the
top surface of the glass substrate. So no other parallel parasitic cap-
acitance will come into being of the fabricated device. The low level
of this kind of parasitic capacitance may significantly improve the
electromechanical coupling coefficient for the CMUT device.

4. Experimental results and discussion: To evaluate the bonding
quality of the fabricated device, scanning acoustic microscope
(SAM) is utilised. Fig. 8 shows the image obtained from SAM.
The bonded areas are in solid black colour. There are no defects
or bubbles observed at the bonding interface. This indicates a
good bonding quality. The cavities array is vacuum sealed inside
the metal bonding line. Meanwhile, the electrical pass from
vacuum cavities to the outside is also formed through the metal
bonding line.

As mentioned previously, we measure the electromechanical
coupling coefficient of the proposed device based on the resonant
frequency and anti-resonant frequency comparison method. The
value of the electromechanical coupling coefficient (k%) with rela-
tion to resonant frequency (fy) and anti-resonant (fg) frequency
can be calculated by the formula as [15]

2
kg =1- <—Y> (1)
R

where fy and fi can be directly measured from the admittance and
impedance curves, respectively. The experimental setup is mainly

100 pm

a

Fig. 7 Photomicrograph of the transducer during the device fabrication
a Cavities embedded
b Bottom electrodes
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Fig. 8 SAM image of the fabricated transducer
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Fig. 9 Admittance and impedance of the transducer as the function of

frequency

based on the semiconductor parameter analyser (AGLIENT
B1500) with its embedded module, multi-frequency capacitance
measurement unit. Fig. 9 is the admittance and impedance of the
transducer as the function of frequency detected by the semicon-
ductor parameter analyser.

To show the peak value more clearly, the abscissa axis in Fig. 9 is
set to be the logarithm coordinate. The electrical anti-resonance fre-
quency is 642.03 kHz, and the electrical resonance frequency is
353.7 kHz. According to formula (1), the electromechanical coup-
ling coefficient is calculated to be 69.65%. This value is much
higher when compared with the value found in the literature [12].

5. Conclusion: On the basis of the development of MEMS
technology and wide imaging applications, a kind of capacitive
ultrasonic transducer with the novel structure and fabricated
process has been successfully demonstrated. The design of the
key parameters of the device has been confirmed and optimised
from both mechanical analysis and electronical analysis in theory.
The collapse and operation voltage from the FEA is 121 and 72
V, respectively. Compared with the previous work, the main
advantage of the MEMS capacitive ultrasonic transducer in this
Letter is its high electromechanical coupling coefficient (69.65%),
with a relatively low ratio of imposed voltage to collapse voltage.
All the results show that this device with a higher
electromechanical coupling coefficient value is quite capable for
the further underwater imaging applications.
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