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Abstract: An ultrasonic transducer is a key component to achieve ultrasonic imaging. This
paper designs a new type of Microelectromechanical Systems (MEMS) based capacitive
ultrasonic transducer and a linear array based on the transducer. Through directivity
analysis, it can be found that its directivity is weak due to the small size of the designed
transducer, but the directivity of the designed linear array is very strong. In order to further
suppress the sidelobe interference and improve the resolution of the imaging system and
imaging quality, the Dolph-Chebyshev weighting method and the Taylor weighting method
are used to process —40dB sidelobe suppression, and satisfactory results are obtained, which
can meet actual requirements.
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1. Introduction

Ultrasonic transducer is an important component to realize the conversion between acoustic energy
and electrical energy, which is widely used in medical imaging, non-destructive evaluation, flow
measurement, ultrasonic cleaning, distance measurement, etc. Meanwhile, the technology of using
ultrasonic transducer to implement underwater acoustic imaging can be used in underwater topography
detection, undersea resources survey, underwater operation monitoring, underwater archaeology, etc.
Micromachined ultrasonic transducer (MUT) is a new form of ultrasonic transducer made by the
technology of microelectronics and micromachining processing. From a processing technique
perspective, MEMS technology, compared with thick film processing technology of the integrated
piezoelectric diaphragm, controls the accuracy in micrometers (um) magnitude, and it can effectively
reduce error of the device structure size processing, so as to improve the consistency of device
performance between the arrays. Meanwhile, in terms of the imaging principle, MEMS technology
utilizes the silicon piezoresistivity or capacitance change to achieve the detection of acoustic signals, and
it can meet the imaging requirements of devices in mall size, so that imaging resolution can be improved.
Currently, MEMS technology has been developed internationally to produce an ultrasonic imaging
sonar system. With the improvement of MUT design and micromachining technology, MUT has
become a promising alternative to traditional ultrasonic transducer and is one of important research
directions of the ultrasonic transducer. MUT research mainly includes piezoelectric MUT (PMUT) and
capacitive MUT (CMUT). PMUT and CMUT have their own advantages, which are complementary and
develop respectively [1].

Currently, PMUT is widely used as an ultrasonic transducer, which is generally made of a vibration
membrane and piezoelectric thin film with the upper and lower electrodes. When the transducer is
operating in the receiving model, deformation of vibration membrane occurs under the acoustic
pressure. At the same time, due to deformation, a piezoelectric thin film on the vibration membrane will
produce a corresponding charge, so that acoustic signals can be converted into electrical signals to
realize the receiving function. When the transducer is applied to the transmitting model, voltage is
applied in the two electrodes of the piezoelectric layer. Deformation of the piezoelectric layer occurs due
to the inverse piezoelectric effect, producing the deformation of whole vibration membrane. When the
voltage is alternating voltage, vibration of the vibration membrane will occur in the corresponding form,
so that acoustic energy can be radiated outward, achieving the conversion from electrical energy to
acoustic energy. In recent years, many scholars have carried out a lot of research work about PMUT,
mainly including the selection of vibration membrane of the transducer and the piezoelectric layer
materials, the improvement of the structure of the transducer and its technological process, efc., and have
developed some ultrasonic transducers. For example, the Institute of Acoustics Chinese Academy of
Sciences designed a kind of micro ultrasonic transducer based on ZnO thin films [2], of which the
thickness of the ZnO thin film is 0.5 um and the thickness of the vibration basement membrane is 1 pm.
The shape of the transducer is square with 2 mm side length and its resonance frequency is 43.7 kHz.
Meanwhile, Tsinghua University developed a micro ultrasonic transducer for handwriting input system
based on PZT thin film [3,4], of which the sensitivity can be changed by adjusting the electrode
parameters and the thickness of PZT thin film is 1.8 um, the vibration membrane thickness is 1 pm. The
transducer is square with 1 mm side length and its working frequency is 44 kHz. The Federal Institute of
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Technology in Sweden studied a piezoelectric ultrasonic transducer based on PZT thin film [5,6], of
which the thickness of the PZT thin film is 1um and the thickness of the vibration membrane is 10 um.
The transducer is circular with 150 pm radius and the resonance frequency is 1.2 MHz. Nanyang
Technological University in Singapore also designed a piezoelectric ultrasonic transducer based on PZT
thin film [7,8], of which the thickness of the PZT thin film is 7 um and the thickness of the vibration
membrane is 1.8 pm. The transducer is square with 2 mm side length and the working frequency is 41 kHz.

The impedance of traditional PMUT is quite high and ranges from 10-30 MRay], close to the acoustic
impedance of solid medium, which can decrease transmission loss of acoustic wave in the solid.
Therefore, the desired test results can be obtained when it is used to detect solid medium. However,
compared with PMUT impedance, the acoustic impedance of air and fluid medium is much smaller and
both of them cannot match each other. As a result, satisfactory results cannot be obtained by PMUT in
air and fluid medium, and the preparation of surface matching layer is usually required to overcome this
defect, which can lead to complex process and increasing cost. In addition, traditional PMUT has a lot
defects such as short detection distance, small operating temperature range, so there are many
constraints in its development and application. In recent years, the capacitive micromachined ultrasonic
transducer (CMUT) based on MEMS has gradually become a hot research topic. Ultrasonic emission
source of CMUT is a pretty thin film, which makes its impedance lower and can match well the acoustic
impedance of air and fluid medium. What is more, the defects of traditional PMUT impedance mismatch
can be improved without adding the surface matching layer. CMUT based on MEMS is of small size,
low noise and wide operating temperature range; therefore, pre-driver circuit, preamplifier and signal
processing circuits can be integrated on a same silicon wafer, which can be widely used in ultrasonic
nondestructive detection and medical imaging and many other fields [9-14]. In 1989, researchers in the
NEC Corporation proposed an electrostatic ultrasonic transducer in an etched cavity of silicon substrate,
which was already a prototype of micro capacitive ultrasonic transducer [15]. In 1994,
Khuri-Yakub, research group of Stanford, E.L. Ginzton Laboratory (Stanford, CA, USA) used surface
micromachined technology to produce a micro capacitive ultrasonic transducer [16], and in 1999, the
same team developed air-coupled nondestructive evaluation using micromachined ultrasonic
transducers [17]. In 2002, a linear CMUT array was developed by Oralkan et al. from Stanford
University, and then the team developed a 2D CMUT array which could implement 3D ultrasonic
imaging [18-28], and conducted preliminary simulation experiments on imaging. In 2006, Caronti et al.
developed a one-dimensional array of ultrasonic transducers and detectors used in medical ultrasonic
imaging [29]. Recently, some institutes in China have researched CMUT and made achievements.
Tianjin University launched a research program, which used a CMUT array as the imaging planar array
through MEMS [30]. Tian et al. from the Institute of Acoustics Chinese Academy of Sciences (Beijing,
China) developed a micro capacitive microphone of circular structure [31]. Hao ef al. from the Institute
of Acoustics Chinese Academy of Sciences analyzed the CMUT resonant frequency through the finite
element method [32]. Miao ef al. from North University of China (Taiyuan, China) studied the method
of designing MEMS capacitive ultrasonic transducer based on silicon wafer bonding process [33].
However, all these designs and research mentioned above did not involve actual manufacture of the
device. Therefore, carrying out research into CMUT design, simulation, manufacture and test helps to
promote the development of CMUT and improvement of related technologies, which is of great research
value and practical significance.
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In view of CMUT and its array research, this paper designs a type of CMUT composed of multiple
small units, and linear CMUT array is designed by taking it as array element. As for this linear array, this
paper analyzes the beam directivity, and studies methods of reducing its beam sidelobe.

2. MEMS Capacitive Ultrasonic Transducer and Linear Array Design

Based on an integrated vibration membrane structure, this paper designs a kind of CMUT consisting
of 25 x 2 micro vibration units. Each unit consists of a substrate, insulating layer, vacuum cavity upper
electrode, edge support and so on, and its structure is shown in Figure 1.

Figure 1. Capacitive micromachined ultrasonic transducer (CMUT) structure of micro
vibration unit: (a) profile view of CMUT micro vibration unit; (b) top view of CMUT micro
vibration unit.
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In Figure 1, t. is the thickness of the upper electrode, 7y, is the thickness of the film, 7, is the thickness
of the cavity, £ is the thickness of insulating layer, Ry, is the radius of the vibrating film, R, is the radius
of the upper electrode. The silicon wafer is taken as the substrate, and a thin metal layer is deposited as
the lower electrode of vibration unit on the silicon substrate. The insulating layer plays a protective role
during etching manufacture, and can also guarantee the electrical insulation characteristics between the
upper and lower electrodes, which prevents short circuit from occurring caused by accidental
engagement of the upper and lower electrodes. The edge support plays a supporting role on the vibration
membrane, and helps form a capacitor. On the upper surface of the vibration membrane, a thin layer of
metal deposition is taken as the upper electrode of the transducer. Voltage is applied between the upper
electrode and the lower electrode to form micro capacitive ultrasonic unit with vibration membrane.
Each CMUT Consists of 25 x 2 micro vibration units, and the diameter of each vibration unit is 290 pm,
both the vertical distance and horizontal distance between the two vibration units are 30 um, so the
length of CMUT is 7970 um, and the width is 610 um.

In order to improve imaging resolution and imaging quality in an ultrasonic imaging system,
one-dimensional or two-dimensional linear array ultrasonic transducer is often used to implement the
ultrasonic imaging. This study makes 64 CMUT array elements integrated on a silicon wafer by MEMS
technology, which compose a CMUT linear array, such CMUT called array element. In this paper, the

center frequency of the linear array is 1 MHz, and acoustic velocity in water is 1540 m-s .



Micromachines 2014, 5 424

Corresponding to the center frequency of the array, the wavelength A is 1540/1,000,000 = 1540 um, and
the distance between two array elements’ center is half wavelength A/2, which is 770 pm. Sixty four
CMUT linear array structure is shown in Figure 2.

Figure 2. Sixty four CMUT linear array structure.

3. CMUT Array Element and Linear Array Directivity Analysis

Directivity of an array element or an array refers to a characteristic, namely that the amplitude of its
transmitting response or receiving response varies with the azimuth, and is also a kind of attribute in the
far field [34-38]. This is usually described or evaluated by using the directivity function, directivity
diagram, beam width and sidelobe level, and so on. The following analyses assume that array element or
array are located on the x axis, which is in Oxy plane of 3D space coordinate system as shown in
Figure 2, and its surface points to the Oxz plane (the plane formed by x axis and z axis).

3.1. CMUT Array Element Directivity Analysis

The micro vibration unit as shown in Figure 1 can be taken as a circular piston with radius 7, and the
directivity function of the circular piston in the Oxz plane is [34,35,38]:

2J, (krsin(@))

D.(®) :‘ kr-sin(0) (D

where £ is the wave number, r is the radius, 0 is the angle between the acoustic line and the z axis, J, (x) is
the first-order Bessel function.

According to the Bridge product theorem, a CMUT array element can be regarded as a rectangular
planar array composed of 25 x 2 micro vibration units, and in the Oxz plane its directivity function is:

|2y, (krsin(é’))|x sin(kMd, sin(6)/2)|

PO rine) [ wsnth, sino) ) N

where M is the number of columns of micro vibration cells inside the CMUT array element , and in this
case it is 2, d, is the distance between the center of micro vibration units in the horizontal direction.

In this design, considering that the diameter of micro vibration unit inside of CMUT array element is
very small and even smaller than the wavelength A, and kr = 2nr/A = 0.59 < 1. According to the
requirements of the acoustic source in the literature [38], a micro vibration unit can be approximately seen
as a point acoustic source to calculate the directivity of CMUT array element. Then a CMUT array element
is a planar array composed of 25 x 2 linear arrays, and in the Oxz plane its directivity function is [34]:

| sin(kMa, sin(6)/2)|
| M sin(kd, sin(6)/2)|

D, (0) )
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Considering that the distance between two vibration cells inside of the CMUT array element is very
small, it can be described as negligible. Then, a CMUT array element can be regarded as a rectangular
piston, of which the length is b and the width is a. Its directivity function in the Oxz plane is [34]:

_|sin(kasin(9)/2)|
PO = sin@) /2 | @)

According to Formula (1), in the polar coordinate system the directivity of circular piston micro
vibration unit is shown in Figure 3 when  is 290 um. From Figure 3, it can be found that the main lobe is
very wide in the directivity diagram of micro vibration unit, and almost without directivity.

Figure 3. Directivity diagram of micro vibration unit.

According to Formulas (2)—(4), the directivity of a CMUT array element in the polar coordinate
system can be calculated as shown in Figure 4. From Figure 4, it can be seen that the shapes of these
three directivity curves acquired according to three methods are quite similar, and according to
Formulas (2) and (3), the obtained directivity diagrams almost overlap. Compared with the directivity of
micro vibration unit, the directivity of CMUT array element is slightly improved. However, the main
lobe in directivity diagram of CMUT array element is still wide no matter which method is adopted to
calculate, and its directivity is weak. In order to get stronger directivity, CMUT array elements should be

arranged in an array according to certain rules.

Figure 4. Directivity diagram of CMUT array element.
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3.2. CMUT Linear Array Directivity Analysis

A CMUT array element can follow the Formulas (2)—(4). There are three functions that can be used in
order to calculate and analyze its directivity, according to the Bridge product theorem. In addition, the
size of the CMUT array element is relatively small and its width is shorter than the wavelength A.
Moreover, its directivity is weak. A CMUT array element can be approximately seen as a point acoustic
source; therefore, another function used to calculate CMUT linear array directivity can be acquired.
These four methods are used to calculate and analyze CMUT linear array directivity respectively, and
simple comparisons are made between them.

CMUT array element is seen as a rectangular planar array composed of 25 x 2 micro vibration units
and in the Oxz plane the CMUT linear array directivity function is:

12, (krs1n(9))| | sin(kMd,, s1n(6’)/2)| | sin(kNd sin(6) /2) |
| krsin@) | | Msin(kd, sin(8)/2)| | N'sin(kd sin(8)/2)| ()

Dy(0) =

The CMUT array element is seen as a planar array composed of 25 x 2 linear arrays and in the Oxz
plane the CMUT linear array directivity function is:

| sin(kMd, sin(6)/2) | | sin(kNd sin(6) /2) |
"M sin(kdsin(6)/2)| | Nsin(kdsin(8) /2)| 6)

D,(0) =

The CMUT array element is seen as a rectangular piston, and in the Oxz plane the CMUT linear array
directivity function is:

|sm(ka sin(@)/ 2)| | sin(kNd sin(8)/ 2) |

PO asin®) 2 | [Nsintkasin@)/2) "

The CMUT array element is approximately seen as a point acoustic source, and in the Oxz plane the
CMUT linear array directivity function is:

_| sin(kNd sin(6)/2) |
PO = Gintkasin(@)2) ®)

In the Formulas (5)—(8), N is the number of array elements in CMUT linear array, and in this case N is
64, d is the distance between the center of array elements in CMUT linear array, and it is A/2 in this case.

Through calculation, the directivity of CMUT linear array can be obtained in Cartesian coordinate
system and polar coordinate system, as is shown in Figure 5. Figure 6 shows comparisons of these four
directivities. As can be seen from the figure, calculated by the above four methods, the main lobe width
of these beam directivity diagrams is almost the same. Within the range from 0 dB to 30 dB, the sidelobe
is consistent, and within the range from 30 dB to 60 dB the resulting sidelobe of directivity diagrams
obtained by the Formulas (5)—(7) is similar, and it is slightly different compared with the sidelobe of
directivity diagram obtained by Formula (8). In addition, it can be seen that the CMUT array element can
approximately be seen as a point acoustic source to analyze CMUT linear array directivity without
considering the impact of the length of CMUT array element. However, there still exists a sidelobe in the
directivity diagram no matter which calculation method is used to calculate. In order to further improve
the imaging accuracy and resolution, measures should be taken to reduce the sidelobe.
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Figure 5. CMUT Linear Array Directivity Diagram: (a) directivity diagram calculated by
Formula (5); (b) directivity diagram calculated by Formula (6); (¢) directivity diagram
calculated by Formula (7); and (d) directivity diagram calculated by Formula (8).
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4. CMUT Linear Array Sidelobe Reduction Method and Implementation

There are many ways to achieve sidelobe suppression, and the weighting process is one of the most
common and effective methods [39]. This paper adopts the Dolph-Chebyshev weighting method and the
Taylor weighting method to carry out —40dB sidelobe suppression process respectively, and directivity
after process is shown in Figure 7. As can be seen from the figure, the weighting process not only
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reduces the sidelobe compared with the directivity diagram without weighting process, but also the main
lobe width remains constant, where the effect of the Taylor weighting method is particularly evident.

Figure 7. CMUT linear array directivity diagram after weighted treatment.
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5. Conclusions

This paper adopts an integrated vibration membrane structure to design a type of CMUT composed of
multiple micro vibration units, and finds that a micro vibration unit almost has no directivity through the
directivity analysis. Moreover, the directivity of a single CMUT array element is very weak, so it should
be composed into linear array to enhance the directivity. This paper has designed a linear array
composed of 64 CMUT array elements and uses a variety of methods to analyze its directivity. Then,
through the analysis, it finds that the directivity of designed CMUT linear array is quite strong. In order
to reduce the sidelobe of CMUT linear array, the Dolph-Chebyshev weighting method and the Taylor
weighting method are used to suppress the sidelobe effectively, and the imaging quality and resolution
of the imaging system can be improved further.
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